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ABSTRACT Il

ABSTRACT

Textile radio-frequency identification operating in ultra-high frequency (UHF-RFID) antenna sensors
are a promising technology for developing new applications in the healthcare field and the Internet of things
(10T) since textiles are widely used for everyone and due to the maturity of embroidery techniques. The
textile UHF-RFID technique started to be applied in combination with the textile technique and the textile
sensors arose about 15 years ago. However, up to now there have not been enough research achievements
applied for current production and living, which also means the huge development prospect is worth paying
attention to.

Through the analysis of the current research status, there are several novel research orientations worth
exploring. The first is to explore novel sensing functions for textile UHF-RFID antenna sensors; the second
is to find a connection/interface solution between textile antennas and integrated circuit (1C) chips; the third

is to reduce the cost of textile UHF-RFID antenna sensors to promote future commercial applications.

This thesis is aimed at improving the research on textile UHF-RFID antenna sensors based on the
above three novel orientations as the main objectives. In order to explain the work, some essential principles
and methods are given, including the operating principle of textile UHF-RFID antenna sensors, the
impedance measurement method, the conjugate matching principle and several electro-textile embroidery
methods. For achieving the first objective, the textile UHF-RFID tag with two sensing positions (‘radiation
parts’ and ‘loop part’) are proposed for sucrose solution measurements. The two sensing positions with the
different sensing features show good performance and can give two choices for future complete applications.
In addition, three progressive designs of textile UHF-RFID antennas on surgical masks are developed due
to the current worldwide epidemic situation. Related reliability tests prove that the designs with the
function-extensible chip can be used for healthcare applications. For achieving the second objective, three
electro-textile interfaces integrated with the corresponding textile UHF-RFID antennas are proposed and
the chip-textile connection solutions are provided(by sewing, snap buttons and inserting). It is worth noting
that the mixed-use feasibility of the proposed electro-textile interfaces and textile UHF-RFID antennas can
be proved, thus reducing the cost in the design procedure. For the third objective, apart from the mixed-use
feasibility of the interfaces, the mentioned electro-textile UHF-RFID antenna with the corresponding
electro-textile interface is proposed and evaluated as a compression sensor for two application scenarios.
The antenna sensor tested in two healthcare application scenarios, bending on a knee and respiration

frequency, shows good sensing performance.

As a result of the research carried out in this thesis, five articles indexed in the Journal Citation Report
have been written, which are located in the first, second and third chapters. Four of them are published and

one is pending acceptance, which are included as an annex in this thesis.

Keywords — Textile, Ultra-high Frequency (UHF), Radio-frequency Identification (RFID), Antenna Sensor,
Integrated Circuit (IC) Chip, Healthcare Applications, Electro-textile Interfaces, Read Range






RESUMEN V

RESUMEN

La identificacidn por radiofrecuencia de ultra alta frecuencia (UHF-RFID) con capacidad de sensado
basada en substratos textiles ha recibido especial interé& por parte de la comunidad cient fica para el
desarrollo de aplicaciones en el campo de la salud y el internet de las cosas (IOT) gracias a la masiva
utilizacicn de los textiles por parte el ser humano. La tecnolog® UHF-RFID comenzd&a aplicarse en
combinacicn con los substratos textil y posteriormente con sensores textiles hace unos 15 afs. Sin embargo,
hasta la fecha, no ha habido suficientes logros en el campo de la investigacicn que haya permitido extender
esta tecnolog & al anbito de la produccién y/o de la salud, por lo que vale la pena prestar atencicn a la
enorme perspectiva de desarrollo de la misma.

Tras el andisis del estado actual de la investigacicn de la tecnolog &, se han detectado diferentes puntos
débiles en la madurez de dicha tecnolog & que vale la pena explorar y fijan los objetivos de la presente tesis:
El primero, el desarrollo de funciones de deteccicn novedosas para sensores de antena UHF-RFID textiles;
en segundo lugar, encontrar una solucién de conexidn entre antenas textiles y chips de circuitos integrados
(IC) convencionales y en tercer lugar la reduccicn del coste desarrollo de dicha tecnolog & para para facilitar
la expansicn de futuras aplicaciones comerciales de la tecnolog & de sensado basada en UHF-RFID con
substratos textiles.

Para contextualizar la tesis, se detallan los principios y mé&odos esenciales de la misma, incluyendo el
principio de funcionamiento de los sensores de antena UHF-RFID textiles, el mé&odo de medicicn de
impedancia, el principio de impedancia conjugada y adaptacién de impedancia, asicomo los mé&odos
tecnoldicos textiles utilizados. Para el primer objetivo, propongo un TAG UHF-RFID textil con dos
posiciones de deteccin (‘partes de radiacicn' y 'parte de bucle') para mediciones de solucién de sacarosa.
Las dos posiciones de deteccicn con las diferentes caracter Bticas de deteccicn muestran un buen
rendimiento y pueden ofrecer dos opciones para futuras aplicaciones completas. Adem&, debido a la
situacidn epidémica mundial durante el desarrollo de la tesis, se presentan tres disefbs progresivos de
antenas textiles UHF-RFID sobre mascarillas quirdrgicas. Las pruebas de fiabilidad demuestran que los
disefs propuestos se pueden usar para aplicaciones del cuidado de la salud. Para el segundo objetivo,
propongo y analizo tres interfaces electro-textiles integradas con las antenas UHF-RFID textiles
correspondientes: Costura, botones a presicn e insercién. Se presenta un modelo elétrico para dicha
interfaz y se analiza la viabilidad de uso mixto de las interfaces electro-textiles propuestas y las antenas
UHF-RFID textiles, reduciendo as fel coste en el procedimiento de disef.Para el tercer objetivo, adem&s
de la viabilidad de uso mixto de las interfaces, propongo y evaltlp una antena sensor de compresicn de
utilidad para dos escenarios de aplicacién del anbito de la salud distintos, como son la caracterizacin del
agulo de flexidn de la articulacién de la rodilla y el andisis de la frecuencia respiratoria.

Fruto del resultado de la investigacién desarrollada en la presente tesis se han escrito 5 art Tulos
indexados en el Journal Citation Report situados en el primer y segundo cuartil, cuatro de ellos publicados
y uno pendiente de aceptacid y que se incluyen como anexo en la presente thesis.

Palabras clave - Textil, Frecuencia ultra alta (UHF), Identificacicn por radiofrecuencia (RFID),
Sensor de antena, Chip de circuito integrado (IC), Aplicaciones para el cuidado de la salud, Interfaces
electrotextiles, Ragne de lectura
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Chapter 1

Introduction

* Ref. A: C. Luo, I. Gil and R. Ferné&ndez-Garc &, "Wearable textile UHF-RFID sensors: A systematic review." Materials, 2020.
(Published)

1.1 Motivation and objectives

Textile radio-frequency identification operating in ultra-high frequency (UHF-RFID) antenna sensors
are a promising technology for developing new applications in the healthcare field and the Internet of things
(10T) since textiles are widely used for everyone and due to the maturity of embroidery techniques. [1][2].
Different from conventional RFID sensors based on common materials such as rigid and flexible PCBs as
substrates and copper as RFID antennas, textile materials for UHF-RFID antenna sensors have great
potential based on some special features such as ductility, hygroscopicity, light weight and comfort. Since
2012, related research on textile UHF-RFID antenna sensors has been mainly focused on tag-only or
ductility-based applications such as exercise tracking [3] and strain capacity [4] but applications based on
other features are expected to be explored. Therefore, one objective of the thesis is to explore useful textile
UHF-RFID antenna sensors with novel functions.

For conventional RFID tags based on PCBs and copper, the welding technique is a popular and simple
way to connect RFID antennas and integrated circuit (IC) chips [5]. However, this popular technique is not
suitable for most textile RFID devices on clothes due to the high temperature intolerance (< 200 <C) of the
common knit yarns and fabrics [6][7][8]. To avoid this connection problem, some works are exploring free
welding methods such as fixing with glue [9], non-conducting yarns or copper plates [10]. The mentioned
methods are foreseen to have difficulties such as chip pads rust due to textile washing and the detachment
of the chip-welded board in textile devices. Therefore, one objective of the thesis is to develop some new

connection methods for the electro-textile interfaces.

From the early 21st century, the standards and theory of RFID have been improving [11][12][13] while
the cost of RFID tags has been decreasing gradually. Cost is a key parameter for industrial products.
Common RFID antennas working at any frequency band need to be designed for application specific
integrated circuit (ASIC) chips due to their different complex impedance. In addition, most researches on
UHF-RFID sensors focus on one design for one type of sensing function. Based on the above two cases,
one objective of my work is to reduce related costs. There are two methods to address this issue . One is to
explore the feasibility of one electro-textile interface with a chip for several designed textile UHF-RFID

antennas. The other is to develop a textile UHF-RFID antenna sensor with multi functions.

For all of the research situations and reasons presented above, the main objectives of my work in this

thesis are:

® Explore useful textile UHF-RFID antenna sensors with novel functions
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® Develop some new connection methods for the electro-textile interfaces
® Reduce related cost by two methods:
*  One electro-textile interface with a chip for several designed textile UHF-RFID antennas
+  Develop a multi-function textile UHF-RFID antenna sensor
1.2 State of the art
1.2.1 Development of textile UHF-RFID sensors

Since the standard EPC Gen2 was first published in 2004, the physical and logical requirements for
UHF RFID tags and readers have been defined, which give researchers a basic framework to design a UHF-
RFID system integrating many kinds of sensors for different applications. At the beginning, in the textile
industrial field, the UHF-RFID technique was mainly applied for identification purposes for applications
such as clothing manufacturing, inventory control, warehousing, distribution, logistics and automatic object
tracking. Currently, UHF-RFID tags are gradually used for daily living applications with sensing

capabilities.

As shown in Figure 1.1, a brief history of textile UHF-RFID and sensing technologies preceding
current UHF-RFID sensors is provided. From 2007 to 2010, the textile UHF-RFID technique was not yet
mature and it was mainly focused on feasibility and simple applications with just tags, such as size-
optimizing exploration for the textile UHF-RFID antenna as shown in Figure 1.1 (a), accessories trace and
production process monitor in Figure 1.1 (b) and exploration for the relation between conductivity and
different sewing methods in Figure 1.1 (c) and (d). Then from 2010 to 2015, the textile UHF-RFID
technique was gradually applied for simply sensing uses with just the UHF-RFID antennas and ICs, such
as the textile UHF-RFID strain sensors for monitoring human bodily functions and movements, as shown
in Figure 1.1 (e) and (f), textile UHF-RFID tag for performance exploration in Figure 1.1 (g), RSSI-based
passive UHF-RFID for indoor localization applications in Figure 1.1 (h) and textile UHF-RFID with broad
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Figure 1.1. Brief history of textile UHF-RFID and sensing technologies adapted from ref. (a) [14], (b) [15]. (c)
[16]. (d) [17]. (e) [4]. (F) [18]. (9) [19]. (h) [20]. (i) [21]. () [22]. (k) [23]. (1) [24]. (m) [25]. (n) [26]. (0) [27]. (p) [28].
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Table 1.1 Achievements of the researches as shown in Figure 1.1

Label Achievements Ref.

Flexible electro-thread UHF-RFID tag antenna designed using the T-matching method, with a read range

a 14
@ of about 2.4 m [14]

(b) Textile UHF-RFID tag for accessories trace and production process monitor, attached on a garment [15]

© Fabricated *YJ* symbol type textile UHF-RFID tag for exploring different shapes of embroidery tag [16]
c

antenna

@ Fabricated "RFID’ symbol textile UHF-RFID tag for analysing the changes of conductivity for different 7]

sewing methods

Textile UHF-RFID strain sensor for human bodily functions and movement monitoring, fabricated by

© (4]

screen printing the ink on stretchable PVC and on fabric substrates

Textile UHF-RFID strain sensor for human movement monitoring and feasibility of effective data

() [18]

interaction

(9) Textile UHF-RFID tag for performance exploration, mainly validated by the read range [19]

Textile UHF-RFID tag for positioning and localization through recording and analysing on-body

(h) [20]

readability and Received Signal Strength (RSSI) in an office environment

E-fiber UHF-RFID broadband tag for tie health information monitor, fabricated on conductive textiles and

(M) [21]

embedded into polymer

i Textile UHF-RFID strain sensor for exploring the relation between the antenna elongation and its 22]

backscatter strength, based on a stretchable antenna made of conductive fabrics

® Graphene-based UHF-RFID tag on a fabric substrate for exploring feasibility and reliability of the low- 23]

cost and eco-friendly graphene tag

Health-care-based UHF-RFID sweat sensor for sweat rate measurements in exercise, by comparing the

0 [24]

silver plated sample and the graphene-printed sample

(m) Health-care-based textile UHF-RFID moisture sensor for body moisture sensing [25]

Environment-based textile UHF-RFID moisture sensor for humility detection, with a sensor part and an

(n) [26]

antenna part

(0) Textile UHF-RFID tag for exploring the impact from geometrical variations and deformations [27]

Textile UHF-RFID compression sensor for on-body breath monitoring, by obtaining the relationship

(P) (28]

between the RSSI and respiratory periods

impedance bandwidth for tire performance monitoring inFigure 1.1 (i). Up to now, textile UHF-RFID
systems integrated with textile sensors have been deployed, and many novel textile materials on different
kinds of sensing fields have been tested. There are some typical applications, such as UHF-RFID strain
sensors with copper-coated fabric, as shown in Figure 1.1 (j), graphene-based UHF-RFID sensors for
moisture monitoring in Figure 1.1 (k) and sweat sensing in Figure 1.1 (1), silver-plated thread UHF-RFID
sensors for environment humidity monitoring in Figure 1.1 (m) and (n), deformation-based UHF-RFID

compression sensors for on-body breath monitoring in Figure 1.1 (p), and equally important, reliability
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exploration (deformation sensitivity) in Figure 1.1 (0). The related achievements of these researches are
listed in Table 1.1.

1.2.2 State of the art of textile UHF-RFID sensors applications

In modern society, electronic devices are always closely relevant to specific application fields. The
rule is also suitable for current researches on textile UHF-RFID sensors. The textile UHF-RFID technique
started to be applied in combination with the textile technique and then textile sensors about 15 years ago.
However, up to now there have not been enough research achievements applied for current production and

living, which also means the huge development prospect is worth paying attention to.

A medical-based UHF-RFID body-worn sensor was fabricated and tested for monitoring fluid
accumulation in the lungs, which was integrated as part of the garment on various locations such as front,
back and shoulders, as shown in Figure 1.2 (a) [29]. In this work, textiles made by e-fabrics (conductive
polymer fibres) were evaluated with a microstrip transmission line structure, which demonstrates the e-
fiber transmission line surface had electrical equivalence to metallic but inflexible surfaces of copper

transmission lines. Note that some useful fabrication methods were adopted, such as bundled fibers for
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Figure 1.2. Typical textile UHF-RFID sensor applications adapted from ref. (a) [29]; (b) [30]; (c) [31]; (d) [26];
(e) [32]; (F) [24]; (9) [33][34]; (h) [35]; (i) [28].

improving conductivity and assistant yarn for avoiding abrasion damage of the silver coatings on the e-

fiber’s polymer core. The important achievement was to use the same e-fibres to fabricate the medical-
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based UHF-RFID body-worn sensor for lung monitoring. In addition, textile versions were found to be
nearly equivalent to the metal one even after being repetitively flexed, washed, and dried. This work gave

a pioneering application for textile sensors for lung monitoring in medical-based fields.

For the flexible feature of textiles, a deformation-monitoring-based UHF-RFID strain sensor was
proposed for structural health monitoring applications, as shown in Figure 1.2 (b) [30]. In this work, a novel
dual-interrogation mode was applied for the design of the textile UHF-RFID strain sensor, which provided
a large identification coding capacity for the UHF-RFID sensor. The dual-interrogation mode consisted of
reading range extraction mode for the threshold-power-required chip-enabled approach and RCS-based
(radar cross section) sensing mode for the chipless approach. In fact, the range extraction mode relied on
the read range changing with the applied strain, while the RCS-based sensing mode was directly linked to
the frequency shift depending on the strain changing. Note that here the strain was related to the electrical
length of embroidered UHF-RFID sensor structures. This work proved the feasibility of double modes for
the design of textile UHF-RFID strain sensors and it is worth considering in future research, but certainly,
some important validation measurements such as bending, environment impacts and washing for the

performance and reliability need to be considered.

In another example of the textile UHF-RFID strain sensor, as shown in Figure 1.2 (c) [31], a notable
evaluation for the elongation from an attached object was implemented, compared to the last example in
Figure 1.2 (b). This textile UHF-RFID strain sensor was based on silver-plated material fabricated by plain
knitting and designed into two separate parts, the feeding loop and the radiating antenna. This design makes
the radiating antenna part fully stretchable while the IC attached to the feeding loop could be non-
stretchable, which avoids the reliability challenges caused by mechanical stresses from clothing-integrated
electronics. In this work, this textile UHF-RFID strain sensor was integrated on the shirt, the performance
of which was examined on-body by means of backscattered signal power measurements under strain and
in unloaded conditions. The results revealed that the strain sensitivity was great and the achievements had
the potential for future smart monitoring applications. However, for real applications such as a controller
in an embodied game, as mentioned in the paper, some safety and reliability validation measurements were
expected to be considered, such as the performance impact after washing or working in a high

electromagnetic interference (EMI) area.

These above three current kinds of research actually make use of the flexible feature of textile UHF-
RFID sensors, which also lead our way to do related research in this area. In addition to this feature, it is
worth knowing that there are many potential features that push the researches on textile UHF-RFID sensors

forward.

There is another example for textile UHF-RFID sensors that are sensitive to humidity as shown in
Figure 1.2 (d) [26]. It is an environment-based textile UHF-RFID moisture sensor fabricated on a very
common substrate, thin single-use dishcloth, which consists of a sensor part and UHF-RFID antenna part.

In this work, the performance of the textile UHF-RFID moisture sensor was evaluated by 10 drops of water



6 State of the art

from wet state to dry state and the evaluation parameter was the read range in office conditions after 5, 10,
and 15 min. The result showed the small changes of the read range from 4.7 m in the dry state and 5.2 m in
the wet state. From the result, this textile UHF-RFID moisture sensor had certain moisture detection ability,
however the changes of the read range were small relative to the humility from 10 drops of water and the
impact from impurities in water also needed to be considered. Thus, this kind of application research had

the potential to be focused on in the future.

Compared with the textile UHF-RFID moisture sensor mentioned in Figure 1.2 (d), another example
in a work [32] is only a textile UHF-RFID tag with moisture sensor functionality as shown in Figure 1.2
(e). In this work, textile UHF-RFID sensors could curve automatically and permanently after being dipped
into the water due to the special material, polyvinyl alcohol (PVA). Note that in contrast to the example in
Figure 1.2 (d), the test parameter in this work was the change in the backscattered power percentage, which
could be measured and compared in order to detect and record the presence of moisture. The comparative
measurements in this work proved the results reliable, which showed the potential of the textile UHF-RFID

sensors to be applied in environment moisture detection.

In the health-care monitoring field, many kinds of common wearable UHF-RFID sensors on flexible
substrates, such as the flexible printed circuit board (FPCB), have been proposed and applied for
commercial health-care monitoring applications, whereas textile UHF-RFID sensors for this area are still
in the early stages and most investigations for health-care application are at the stage of laboratory research.
For example, a health-care-based textile UHF-RFID sweat sensor was proposed for sweat rate
measurements as shown in Figure 1.2 (f) [24]. In this work, the textile UHF-RFID sweat sensor made by
screen printing had a noticeable difference in the response of backscattered signal power. The paper
explains that the response curve differences are caused by the conductive antenna impedance and material
parameter of the textile substrate changing due to the absorbed sweat. This work indicates the high potential
of textile UHF-RFID technology in perspiration sensing, but related sweat components were not analyzed,

which were attractive and worth considering.

In another example of the health-care-based textile UHF-RFID biosignal pressure sensors, reliable and
secure manner for real-time medical data collection was considered by a software framework, which fills
the gap between data safety and textile UHF-RFID sensors for health-care monitoring Figure 1.2 (g)
[33][34]. The textile UHF-RFID biosignal pressure sensor named bellyband sensor for infant heart
monitoring in the paper was applied on a pregnant mannequin driven by proprietary software to simulate
various behaviors. In addition, a modular software framework was developed to both interrogate sensor
devices and to store that streaming data for live and post-processing. In this work, considering the missed
tag reads, two impact factors were found. One was the delay caused by periodic frequency hopping and
another one was the greater distance between the tag and the reader. These research achievements are
helpful for future applications, but more other impact factors need to be tested such as the comfort and

electromagnetic safety for pregnant women and infants.



State of the art 7

A textile UHF-RFID concentration sensor for concentration detection is shown in Figure 1.2 (h) [35].
In this work, the UHF-RFID concentration sensor was printed on a special textile material, which is a
polyimide flexible substrate, while the sensing antenna was made of copper. The proposed sample is
sensitive to the frequency and the concentration of the NaCl solutions and sucrose solutions. Moreover,
from the measurement results in the paper, the author proposed that the sensitivity increases with the
increase in the percentages of the NaCl and sucrose in water. Although in the work there is no accurate
application mentioned, it can give us a research orientation for using total textile UHF-RFID concentration

sensors to detect elements in human body fluids.

In addition to textile UHF-RFID sweat sensors for sweat rate measurements and biosignal pressure
sensors for infant heart monitoring, another health-care-based textile UHF-RFID compression sensor as
shown in Figure 1.2 (i) was proposed for breath monitoring on a baby model [28]. In this work, the sensing
device is used to measure the breathing activity of a programmable infant patient emulator mannequin
(SimBaby). The antenna is highly sensitive to respiratory compression and relaxation. Fluctuations in the
backscatter power level/Received Signal Strength Indicator (RSSI) in both cases range from 6 dB to 15 dB.
Although in the work there is no description for the port interface, the related connection way in this work
shows a pcb with the chip is inserted into the textile antenna sensor, therefore more reasearches on reliability

of the interfaces need to be tested.
1.2.3 State of Art on Reliability of Textile UHF-RFID Sensors

For each technique and related application from start-ups to mature products, the reliability validation
is a crucial and necessary step. Currently, for textile UHF-RFID sensors, related reliability researches are
constantly advancing with the development of textile UHF-RFID sensors. The reliability researches mainly
focus on the impacts from sensitive features of textile UHF-RFID sensors, such as the washing reliability

[36][37]1[38], corrosion-resisting reliability, strain and bending reliability.

Washing reliability is an inevitable research point, which needs to be considered and tested before
applied for real applications. The main damage factors for textile UHF-RFID sensors from washing are the
mechanical and the chemical impacts. Some works prove that taken separately, neither mechanical
constraints nor chemicals used have a significant impact on a silver-plated-nylon yarn on short terms (<30
wash cycles) but the coupling of aggressive chemicals and the mechanical rubbings inside the machine can
have a dramatic impact [39]. Certainly, different textile materials for the designs have different degrees of
ability to resist the impacts from washing cycles, while if washed for enough times, device damages are
unavoidable and have a direct impact on the read range [40]. In order to keep the function of devices,
protective coating materials are expected to be printed on the devices [41], however some textile glues as
a fit conformal coating could not always provide good protection [42]. All in all, washing reliability is an
important evaluation factor for a good textile UHF-RFID sensor, the impact of which can be reduced by

reducing washing cycles or using better protective coating materials.



8 State of the art

Corrosion-resisting reliability is another impact factor worth considering for the textile UHF-RFID
sensors that are specially applied for sweat and other solution concentration monitoring. The impacts from
chemicals involved in the washing process are proved small when there are no mechanical rubbings but
complex and corrosive solution and body fluids are proved to have a certain influence on the resistance of
textile materials and radiation efficiency of the UHF-RFID antenna in the work [43]. Especially for textile
UHF-RFID sweat sensors, due to the complex elements in sweat, the measured data will be interfered with
through continuous detection. Currently, painting with conductive paint [37] and developing machine

learning techniques are some popular methods to reduce this kind of impact.

Strain and bending reliability is also an important factor on performance degradation of textile UHF-
RFID sensors although some textile UHF-RFID strain sensors utilise this feature to achieve some health-
care monitoring applications [33][34]. However, even for this kind of textile UHF-RFID sensor, the most
vulnerable part is the connection of antenna and IC, which can cause total failure of systems when it gets
damaged. The sewed and glued interconnections still show strain reliability issues that need to be
considered and tested after fabrication [44]. However, when the textile UHF-RFID sensors are applied in
harsh conditions, generally a suitable coating would be used to protect the antenna-IC interconnection from
mechanical stress. In addition, graphene UHF-RFID on textile substrates is proved to have a remarkable
and unique response to high reliability in harsh bending conditions [23], which is another potential choice
to solve the problem.

In addition to the above three typical reliability problems, many other scenario-based reliability
researches need to be explored combining actual situations and applications. Textile UHF-RFID sensors
are expected to develop and grow more with the coming of the 10T society and increasing of the health-

care concerns, meanwhile related safety and reliability of the devices always stay in the spotlight.

Considering the state of the art of the textile UHF-RFID sensor applications and related reliability
mentioned above, there are still some researches that need to be done. Textile UHF-RFID sensors are
expected to be deployed more on many kinds of fields such as the garment industry, healthcare service
industry, sports equipment industry and so on [45]. Due to short development time, textile UHF-RFID
sensors still have a long way to go on improving the performance and the futuristic, promising applications
and enhancing reliability. Especially for the calling for varieties of 10T applications and the coming-of-age
society, more attention needs to be paid to develop useful textile UHF-RFID sensors and close research

gaps between laboratory researches and scenario-based textile UHF-RFID sensors.

In the future, the main research will focus on two aspects, one of which is to develop new designs of
textile UHF-RFID tags and sensors with common or novel textile materials and manufacturing processes

[46], and the other to explore novel application scenarios with certain commercial potential.

New designs with novel textile materials and manufacturing processes are always explored but further
research on it is still needed. The novel textile materials such as special conductive yarns integrated with

graphene as mentioned in [23] and conductive ink on textile substrates [4], are introduced to improve textile
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UHF-RFID sensor performance and are expected to reduce their cost. Certainly, if the novel textile
materials are applied for new designs, related manufacturing processes are needed such as the advanced
screen printing technique especially for conductive ink on textile substrates. Compared with the traditional
materials and manufacturing processes, the novel ones are still in development and they will require a

notable research orientation.

Machine learning technology for textile UHF-RFID sensors is also a hovel research direction [47]. As
mentioned in [48], a classical machine learning algorithm is used, which is capable of generating
probabilistic models using feature vectors extracted from segments. As a part of machine learning, deep
neural networks [49] are useful for feature extraction and classifier building when the textile UHF-RFID
sensors are applied in some complex conditions for numerous data analysis. Currently, the internet of things
(10T) is a hot topic, in which machine learning technology plays an important role pushing textile UHF-
RFID sensor techniques to revolutionize traditional applications. Textile UHF-RFID sensor techniques
integrated with the machine learning technology are expected to have a big application market in the future
10T era.

With regard to the scenario-based applications, textile UHF-RFID sensors have great development
potential in many different fields of production and life. Currently, the main application researches focus
on the fundamental functions of textile UHF-RFID sensors such as the ID-sensing, strain sensing [50],
humidity sensing, sweat sensing and others. However, advanced functions are not covered. For example,
there are exercise-based textile UHF-RFID sweat sensors just for sweat sensing without any elements
analysing, on which further researches are worth implementing. Moreover, textile UHF-RFID sensors are
more suitable for medical-based applications due to the various medical textiles used for patients or the
elderly. Many kinds of medical parameters or body fluids can be detected and analysed by complete textile
UHF-RFID sensing systems. The abundant scenarios can create numerous chances for designs and

applications of novel textile UHF-RFID sensors in the future.

In addition, reliability is an unavoidable but crucial research direction especially for this kind of
flexible and washing-needed component [52]. For example, after fabricating the designs on textile
substrates, the performance of UHF-RFID antenna and sensors may decrease such as the resonant frequency
shift and gain penalty due to conformal bending or on-body touching. Moreover, environmental factors
such as the well-studied humidity and temperature and human factors such as washing and sweat corrosion
can imply certain impacts on performance. In the future, the concomitant reliability researches still need to

be considered.
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1.3 Textile UHF-RFID sensing technology

In the last section, the state of the art of the textile UHF-RFID sensors was discussed. It was found
that the typical sensing systems for textile UHF-RFID tags are based on the material features and the textile
antenna properties. The material features include the hydrophilic and the ductility of the textile substrates.
The textile antenna parameters include the impedance, read range and Received Signal Strength Indicator

(RSSI). In this section, the sensing technology needs to be discussed.
1.3.1 Operating principle of popular textile UHF-RFID antennas

Energy supply principle
A common RFID system is based on RFID tags and base stations. There are two possible modes of

energy transfer from base stations to tags by the remote power supply of the tags:
® Non-simultaneous: Energy transfer and communication in different phases
® Simultaneous: Energy and communication in one exchange

In the first case (Non-simultaneous), the energy storage mode integrated in the tag so as to provide a
sufficient supply, is charged by the RF radiation propagated from the base station. After this power supply
phase, the tag can receive commands from the base station and return data to it. In order to continue the

communication between the both, the cycle is then repeated with more energy supplied to the tag.

In the second case (Simultaneous), the radiation from the base station can provide the energy supply
and data exchange simultaneously during the exchange between the base station and the tag. In the current

market, the second case is used for the majority of tags.

Load Modulation Principle

According to the current development of RFID devices in many applications, the main operating
frequencies are at a low frequency band (120-150 kHz), high frequency band (13.56 MHz), ultra-high
frequency band (865-868 MHz in Europe, 917-922 MHz in China and 902-928 MHz in North America)
and microwave band (2.45-5.8 GHz and 3.1-10 GHz) [53]. The details are listed in Table 1.2.

Table 1.2 RFID operating bands

Band Range Regulations Typical Use
Animal identification, factory
120-150 kHz (LF) 10 cm Unregulated .
data collection
ISM band
13.56 MHz (HF) 10cm-1m ) Smart cards
worldwide
865-868 MHz (Europe) and 902-928 staff identification, logistic
) 1-12m ISM band .
MHz (North America) (UHF) tracking
2.45-5.8 GHz 802.11 WLAN, Bluetooth
. 1-12m ISM band
(microwave band) standards
3.1-10 GHz (microwave band) Upto 200 m Ultra wide band Ultra wide band Active tags
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In the thesis, the UHF band (Europe) is focused on, the operating principle of which is different from

that at the low frequency band and high frequency band:
® ‘magnetic coupling’ at LF and HF;
® ‘retro-reflection’ or ‘re-radiation’ or back scattering of the incident radiation at UHF

A complete UHF-RFID tag is mainly composed of two parts, the tag antenna and the chip as shown
in Figure 1.3. The antenna specifically designed for the UHF band is connected to the chip which is
generally composed of several functional units and circuits. When the reader (base station) supplies a
physical medium in the form of an unmodulated and constantly maintained ‘carrier’ frequency (called a
‘forward link”), the tag sends signals to the base station by modulating the electrical characteristics of this

carrier based on the tag data (called a return link).
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Figure 1.3. Fundamental and structure of an ultra-high frequency (UHF-RFID) tag system

Generally, the ‘load modulation technique’ is commonly used in most of the commercially available
tags. As shown in Figure 1.4, the backscatter modulator circuit in the chip is composed of the chip load
equivalent circuit and the load modulation circuit. In detail, a transistor as a switch, by on—off keying

(OOK) according to a specific binary coding, controls whether a modulation load is connected into the chip
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load circuit. At UHF band, the modulation of the load impedance of the tag antenna, in the case of
propagating radiation, has the end result of modifying the proportion of radiation reflected (reradiated or

backscattering) towards the reader (base station).

Back Scattering Principle

The back scattering is a type of the propagation characteristics of electromagnetic waves. In concrete
physical terms, when an electromagnetic wave encounters an object, it sets up oscillating charges and
currents in the surface of the object, thus creating local magnetic fields. This leads to produce power that
the object can reradiate, thus appearing to scatter (reflect) part of the incident wave. Especially for back
scattering mode, in this mode the directions of the relevant incident and scattered waves coincide, but are
opposite to each other. In addition, in order to represent an object such as UHF-RFID tag antennas with
back scattering properties, an ‘equivalent’ scattering area (called the radar cross-section (RCS)) can be

considered as a simple way.

In general, the spatial distribution of the scattered energy can be affected by the dimension, structure
(shape) and composition of the objects and the wave incidence, which is like the same scattering
phenomenon in optics. Considering the ratio between the size of the object and the wavelength of the

incident wave, there are three main cases to be explained.

® Size of the object « incident wave length (L): In this case, the phase of the signal changes slightly
when striking the surface of the object, so the effective RCS of the object is very small and the

wave seems to pass through the object.

® Size of the object =~ incident wave length (X): In this case, the incident wave tends to remain

attached to the surface of the object which creates surface waves.

® Size of the object > incident wave length (A): In this case, the wave propagates as in optics, parts

of which are absorbed, reflected or diffracted in all directions.

In UHF-RFID areas, tag antennas are generally developed in the second case (in the dimensions of the

same order of A). Therefore the surface waves are preponderant.

In addition, the values of the radar cross-section (RCS) depend on many parameters of the tags. There

are some important ones as listed below,
® Shape and dimensions
® Material
® Wavelength and the polarisation of the transmitted wave
® | oad impedance
1.3.2 Sensing principle of textile UHF-RFID antenna sensors

Currently, there are three popular parameters/ways for textile UHF-RFID antennas as sensors as below,



Textile UHF-RFID sensing technology 13

® Received signal strength information (RSSI) of tags
® Read range of tags
® Extended sensors connected to chips

The first and second case are relative to the tags, in which the change of the antenna state of the tags
can make an impact on the values of the two indexes. For example, a textile UHF-RFID antenna is used as
a strain sensor. When the tag is pulled by external force, the impedance of the antenna is expected to change,
thus causing mismatch with the required conjugate impedance of the corresponding chip. In this case, the
RSSI and read range are bound to be affected. The sensing ability can be confirmed after finding the

relationship between the two indexes and the strain levels.

The third case depends on whether the used chip is extendable or not. In detail, the chips used for
simple tags have only two pads for the RFID antennas. But if the chips tend to be extended by additional
sensing devices, they are expected to be designed with more interfaces for the sensing devices.

RSSI
RSSI can be known as the strength of a wireless signal received by a receiving device, which is affected

by many factors in the environment. The analysis can be done from its calculation equation as below,
RSSI = P+Gy + G, — L — Lys 1.1

Where P; (dBm)is the power from transmitting antennas, G; (dBi) is the gain of transmitting antennas, G,
(dBi) is the gain of receiving antenna, Lc (dB) is the power loss of conductive lines and Lyt (dB) is the

power loss in free space.

When the gain of the transmitting antennas is affected by the factors to be sensed, the relationship
between the RSSI and the factors can be explored. Therefore, the transmitting antennas can operate as a

Sensor.

Electromagnetic waves will have a loss when they penetrate any medium, and there will be a certain
energy loss when they propagate in the air. Therefore, RSSI is also easy to be affected by environmental

factors due to the wave power loss in free space (Lur). Lorcan be calculated by,
Lyr =32.5+ 20log f + 20log D 1.2
Where f is the wave frequency (MHz) and D is the transmission distance (km). Note that the equation 1.2

is obtained in the ideal case of one bar at 25 degrees.

Read range
Read range is an essential parameter for UHF-RFID tags. It can also be used as a sensing parameter.

The reason can be explained by an equation derived from the famous Friis Transmission Equation. An
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uncomplicated derivation from the Friis Transmission Equation to the popularly used read range calculation

equation needs to be discussed,

Reader f
Kit h IJ

Backscattering
Modulator
Circuit

Reader Antenna Tag Antenna
Figure 1.5. Geometrical orientation of reader and tag antennas for derivation.
As shown in Figure 1.5, the reader antenna and the tag antenna are positioned at different directions
(Orar and @,q, for the reader antenna, 6,4 and ¢4, for the tag antenna). If the reader antenna can be fed

by input power P,,,, its power density W, 4, at the distance D from the reader antenna in the direction

Orar and Prar is

P4 G 0.gr»
Wrdr — rdr rd?;l-(nlr)dzr (prdr) 1.3

Where Grgr (6,47 ©rar) IS the gain of the reader antenna in the direction 8,4, and @,4,. Since the effective

area Awg Of the tag antenna is related to its gain Guag (0ag, Ptag) BY

2

Atag = Gtag (gtag' (ptag) E 14

Based on the equations 1.3 and 1.4, the amount of the power P, collected by the tag antenna can be
obtained as

2

Ptag = Gtag(etag' (ptag) E *Wrar 15

Also,

P tag

A
= Gtag (etag' (ptag)Grdr (Orar Prar) * (4-7T_D)2 16

P rdr
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Note that the power Py, calculated by the equation 1.6 assumes that the reader antenna and tag antenna

are matched to the components connected to their feed ports. If the matching situation changes, the equation

1.6 needs to be represented by

P tag

A
= (1 - |Frdr|2)(1 - |Ftag|2)Gtag(0tag'(ptag)Grdr(erdr:(prdr) ' (_)2 17
Prdr 4nD

Where T4 and T4, are the port reflection coefficients of the reader antenna and the tag antenna,

respectively.

All above are the derivations of the Friis Transmission Equation 1.7. But considering the real situation of
the reader Kits and tag antennas, the Equation 1.7 can be simplified. First of all, the reader kit and reader
antenna can be obtained from some commercial products, therefore the reader antenna can be considered

to be matched to the connected cables. So,
(1 - |Frdr|2) ~ 1 18

Secondly, in common tests for the tag read ranges, the reader antenna and the tag antenna are positioned to

be straight in the direction. Therefore, the 6,4, Ptag, Orar and @4, Can be considered as constant values

and the Equation 1.7 can be simplified as,

A
)2 1.9

Py
Y = 1 - |Ftag|2)GtagGrdr ’ (m

P, rdr

Finally, in order to calculate the read range of the tags, the standard equation can be written as,

1.10

T 4n

A Prerrertag ’ (1 - |Ftag|2)
Ptag

Now, the read range as a sensing factor can be derived from the Equation 1.10. When impact factors or
test variables such as applied force, liquid solution level or mechanical bending, are tested on a textile UHF-
RFID tag, the impedance or radiation ability of the tag antenna are expected to change, thus causing the
variation of the reflection coefficient I, or the gain G, If the relationship between the impact factors
and the sensing factor (read range) is demonstrated, the sensing ability of the textile UHF-RFID antenna

can be proved.

1.3.3 Conjugate matching principle

Understanding the detailed principle is more important and essential than just showing the conjugate
matching formula. A common method ‘T-Match network’ is used for many UHF-RFID antenna designs
[51]. Some works use a ‘T-Match network’ as Balun circuits and some propose the antenna designs using

a modification of a ‘T-match structure’ directly. All of them aim to achieve the conjugate match between
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the chip and antennas.In order to explain the principle, the signal reflection principle including voltage

reflection and power reflection is worth discussing.

Voltage reflection Coefficient

Signal reflection is directly related to the characteristic impedance of the interconnect lines. In fact,
the main reason for the signal reflection is that the impedance of the interconnect lines changes suddenly.
The signals are transmitted in the form of electromagnetic waves in mediums. As shown in Figure 1.6, a
signal is transmitted in two mediums with different impedance, Z; for the medium 1 and Z, for the medium
2. The two mediums have an interface and the reflection generally happens at this part. Let us assume that
the incident wave to the interface has the incident voltage Vincand current lircat the medium 1, the reflected
wave from the interface has the reflected voltage Vs and current |, at the medium 1 and the transmitted
wave through the interface has the transmitted voltage Viansand current lians at the medium 2.

Incident Wave : V. and I,

|
Reflected W<_aEzE _Vr.e pand L.p

I Transmitted Wave:
Vtrans and ‘rtrans

Figure 1.6. Diagram of the voltage and current waves in two mediums

Due to the equal values of the voltage on both side of the interface,

Vine + Vref = Virans 111
Similarly,
line — Iref = ltrans 1.12
In addition, according to Ohm's law,
V-
line = é_nlc
Vref
Ler = 1.13
ref Zl
_ Virans
ltrans = Z,

By calculating the Equation 1.11, 1.12 and 1.13, the Equation 1.14 and 1.15 can be obtained as
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Vier Z,—Z
=-ZL=2"1 1.14
Vine Zz+2;

and,

_ Virans . 2x 17,

T, = = 1.15
"7 Vine  Zy+Z

where I, is the voltage reflection coefficient and Ty, is the voltage transmission coefficient. It is found from
the Equation 1.14 that when Z, is equal to Z,, there is no reflected wave which means the two mediums
are matched due to both having equal characteristic impedance. All above in this section have discussed

the typical and common (voltage) reflection coefficient in the electronic engineering field.

Power reflection coefficient

It is worth noting that the common voltage reflection coefficient mentioned in last section is not the
first choice for RFID applications due to the complex impedance of chips. According to Equation 1.10, Prag
can be considered as the wake-up power of a chip, so the feed power from the corresponding RFID antenna
should be as high as possible than the wake-up power. Therefore, pursuing maximum load power is the

first target of the RFID tag designs.

In order to achieve this target, it is worth making it clear how the total power is distributed between

the tag antenna and the chip.

Incident Power Wave o
Cutrent: I, —————- > Reflected Power Wave [

g Source Impedance

.\ Zs =R+ iX; Load
1%

Port L Z, =R, +iX,

@

A\ 4

Figure 1.7. Simple equivalent circuit of a tag with a chip.

A simple equivalent circuit of a tag with a chip is shown in Figure 1.7. The Source can be seen as the
RFID antenna with the complex impedance Z;, = R + jX, and the Load can be seen as the chip with its
complex impedance Z; = R, + jX, . In the source part, Vo is the equivalent open circuit voltage caused by

the tag antenna. Now, the active power Py into the chip load can be given by

Vo(Ry +jX1) Vo
(Rs + RL) + i(Xs + XL) (Rs + RL) - i(Xs + XL)

simplified as
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[VoI?Ry, |Vol?

T RARTH KXY,  R-R)P (K X))? L17
RL RL

Py

4R, +

Generally, the RFID antennas are always designed to have a positive real part of the complex impedance,

therefore, R is positive and from Equation 1.17, the chip can obtain the maximum power Pmax When
RS = RL’ XS = _XL 118
and the maximum power Py max is

o IP
Lmax — 4R
S

1.19
All above derivation can explain that for a specifical RFID chip with a certain complex impedance at
a required resonance frequency, the corresponding RFID antenna should be designed with a conjugate

impedance of the chip to obtain a maximum feed power. This is called conjugate matching.

However, conjugate matching is always a target, but in a real design procedure, it is not easy to achieve.
Similar to the common voltage reflection coefficient equation, there is a special reflection coefficient for
power used in many circuit simulation software such as the Electronic Design Automation Software (ADS)

but it is not clearly explained in many textbooks or handbooks. Here, the related derivation is given.

The incident power wave o and reflected power wave B as shown in the Figure 1.7 can be defined by

_ Vit Z, 2o
2,/|Re Z| '
Vv, — 771
B=——o0t 1.21
2./|Re Z4|

where Vi and I are the voltage and the current flowing into the chip load. ‘Re Zs’ is the real part of the
source antenna complex impedance which is positive as explained in the previous section. The relationship

between the a, B and the active power to the chip load need to be validated.
The voltage at the port (VL = Vo - Zsl,) can be inserted into the Equation 1.20 and the square of the

magnitude of the a is

v 2
la|? _ Vol” 1.22
4R,
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Referring to the Equation 1.22, |a|? can be identified as the maximum power that the RFID antenna
can supply for the chip load. Then considering the Equation 1.20and 1.21, a new equation can be obtained
as

_ W+ Z )V + Z51) — (Vo — Zs 1) (V) — Zslp)

lal? — |BI2 = aa* — BB* = i 1.23

simplified as

(Zs+Z)(VL 1 + VL IT)
4R

= (VI + V,I}) = Re [V, I}] 1.24

Therefore, the active power P from the antenna to the chip load can be calculated by
P, = |a|? - |B]? 1.25

Referring to the Equation 1.22 and 1.25, when the designed antenna is conjugate matched with the
chip load, the active power P can reach the maximum value |a|?. However, when it is not matched, there

is a reflected power |S]? and the active power P, only has the value of |a|? — |B]?.

Similar with the voltage reflection coefficient, considering V.=Z,I.there is a definition of power wave

reflection coefficient as

B_Z,—Zs
[p=—= 1.26
P™a™ 7, + Zg
and thus the power reflection coefficient is
z 7,7
=16l 2, 1.27
|0(|2 ZL + Zs

Referring to the Equation 1.26 and 1.27, when the conjugate matching is satisfied, the power reflection

coefficient can be obtained as zero which is expected.






Chapter 2

Materials and Methods

2.1 Modelling method of textile UHF-RFID sensor designs

Modelling is an elaborate research process, in which it is essential to obtain actual material parameters
for simulation and use related research experience based on the design theories as discussed in previous
sections. In order to obtain an accurate model in simulation software, there are the necessary steps in the

research work:

® Measuring the properties of the used materials such as the dielectric constant (g,.), loss tangent
(tanD) and thickness of the textile substrates.

® Selecting a suitable type of antenna structures in terms of the application and other requirements
such as the dimension and port interfaces.

® Obtaining the information of the used chips such as the dimension and impedance at a required

resonance frequency point.
® Developing a model in EM simulation software and tuning the model parameters.
2.1.1 Material property

Measuring the electrical and physical properties of the used materials is necessary for simulation. In
this thesis, considering different applications need different substrates, the textile materials are tested every
time. The substrate parameter measurements are shown in Figure 2.1. The relative dielectric constant and
loss tangent of the substrate in a dry situation can be measured by a Microwave Frequency Q-Meter as
shown in Figure 2.1 (a). On the other hand, its thickness can be measured by an Electronics Outside
Micrometer (132-01-040A) as shown in Figure 2.1 (b).

Microwave Frequency
Q-Meter

Split PostDi¢lectric Resonator

(@ (b)

Figure 2.1. Substrate parameters measurements. (a) Permittivity and loss tangent measurements and (b)

thickness measurement.
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In this thesis, the polyester [54] is selected as one of the substrates due to its better hygroscopicity. Its
relative dielectric constant and loss tangent in a dry situation are 1.24 (g,.) and 0.00163 (tanD), respectively.
Different from the polyester fibres adopted as the tag substrate, my research target for my first objective is
the UHF-RFID tags on surgical masks, the material of which is different from the polyester fibres. Due to
the non-rigid geometry of the surgical mask and its electrical parameters such as permittivity (e, = 1.1439)
and loss tangent (tanD = 0.0001265), the surgical mask has an effect on the UHF-RFID antenna
performance. Therefore, the property of the surgical masks is expected to be tested carefully for next
simulation and tag designs. The details are discussed in the next chapter.

In addition, the textile material of the UHF-RFID antennas in my work is a commercial conductive
twisted yarn (Shieldex 17/17 dtex 2-ply) made of 99% pure silver-plated Nylon. Note that in order to reduce
the impact from the difference between pure silver and real silver-plated Nylon [55][56], the most closed

bulk conductivity of the yarns is defined as 11500 siemens/m in the simulation software.

2.1.2 Simulation Methods

As explained at the beginning of this chapter, considering the size requirement and applications, a
suitable simulation model can be designed after obtaining the parameters of the materials. Note that there

are some important and easily overlooked different settings in different simulation software. They are :
® S-parameters calculation equation
® Port lumped element setting
® Port impedance setting
® Radiation boundary setting

For example, there are three popular simulation software, Ansys HFSS using the Finite Element
Method (FEM), CST using the Finite Integration Time Domain Method (FITD) and ADS momentum using
the Method of Moments (MoM). In the HFSS and CST full 3D EM simulation software, the S-parameters
calculation equations are based on the voltage reflection coefficient. But they are different from the
calculation equation in ADS 3D planar EM simulation software which is based on the power reflection
coefficient. The voltage reflection coefficient and the power reflection coefficient are discussed in detail in
the last chapter. Moreover, the complex impedance as the port is not available in CST EM Studio and UHF-
RFID chips generally have the complex impedance, therefore the port needs to be set to a real number with
some lumped elements (capacitors and inductors). But in HFSS and ADS momentum, the port can be set
to the complex impedance. As for the radiation boundary setting, the HFSS has a conductive environment
around the model. A radiation boundary (an ‘air box’) around the model is needed. Conversely, in the CST

and ADS momentum, the environment around the model is insulated.

After obtaining the necessary parameters of the materials and understanding the difference between

the simulation softwares, the model can be drawn and simulated. In order to reach the specifications such
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as the resonance frequency, the model size can be automatically tuned by the software until the simulation
results can be accepted.

2.2 Electro-Textile Embroidery Methods

After the simulation model is developed, the layout is digitized and embroidered with professional
machines. There are two typical electro-textile embroidery methods. The fundamental process is illustrated
in Figure 2.2. The conductive yarns are twisted by a proportional metal-plated thread as shown in Figure
2.2 (a). By this embroidery method, the conductive yarns can be embroidered on many kinds of common
textile substrates by commercial embroidery machines [14]. Generally, the technological process begins
from the design model simulated by means of an electromagnetic software solver to the model importation
into embroidery machines and ending with the manufacturing process. Using this method for UHF-RFID
products, the connection of electronic elements such as chips and textile structures can be implemented by
commercial glue or needlework. There are some studies [57][58][59] on this method, proving its feasibility
for electro-textile RFID or sensors with well ranked performance. In addition, as mentioned in the previous
section, some non-ignorable problems still exist such as metal rust of chip pads after washing and poor
contact by needlework. In this thesis, a contribution to this research on the interface between chips and

textile materials was made.

Embroidery machine
. —

proportional metal-plated thread
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Figure 2.2. Two typical electro-textile embroidery methods. (a) Embroidery technique using conductive
yarns, (b) screen printing technique using special conductive ink.
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Compared with the embroidery method using conductive yarns, the screen printing technique using
special conductive ink, as shown in Figure 2.2 (b), is another popular method for electro-textile applications
but more complex due to its technological process [60]. The essential elements are the specially configured
conductive ink and the complex screen printing machines. The general conductive ink is a metal-filled paste
with a solid content of a certain percentage, for which the curing process under a required temperature by
the screen machine is necessarily performed after the ink is pressed. Although the screen printing technique
was originally invented in ancient China, this technique has been systematically developed in the last 20
years and is employed for the design of robust non-bendable chemical sensors [61], electrochromic
materials [62], and non-bendable UHF-RFIDs [63]. As for textile applications, the invention of conductive
compositions for textile printing, described by Ujiie in 2006 [64] that was further developed by Cie in 2015
[65] opens the door for utilisation of screen printing in flexible electronics. Considering the cost in my work,

the first embroidery method is my main choice.

In the thesis, the first method is my first choice because of the lower cost and simple operation. In
detail, the embroidery method to embroider the patterns on the substrate, a professional embroidery
machine (Singer Futura XL-550) is used. For the embroidery procedure as shown in Figure 2.3, some details

need attention:

Embroidery Pattern
Processing
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I
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>
Format Conversion

Sent to Machine

Figure 2.3. Embroidery procedure.

® First of all, after obtaining appropriate designs in simulation software (ADS momentum and
CST), the simulated models need to be exported to a type of format which can be converted with

the same size into the related embroidery software.
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® Secondly, the knit pattern size and boundaries of the designs affected slightly by embroidery
modes in the embroidery software (EasyDesign EX4.0) need to be adjusted carefully, which is a
factor affecting real conductivity of the conductive yarns. For the proposed designs, the ‘satin

fill’ mode in the embroidery software is adopted.

® Finally, in the manufacturing process, the proposed yarn is utilized in both sides of the substrate

as the conductive yarn and support yarn for reducing the influence from other dielectric yarns.
2.3 Characterization methods of the textile UHF-RFID designs
2.3.1 Impedance measurements method

As shown in Figure 2.4, for symmetrical structures, a popular method validated in some works
[66][67][68] for impedance measurements used in this research for differential input port antennas. It is
achieved by combining the function (port extension [69]) of the Microwave Analyzer (N9916A) with the
differential mode probes. The probes are made from two semi-rigid cables with ground shields soldered

together.
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Figure 2.4. Calibration setup with the differential mode probes for impedance measurements method

Concerning the procedure,

® First of all, the Microwave Analyzer with two coaxial cables needs to be calibrated by a standard

calibration Kit.

® Secondly, after connecting the coaxial cables to the differential mode probes, the function (port
extension) of the Microwave Analyzer needs to be adjusted in order to move the calibration plane

from the ends of the coaxial cables to the ends of the differential mode probes.

® Meanwhile, the traces in Smith chart of the two ports should roughly converge to the open circuit

position in the Microwave Analyzer.

® Next, the two tips of the differential mode probes are connected to the proposed textile UHF-
RFID antennas or the feed port PCBs and the Z parameters in 50 ohms can be obtained. Note that
the measured Z parameters using the differential mode probes are earth-referenced and need to

be transferred for the differential reflection coefficient (p) of the symmetrical samples [70][71].
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® Finally, the Z parameters of the tested samples in the complex conjugate impedance of the chip
can be calculated using the Equation 2.1 as follows,

— 220(1 - 511522 + 512521 - 512_521)
ant (1 - 511)(1 - 522) - 512511

2.1

Where Z, is the port impedance of the Microwave Analyzer (50 ohms in my work), S11, Si2, S21 and

Sy2 are the measured S parameters, Z,.,,; is the Z parameter of the symmetrical samples.

In this thesis, for the measurements of the impedance and reflection coefficients of the embroidered
designs, the experimental setup is shown in Figure 2.5. As shown in Figure 2.5 (a) and (b), the measured
differential S parameters can be obtained in the port of 50 Ohm and then the Z parameters can be calculated
by Equation 2.1. In the next chapters, the impedance tests are implemented by the sample setup photos as
shown in Figure 2.5 and the difference is only the different tested designs.

n

Microwave.Analyzer

- A\
Movable Microwave Analyzer

m |
73

®

Figure 2.5. Measurement setup for the impedance and reflection coefficients of the embroidered designs. (a)

Photograph of measurement setup, (b) Measurement setup configuration.

2.3.2 Read range measurements method

For read range measurement, a commercial RFID Reader is adopted in this thesis. The read range can
be measured by a RFID reader with a reader antenna (MT-242 025/TRH/A/A) controlled by the M6E Kit
and the measurement setup is shown in Figure 2.6. Note that considering the read range of some UHF-
RFID antennas can be more than 5 m and the maximum input power from the M6E Kit is lower than the
maximum required radiated power from regional regulatory authorities, the read range can be calculated by
the mentioned Friis Equation 1.10.
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Figure 2.6. Measurement setup for the read ranges of the broidered designs. (a) Photograph of measurement
setup and (b) measurement setup configuration.

The main steps are:
® Keep a certain distance d between the tested design and the reader antenna
® Decrease the reader antenna power until the reader can not detect the UHF-RFID designs

® Use the Equation 1.10 and the maximum required radiated power from regional regulatory

authorities to calculate the maximum read range.

In addition, in order to meet the requirements of different application scenarios, the read range tests
need to be implemented in some special places such as corridors or rooms. Therefore, in the next chapter,

the read range measurement setup in special places is discussed especially.






Chapter 3

Results

3.1 Textile UHF-RFID Antenna Sensor for Measurements of Sucrose Solutions

* Ref. B: C. Luo, I. Gil and R. Ferné&ndez-Garc &, "Textile UHF-RFID antenna sensor for measurements of sucrose solutions in

different levels of concentration.” Meas Sci Technol, 2021. (Published)

3.1.1 Introduction

As mentioned in the previous chapter, textile materials are obtaining more attention due to their special
features such as flexibility, hygroscopicity and comfort according to the aforementioned background.
Current RFID antenna designs deployed on textile materials involve two main approaches, one of which is
a copper-based RFID antenna printed on a textile substrate, another of which is the metal-plated yarns
sewed on a textile substrate. Some of them focus on feasibility, reliability and common applications such
as tracking. Especially for some designs based on a copper antenna and a polyimide substrate, they are
applied for sensing solutions in the liquid through sensitivity (read power) of the RFID tag as the sensing
parameter. It is a good idea for some RFID antenna sensor designs based on complete textile materials
which offer the advantage of being more sensitive to liquids due to the conductive yarns in comparison
with normal copper designs. In addition, compared with some studies using chemical sensors on a PCB for
the target of wireless sweat-based monitoring, some textile materials with better hygroscopicity are
expected to reach the same target by supporting conductive-yarns-plated UHF-RFID tags. Therefore one
of the objectives in the thesis is to explore useful textile UHF-RFID antenna sensors with novel functions.
In detail, a textile UHF-RFID antenna sensor for solutions concentration measurement is explored to

replace or simplify some complex or expensive UHF-RFID sensors on standard PCBs.

In this section, a textile UHF-RFID tag with two sensing positions (‘radiation parts’ and ‘loop part’)
is proposed for sucrose solution measurements. Considering the possibility of expanding future sensing
applications, the function-extensible I1C chip (ROCKY 100) is used in the proposed design. Before the tests
on the proposed textile UHF-RFID sensor, a test board is developed in the preparation work for confirming
the relative dielectric constants of the sensing substrate area in the real measurements. The fundamental
resonance analysis for the simulated and the relative measurements is performed. In order to explore the
relationship between variables of the proposed design and the sucrose solutions, two sensing positions are
used to absorb the sucrose solutions with different levels of concentration. The read ranges of the design in
different situations are tested by a RFID reader (M6e Kit) and analyzed combined with simulated results

after obtaining the real relative dielectric constants of the sucrose solutions by the preparation work.
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3.1.2 Test procedures of the whole work

In this work, a relatively novel approach is adopted to achieve the final sensing target of measurements
of sucrose solutions in different levels of concentration by a proposed textile UHF-RFID antenna sensor.
In order to make the approach clear, the test procedures of the whole work are divided into two main parts

linked by the special ‘medium’ as shown in Figure 3.1.
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Figure 3.1. Test procedures of the whole work
The two parts can be generally summarised as:

® First part (I): The preparation work for the corresponding pairs of the concentration levels and

the dielectric constant (g,) of the sensing position.

® Second part (11): The UHF-RFID antenna sensor test for the corresponding pairs of the dielectric
constant (&) and the read range values, thus obtaining the corresponding pairs of the

concentration levels and the read range values

In detail, a simple capacitive structure is developed by means of simulation software and embroidered
by the aforementioned embroidery machine. The S-parameter curves of the simulation and the real
measurements are expected to be matched to obtain the corresponding values of €, as the fitting parameter.
The obtained values ¢, related to the solution concentration are used in the UHF-RFID sensor simulation
of the second part and then the simulated results are compared with the measured results to confirm the
feasibility of the measurement method by the textile UHF-RFID sensors. Note that the €, is the bridge or
medium to connect the first and second parts but make no effect on the corresponding pairs between the

concentration levels and the read range values.
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3.1.3 Preparation test

Considering the textile materials have the special feature (better hygroscopicity than PCBs), the
solutions in different levels of concentration are expected to make an impact on substrate performance. In
order to confirm the real relative dielectric constants of the sensing areas of the proposed design in different
concentration levels of sucrose solutions, a preparation test is conducted in this section. As shown in Figure
3.2, the same textile-based test board is designed by a professional embroidery machine (Singer Futura XL-
550) to measure the real relative dielectric constants of the sensing areas with the sucrose solutions in the
different levels of concentration. Figure 3.2 (a) depicts the simulated test board model which is embroidered
by the mentioned method in the previous section as shown in Figure 3.2 (b). In addition, the related size

parameters are given in Table 3.1.

Lt,

x
4

@ ®

Figure 3.2. Geometry and configuration of the test board. (a) Simulated test board diagram, (b) photograph of
the test board.

Table 3.1 Size parameters of the test board (unit: mm).

Parameter Lty Lt, Tty Tt,

Value 44 12 2 2

Moreover, the sucrose solutions are prepared by distilled water and sucrose (0, 125 mgedl™ and 250
mge«dl™). In order to obtain the sucrose solutions with different levels of concentration, accurate weighing

is done for the sucrose by a precise balance (PCE-BS 300).

The measurement setup for the preparation test is shown in Figure 3.3 and the test procedure is listed

as follows,

(&) Connect the two ports of the test board to the Microwave Analyzer N9916A as shown in Figure

3.3 (a), and save the reflection coefficients of the test board in dry conditions.

(b) Compare the saved data from the first step with the simulated curves of the test board model and

confirm that both are matched.

(c) Drop the sucrose solutions in different levels of concentration (0, 125 mgedl™ and 250 mgedI™)

onto the sensing position of the test board, and save the reflection coefficients in each situation.
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Figure 3.3. Measurement setup for the preparation test. (a) Photograph of measurement setup, (b)
measurement setup configuration.
(d) Adjust the relative dielectric constants of the sensing area in the simulation software to find the
matched curves with the measured curves. The corresponding relative dielectric constants are

closed to the real relative dielectric constants of the sensing substrate area in the real measurements.

By the above test procedure, the test results are shown in Figure 3.4 and Figure 3.5. From the
experimental results, the relative dielectric constants of the sensing substrate are tuned to 62.24, 23.24 and

10.24 for 0, 125 mgedl™* and 250 mg«dl*, respectively. Therefore, the obtained relative dielectric constants

can be used for the proposed design in the next sensing tests.
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Figure 3.4. Simulated and measured |S12| of the test board for measuring the relative dielectric constant of
the tested position with solutions.
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Figure 3.5. Simulated and measured |S11| of the test board for measuring the relative dielectric constant of
the tested position with solutions.

3.1.4 UHF-RFID Antenna Sensor Details and Tests

Structure of the proposed textile UHF-RFID antenna

The geometry and configuration of the proposed textile UHF-RFID antenna sensor are shown in Figure
3.6. The design mainly consists of two parts which are the ‘loop part’ for impedance match and the
‘radiation parts’ for improving the transmiter/receiver ability as shown in Figure 3.6 (c). In Figure 3.6 (a),
the simulated design is presented and its related size parameters are detailed in Table 3.2. Note that when
the design is embroidered by specific machines, the embroidery pattern makes certain influence on the
impedance of the textile UHF-RFID antenna due to roughness and small inhomogeneities. As a result, the
proposed design is converted to an embroidery pattern by ‘satin fill’ mode as shown in Figure 3.6 (b).

> Chip Sewed by
‘ - Nylon Yarn and
| e | Fixed by Glue

Embroid -

AlLCI]

Figure 3.6. Geometry and configuration of the proposed design. (a) Simulated design diagram, (b)
embroidered pattern diagram, and (c) photograph of the proposed design.
In addition, for the UHF-RFID integrated circuit (IC) chip, a ROCKY 100 is selected due to its
function-extensible feature. Compared with some popular chips for textile RFID tags such as Monza R6,
the ROCKY 100 can extend functions by connecting to various sensors. Certainly, in this paper, the
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proposed textile UHF-RFID tag is explored to be an antenna sensor without sensor expansion. The complex
impedance of the used chip (ROCKY 100) is 64—i469 ohm and the minimum wake-up power is —10 dB.

For conjugate matching, the impedance of the design in simulation software needs to be tuned to be 64+i469

ohm.
Table 3.2 Size parameters of the design (unit: mm).
Parameter L1 L2 w1 T1 R1 R2
Value 23 14.5 18 2 4 10

Sensing factors impacted by sucrose solutions in different levels of concentration

Considering the specific features of the proposed textile UHF-RFID tag such as the sensitive
impedance change and the better substrate hygroscopicity than that of a common PCB,the sucrose solution
for the proposed textile UHF-RFID tag is selected to explore the possibility as a sensor and the relationship
between the concentration and the read ranges. For the proposed design, there are two positions selected as
the sensing areas, the ‘radiation parts’ and the ‘loop part’ as shown in figure 1(c). The two positions are

analyzed with respect to the Friis Transmission Formula as follows,

A |PiGiGrsg - T
dmax - tYtYr3 3 31
4T PthR

where dmax is the maximum value of the read range, A is the wave length at 868 MHz, Py is the power
fed into the reader antenna, G; is the gain of the reader antenna (7 dBi), Gs is the gain of the proposed
antennas, 13 IS the largest power transmission coefficient and P is the minimum wake-up power of the
chip (-10 dBm). In addition, the cable loss between the reader antenna and the reader is taken into account
(0.8 dB).

From the Equation 3.1, the maximum value of the read range (dmax) can be affected by the gain of the
proposed antenna gain (Gs) and the largest power transmission coefficient (t3). Therefore, the ‘radiation
parts’ and the ‘loop part’ related to the Gys and 3, respectively, are suitable choices. When the solutions
with different levels of concentration are dropped on the sensing areas, the relative dielectric constants of
the sensing areas are expected to change. The measured relative dielectric constants of the sensing area in

different levels of concentration are confirmed in the preparation test above.

Tests and results at the ‘radiation parts’ position
The reflection coefficients (|S11|) are simulated by sweeping the relative dielectric constant of the

substrate at only the ‘radiation parts’ and the results at er = 1.24 (dry), er = 10.24 (250 mgedl™), er = 23.24

(125 mgedl™) and er = 62.24 (0 mgedl ™) are selected to compare with the real measurement results.
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Figure 3.7. Simulated reflection coefficients of the proposed design with different relative dielectric
constants at two ‘radiation parts’ positions.
As shown in Figure 3.7, all |S11| curves are close, which means when using ‘radiation parts’ to measure
the sucrose solutions, the resonance frequency is expected to be stable. Meanwhile, as shown in Figure 3.8,
the realized gain curve including all situations (g,: 10.24, 23.24 and 62.24) shows an increase in the target

concentration range from 0 to 250 mge«dI. In addition, the realized gain in a dry situation (g, 1.24) reaches

0.9 dBi, which means compared to the results in wet situations the realized gain is expected to increase

when sensing the solutions.
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Figure 3.8. Simulated realized gain at 868 MHz of the proposed design with different relative dielectric
constants at the two ’radiation parts’ positions.
According to Equation 3.1, the maximum read range is related to the six factors including A, Py, Gy, Gr,
T and Pwr. There are four of them (A, Py, Gt and Pwr) which are determined by the resonance frequency (868
MHz in the work), EIRP (Europe, PG; = 2 W), RFID IC chip (Rocky 100 in the work, Pnr = —10 dBm).
However, the Gs, 13 are determined by the UHF-RFID antenna.

When the match situations (1 ) are close as shown in Figure 3.7, the simulated read range curve has a
linear relationship with the square root of simulated realized gain (liner values not dB value) as Equation

3.2 shows,
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Figure 3.9. Measurement setup for the read ranges of them broidered designs when sensing solutions. (a)
Photograph of measurement setup and (b) measurement setup configuration.
In order to validate the trend and explore the sensing ability, the real design embroidered by the same
embroidery mode with the test board (‘satin fill’) is tested by sucrose solutions in different levels of

concentration (0, 125 mgedl™* and 250 mgedI™) at the ‘radiation parts’. The read range can be measured by

a RFID reader with a reader antenna (MT-242 025/TRH/A/A) controlled by the M6E Kit as shown in Figure
3.9.

The tests on ‘radiation parts’ as shown in Figure 3.9 are conducted four times and final read powers
are obtained by calculating average value as shown in Table 3.3. The validation points are used to confirm
the reliability of the sensing characteristics obtained by the test points. Note that the distance between the

design and the read antenna is set to 0.35 m and the read range can be calculated by using Equation 3.1.

To explore the trend of the real read range, the linear fit is adopted. In addition, in order to validate the

trend of the measurement curve, the solutions in the concentration of 75 mgedl™* and 175 mgedl™ are

detected. All the results are shown in Figure 3.10.
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Table 3.3 Tests and validation results on ‘radiation parts’.

/ Test points Validation Points
Concentration (mgedl—1) 0 125 250 75 175
Read power 1st (dBm) 12.1 11 10.5 11.3 10.8
Read power 2nd (dBm) 12.1 10.9 10.6 114 10.8
Read power 3rd (dBm) 11.9 111 10.4 11.3 10.7
Read power 4th (dBm) 12 11 10.5 11.3 10.8
Average read power (dBm) 12 11 10.5 11.3 10.8
Read range (m) 1.926 2.161 2.289 2.087 2.211
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Figure 3.10. Measured read range at 868 MHz of the proposed design dropped by sucrose solutions at the
‘radiation parts’.

The measured read range rises as the concentration goes up, but all the values in wet situations are
higher than that when the sensing position is dry as shown in Figure 3.10,. Note that the permittivities of
the sucrose solution decrease as the levels of concentration increase. The measured validation points are
close to the fitting curve as shown in Table 3.4, which confirm the feasibility and availability of the
measurement curves and method. In addition, by comparing the two figures, Figure 3.8 and Figure 3.10,
the measured results have a trend that all the values in wet situations are higher than that in dry situations,

which match with the linear trend of the simulated realized gain curve.
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Table 3.4. Error between the measured validation points and the fitting curves.

Concentration (mgedl?) 75 175

Read range (m)

Validation points 2.087 2211
Linear fit 2.071 2.216
|Error| 0.016 0.005

Tests and results at the ‘loop part’ position
The same tests are conducted on the ‘loop part’. As shown in Figure 3.11, the resonance frequency
shift left gradually as the permittivities (&) increase continuously. However, only the curves whose (&) is

below 23.24 have the |S11] below —10 dB at 868 MHz. In other words, when using ‘loop part’ to measure
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Figure 3.11. Simulated reflection coefficients of the proposed design with different relative dielectric
constants at the ‘loop part’.
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Figure 3.12. Simulated realized gain at 868 MHz of the proposed design with different relative dielectric

constants at the ‘loop part’.
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the sucrose solutions, the performance of the textile UHF-RFID antenna sensor decreases as the levels of
concentration are fairly low. Meanwhile, as shown in Figure 3.12, the realized gain curve including all
situations (& 10.24, 23.24 and 62.24) shows a continuous decrease in the target concentration range from

0 to 250 mgedl. As aforementioned, the Gy, 13 are determined by the UHF-RFID antenna, one of which
in this situation, 13 , can be calculated by Equation 3.3,

4‘RantRic

== = 3.3
(lZant + Zicl)z

T3

where Ran is the resistant part of the antenna impedance, Ric is the resistant part of the IC chip
impedance, Zn is the antenna impedance and Zjc is the IC chip impedance. When X, Pi, G; and Pwr are
determined, the relationship between the maximum read range and the antenna is obtained as Equation
Table 3.4 shows,

Amax & YV Grs3 " T3 3.4
By calculation, the results can be obtained as shown in the Table 3.5,

Table 3.5. Realized gain data and calculated results.

£ 10.24 23.24 62.24
Grs (dB) 1.8472 2.6324 6.0251

G (linear value) 1.5301 1.8333 4.0041
T 0.8126 0.6354 0.2043
N[N 1.115 1.0793 0.9045

The read range of the real embroidered design is also tested by sucrose solutions in different levels of

concentration (0, 125 mgedl™ and 250 mgedl™) at the ‘loop part’ and measured by the RFID reader. As

shown in Figure 3.13, the measured read range rises as the concentration goes up, but all the values in wet

situations are lower than that when the sensing position is dry.

The tests on ‘loop part’ as shown in Figure 3.9 are conducted four times and final read powers are
obtained by calculating the average value as shown in Table 3.6. Note that the certain distance between the

design and the read antenna is set to 0.35 m and the read range can be calculated by using Equation 3.1.
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Figure 3.13. Measured read range at 868 MHz of the proposed design dropped by sucrose solutions at the
‘loop part’.

Table 3.6. Tests and validation results on ‘loop part’.

/ Test points Validation Points
Concentration (mgedl—1) 0 125 250 75 175
Read power 1st (dBm) 27 22.3 20.1 24.1 21.3
Read power 2nd (dBm) 27.2 22.1 19.9 24 21.3
Read power 3rd (dBm) 27.1 224 19.8 24.2 21.1
Read power 4th (dBm) 26.8 22.3 20 24.1 21.2
Average read power (dBm) 27 22.3 20 241 21.2
Read range (m) 0.3424 0.5365 0.766 0.4782 0.6677

To explore the trend of the real read range, the linear fit is adopted. In addition, in order to validate the

trend of the measurement curve, the solutions in the concentration of 75 mgedl™ and 175 mgedl™ are

detected. All the results are shown in Figure 3.13. Moreover, the measured validation points are close to

the fitting curve as shown in Table 3.7, which confirm the feasibility and availability of the measurement

curves and method.
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Table 3.7. Error between the measured validation points and the fitting curves.

Concentration (mgedl?) 75 175

Read range (m)

Validation points 0.4782 0.6677
Linear fit 0.4806 0.6496
|Error| 0.0024 0.0181

In addition, by comparing Table 3.5 and Figure 3.13, the measured results that all the values in wet
situations are lower than that in dry situations match with the simulated results. The reason for the opposite
trends of the realized gain curve and the read range curve is that the shifting resonance frequency (different
match situations) presents a bigger influence on the read range than the affecting factor from the realized
gain.

Moreover, by analyzing the curves with the relative dielectric constants (10.24, 23.24 and 62.24) in
figures 10 and 14 compared with the measured read range results in Figure 3.10 and Figure 3.13, the trends
in real measurements are matched with the simulated trends and the sensing feasibility of the proposed

textile UHF-RFID antenna is confirmed.

The proposed textile UHF-RFID antenna sensor has the feasibility to be a wireless sensor for the
concentration measurement of sucrose solutions. In addition, another novel point is that the proposed design
has two sensing positions, the ‘radiation parts’ and the ‘loop part’. The two sensing positions have different
advantages, one of which (‘radiation parts’) have a stable operation performance but sensing range is from
1.71 m (dry) to 2.3 m (current measured solutions), while another of which (‘loop part’) have a wide sensing
range from 0.4 m (current measured solutions) to 1.71 m (dry) but a lower operation performance. The two

choices can be adopted with respect to different applications.

3.1.5 Conclusion

In this section, a textile UHF-RFID antenna sensor with two sensing positions (‘radiation parts’ and
‘loop part’) is presented. To explore the possibility for textile UHF-RFID tag as a sensor and relationship
between variables, the proposed design has been tested by sucrose solutions in different levels of

concentration (0, 125 mgedl™ and 250 mgedl™) compared with the dry situation. Before the tests on the

proposed design, the test board is developed in the preparation work for confirming the relative dielectric

constants of the sensing substrate area in the real measurements (62.24, 23.24 and 10.24 for 0, 125 mged|™*
and 250 mgedI ™, respectively). The simulated and measured resonance curves of the proposed designs both

match well (—20 dB in the simulation and —15.8 dB in the measurement at 868 MHz) and the read range

measured by the RFID reader (M6e kit) is 1.71 m in air. After simulation and real tests, the proposed design
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used for sensing the sucrose solutions shows good feasibility by comparing the simulated and measured
results. Moreover, its two sensing positions have different sensing features. The sensing ‘radiation parts’
shows a stable frequency operation performance but sensing range is from 1.71 m (dry) to 2.3 m (current
measured solutions), while the sensing ‘loop part’ have a wide sensing range from 0.4 m (current measured
solutions) to 1.71 m (dry) but a lower frequency operation performance. The sensing features provide future

complete application for the two choices.

3.2 Textile UHF-RFID Antenna Embroidered on Surgical Masks

* Ref. C: C. Luo, I. Gil and R. Fernéndez-Garc &, "Textile UHF-RFID Antenna Embroidered on Surgical Masks for Future Textile
Sensing Applications," IEEE Trans. Antennas Propag., 2022. (Published)

3.2.1 Introduction

In current society, we are living in a constant epidemic situation which has a great effect on the
researches on masks. Considering the growing concern about the UHF-RFID tags and sensors for healthcare
monitoring and diagnosis, the UHF-RFID tag can be explored to be used on masks. Based on current
popular application scenarios such as breath monitoring for pregnant women or babies, move tracking for
patients and temperature monitoring, the UHF-RFID tags have the potential to be designed on masks and
applied for these scenarios.

In addition, as mentioned in the last section, the function-extensible chips are useful for UHF-RFID
tags with many other sensing functions. Some textile RFID tags and sensors are designed with two-pad IC
chips which are small and more sensitive to wake up. However, these types of chips with two pads and low
wake-up power are especially used as ID textile tags. The related sensing functions can be only explored
by the features of textile materials, which limits the sensing applications. For example, the textile antenna
(Bellyband antenna) designed with the IC chip Murata Magicstrap LXMS31ACNA-011 is used as a tag
with a strain sensing function. In addition, there is no other interface for extensional sensing functions and
on-body read range is only 0.6 m. As a result, exploring the possibility and reliability of the function-

extensible IC chips is also a novel research orientation.

In this section, considering a general epidemic situation in which the surgical masks are frequently
used for human beings protection, three progressive designs of textile UHF-RFID antennas on surgical
masks is developed and the used IC chip (Rocky 100) is extensible for different sensors. Related preparatory
work before simulation such as the permittivity, loss tangent, thickness measurements and detailed
embroidery method is implemented and presented. The progress of the three designs through comparison
between their simulated resonance and radiation performance is explained. For the measurements of the
impedance and read range, the results to the electromagnetic simulations to validate their performance are
compared. Finally, the selected sample is applied to validate the reliability by the tests under bending and
skin contact situations. The basic use of the designs is the user identification, nevertheless, due to the

function extensibility of the chips, various textile sensors can be considered under specific scenarios.
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3.2.2 Progressive textile UHF-RFID designs

The textile UHF-RFID antennas are designed on surgical masks and the configuration of the proposed
progressive designs are shown in Figure 3.14. Considering the used chip (Rocky 100) with a capacitive
impedance of 64-i*469 ohm, the proposed antennas are expected to be designed with an inductive behavior.

Note that for UHF-RFID chips with complex impedance, the corresponding antenna design way is different
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Figure 3.14. Configuration of the proposed progressive designs. (a)loop type, (b) dipole type with
balanced ’arms’, (c) dipole type with balanced ’circular end caps’.
from conventional antenna design experience (such as Wi1<<Li; for a conventional folded dipole in Figure
3.14) with a feed port of 50 ohm. Therefore, a loop structure for matching as shown in Figure 3.14 (a) has
been selected as a design strategy. Then through an electromagnetic field analysis as illustrated in next
section and typical ‘T-match’ structure analysis, the progressive structures, Design 2 and 3 are developed
as shown in Figure 3.14 (b) and (c), respectively. As a consequence, the Design 3 is derived from the
simple *T-match’ structure with ‘circular end caps’ for increasing the radiation property (directivity and

realized gain). The size parameters are detailed in Table 3.8. All of the designs are embroidered using
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conductive yarns as antennas and surgical masks as substrates. The textile material of the antennas is a
commercial conductive twisted yarn (Shieldex 117/17 dtex 2-ply) made of 99% pure silverp-lated Nylon
(bulk conductivity: 11500 siemens/m). Moreover, as shown in Figure 3.14 (c), the UHF-RFID chip (Rocky
100) is sewed by Nylon yarn which is not conductive and fixed by a type of glue (G-15). The substrate is a

type of common surgical mask made of staple fibres (short) and long fibres (continuous long).

In addition, note that the UHF-RFID chip (Rocky 100) is selected for the work, which is different from
the chips used in most textile/knitted wearable UHF-RFID tags. The Rocky 100 chip is normally used for
UHF-RFID sensors on PCB. In other words, this chip has several pads (16 pads) which can be used for
sensor connection in active/passive situations for many different sensing applications. Compared with some
popular chips such as Monza R6 with two pads, the Rocky 100 has a lower sensitivity (minimum wake-up
power) of -10 dBm, while Monza R6 has higher sensitivity of about -20 dBm. As a result, the UHF-RFID

antenna needs to be designed for higher gain and good conjugate impedance matching with the chip.

Table 3.8 Size parameters of the designs (unit: mm)

Type L Wi Tu
Design 1 34 21 2

Type Lo L2z W21 Tz
Design 2 33 22 20 2

Type La1 Ls2 Way Ta1 Ra1
Design 3 27 20 20 2 10

3.2.3 Simulation and Measurements

Considering that the complex impedance of the used chip (Rocky 100) is 64-i*469 ohm, the impedance
of the designed antenna should be close to 64+i*469 ohm. Note that the chip has higher resistance and
reactance than that of some two-pad UHF-RFID chips such as the Monza R6 with the complex impedance
of 12-i*120 ohm. In some antenna designs, resistance and reactance curves for antennas present fast-
changing slopes and larger tangent, which means that the resistance and reactance values change sensitively.
Hence in order to reduce the effects on frequency bandwidth of antenna designs, it is more important that
the designed antenna can have a good conjugate impedance match with the chip, which implies that the
designed antennas need to have complex impedance with the conjugate impedance of the chip as close as
possible. In addition, the differential reflection coefficient (p) of the work band should be lower than -10
dB.

In addition, as mentioned in the previous section, although the function-extensible feature of the chip
(Rocky 100) is attractive, its lower sensitivity still needs to be considered. Therefore, the UHF-RFID

antenna needs to be designed to achieve a realized gain as high as possible (at least higher than -3 dBi). For
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the proposed three designs, one of the targets is to improve the gain but reduce the impact on the conjugate
impedance match. As a result, the Design 1, 2 and 3 are optimized progressively. After being optimized,

the three designs are shown in Figure 3.14 and the final size parameters are shown in Table 3.8.

Resonance Analysis

Figure 3.15 shows the simulated impedance for the three progressive designs, including the resistance
and reactance curves. The three designs behave inductively at the resonance frequency (868 MHz), in which
the closer two to the feed impedance are the Design 1 and 2 with impedance of 67+i*468 ohm and 74+i*466
ohm, respectively. The Design 2 can be developed by a size-optimized Design 1 with balanced ’arms’. By
adding the circular end caps to the Design 2 and optimizing the size parameters, Design 3 has impedance
of 119+i*421 ohm. Although the impedance matching seems to degrade from Design 1 to 3, the reflection
coefficients of the three designs as shown in Figure 3.16 are still within acceptable limits. In addition,

the ’arms’ and the ’circular end caps’ are expected to increase the antenna gain.

700 q——Resistance of the design 1 (R1)
{——Reactance of the design 1 (X1)
600 - —— Resistance of the design 2 (R2)

—— Reactance of the design 2 (X2)
|—+— Resistance of the design 3 (R3)

54(2(3 |—+——Reactance of the design 3 (X3)

Antenna Impedance (Ohm)
£
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Frequency (GHz)

Figure 3.15. Simulated impedance for the three progressive designs (Dashed lines: required antenna
complex impedance 64+i*469 ohm at 868 MHz).

In detail, the S parameters (reflection coefficients) of the three designs as shown in Figure 3.16 are all
under the -10 dB at 868 MHz. At resonance point (868 MHz), the Design 1, 2 and 3 have reflection
coefficients of -48 dB, -39 dB and -22 dB, respectively. The Design 1 and 2 present a bandwidth of at least
400 MHz (Design 1: 560 MHz and Design 2: 515 MHz), while Design 3 have a bandwidth of 370 MHz. In
addition, transmission coefficients (t) for the Design 1, 2 and 3 can be calculated as 0.9992, 0.9945 and
0.8519, respectively. Due to the basic features of general textile materials, environmental factors often
make an influence on the resonance frequency of the textile UHF-RFID antennas. As a result, the bigger

bandwidth can improve reliability when the resonance frequency shifts within a certain range.
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Figure 3.16. Simulated reflection coefficients for the three progressive designs.

Radiation Performance Comparison

The electric field, magnetic field and current distribution at 868 MHz are shown in Figure 3.17. It is
found that from the Design 1 to the design 3, the electric fields and magnetic fields are raised and their
distribution ranges are extended gradually after adding the ‘arms’ and ‘circular end caps’ and adjusting
loop and ‘arms’ sizes. In addition, it is found that after adding arms and changing loop size, the overall
fields and currents of the Design 1, 2 and 3 get stronger. From the aforementioned features, adjusting the
loop and ‘arms’ can obtain the required frequency and changing the size of the ‘circular end caps’ can affect
the radiation performance. Figure 3.18 shows the radiation patterns in the xoy cut for the three designs. The
structure of the Design 1 is only a loop which means the radiation ability is weak. For increasing the
radiation ability (realized gain), the ’arms’ can be added into the structure as the Design 2 which also makes
an impact on the impedance. From the current distribution as shown in Figure 3.17, the realized gain of the
Design 3 is expected to be higher than that of the previous designs. As shown in Fig. 7, the peak realized
gain values of the three designs are -10.86 dBi, -7.87 dBi and 1.09 dBi, respectively. In addition, from the
H-plane (yoz cut) as shown in Figure 3.18 (b), the proposed Design 3 has a dipole-like radiation pattern as

expected.
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Figure 3.17. Electromagnetic fields and current distribution at 868 MHz. Design1l: (a), (d) and (g). Design 2:
(b), (e) and (h). Design 3: (c), (f) and (i).
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Figure 3.18. Simulated normalized radiation patterns (normalized realized gain) for the three progressive

designs (a) xoy cut, (b) yoz cut.
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3.2.4 Measurement and Test Results

Impedance Tests

As mentioned in the previous chapter, the differential mode probes are added at the end of the two
ports and the related differential measurement method is used. Figure 3.19 shows the antenna impedance
of the proposed simulated and measured designs, including the resistance part and the reactance part. Figure
3.19 (a) and (b) shows the good impedance match of the simulated and measured design 1 and 2 at the
targeted resonance frequency (868 MHz) and the both impedance is fairly close to the target (64+i*469
ohm). The results of the simulated and measured design 3 are shown in Figure 3.19 (c). In this case, the
resistance parts are higher than 64 ohm and reactance parts are lower than 469 ohm. Certainly, analyzing

all of the results, the measured curves are very close to the simulated curves.
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Figure 3.19. Simulated and measured impedance for the three embroidered designs (Dashed lines: required
antenna complex impedance 64+i*469 ohm at 868 MHz). (a) Design 1, (b) Design 2, (b) Design 3.

Moreover, the reflection coefficient (S parameter) can be obtained as shown in Figure 3.20. It can be
observed that the |S11| of the measured design 1 is -42 dB at 868MHz, which is close to the simulated |S11|
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of -48 dB. Figure 3.19 (b) shows the measured design 2 has resonance frequency shift but the |S11| at 868
MHz still reaches -32.8 dB compared with that of -39 dB in simulation. Different from that of the design 1
and 2, the |S11| of the measured design 3 is -24 dB which is better than the simulated results at 868 MHz.
Note that all the designs have slight differences in the resonance frequency shift degrees between the
simulated and measured results (all below 10 MHz). In addition, all of the measured designs 1, 2 and 3
have narrower bandwidths of about 330 MHz, 280 MHz and 220 MHz, respectively, than that of the
simulated designs.
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Figure 3.20. Simulated and measured reflection coefficients for the three embroidered designs. (a) Design 1,
(b) Design 2, (b) Design 3.

Read Range Tests
Considering real scenario conditions of the proposed textile UHF-RFID tag on surgical masks such as

in the hospital facilities and rooms, the read range measurement setup is shown in Figure 3.21. The reader
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antenna (MT-242025/TRH/A/A) can be controlled by the M6E Kit which is connected to a laptop with
control software. An inquiry signal with data and clock can be adjusted by the software and sent by the
reader antenna. The proposed textile UHF-RFID antennas can send a backscattered signal with data and
clock after receiving the inquiry signal. Note that backscattering coupling is a common mode in UHF RFID
and Radar areas. In detail, when an electromagnetic wave encounters a space target, part of its energy is
absorbed by the target, while the other part is scattered in various directions at different intensities. A

portion of the scattered energy is reflected back to the transmitting antenna.

\ |
Inquiry Signal with Da\tz\al\ldClock

Software on Laptop

Figure 3.21. Measurement setup for the read ranges of the embroidered designs. (a) Photograph of

measurement setup, (b) Measurement setup configuration.

When moving the proposed designs to a certain distance d as shown in Figure 3.21, the signal
transmission is expected to be interrupted. This threshold distance is the maximum value of the read range.
To avoid moving the design holders frequently, a certain distance is fixed (1 m) which is different from the
distance (0.35 m) used in the last section and then adjust the reader power to obtain the read range. In
addition, the simulated read range can be calculated by the Friis Transmission Formula as follows,

A |PiGiGry- T
Aoy = — _tTtra 4 35
4n PthR

where dmax is the maximum value of the read range, A is the wave length at 868 MHz, P; is the power
fed into the reader antenna, G; is the gain of the reader antenna (7 dBi), Gr. is the gain of the proposed
antennas in this section, 14 is the largest power transmission coefficient and Pug is the minimum wakeup
power of the chip (-10 dBm). In addition, the cable between the reader antenna and the reader has a loss of
0.8 dB.
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Table 3.9. Simulated and measured maximum read range of the designs (unit: m)

Type Design 1 Design 2 Design 3
Simulated dmax 11 1.6 4.1
Measured dmax 0.8 1.3 2.2

For the proposed designs, the read ranges are detected as shown in Table 3.9. The maximum read
range values of the simulated Designs 1, 2 and 3 are 1.1 m, 1.6 m and 4.1 m, respectively, while those
corresponding to the measured values are 0.8 m, 1.3 m and 2.5 m, respectively. By analyzing the Friis
Transmission Formula and the proposed designs, the Pwr of the chip (-10 dBm) makes a big impact on the
maximum read range, compared to the two-pad chip (Monza R6) with the minimum wake-up power of -20
dBm. In addition, the difference between the simulated and measured results is caused by the silver-plated
yarns and the soft substrates. In detail, the silver-plated yarns are different in comparison with the traditional
copper line. The radiation ability of the yarns is not totally the same as the simulation results. For design 3,
due to the soft masks, the ‘circular end caps’ has slight shape change in embroidery procedure which implies

a more significant difference between the simulated and measured results.
3.2.5 Reliability validation Tests

For textile UHF-RFID tags, reliability is an essential issue due to the features of the textile materials.
In this work, considering the uses of surgical masks, the impact of bending and use on the body is expected
to be validated. In addition, with regard to the read range results at last section, the Design 3 is selected to

be the final design which is tested for bending and skin touching.

Bending Tests

The bending test setup is shown in Figure 3.22 (a). Several moulds with different radius have been
used to hold and keep the proposed sample bent. Considering the use of surgical masks, the bending
orientation is fixed as shown in Figure 3.22 (b). Note that the bending degree increases with decreasing
radius. Figure 3.23 shows the measured antenna impedance curves in different radius. From Figure 3.23,
the resistance values at 868 MHz are close to a different radius while the reactance values at 868 MHz
increase with decreasing radius. In addition, the reflection coefficient curves as shown in Figure 3.24 have
slight resonance frequency shift degrees (all below 20 MHz) and increasing |S11| values at 868 MHz with
increasing bending degree. In other words, after bending at certain degrees (radius: 33 mm to the flat), the

proposed textile UHF-RFID tag can still work well.
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Figure 3.22. Measurement setup for the impedance and reflection coefficients of the embroidered designs. (a)
Photograph of measurement setup, (b) Diagram of the bending orientation.
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Figure 3.23. Measured impedance in different bending degrees (Dashed lines: required antenna complex
impedance 64+i*469 ohm at 868 MHz).
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Figure 3.24. Measured reflection coefficients in different bending degrees.
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Certainly, read range tests in different bending degrees are still important and the test configuration is
shown in Figure 3.21. Considering the real use of the proposed design is on face, the bending radius close
to face sizes (33 mm and 44 mm) are chosen. The measured maximum values of the read ranges shown in
Table 3.10are 2.5m, 2.2 mand 1.7 m at flat, bending radius 33 mm and bending radius 44 mm, respectively.
Note that the measured maximum values are obtained by the proposed design facing the reader antenna as
shown in Figure 3.20. From the results, increasing bending degrees (radius: flat to 33 mm) cause a decrease

in read ranges and the minimum read range in bending is at least 1.7 m.

Table 3.10 Measured maximum read range of the design 3 in bending situation (unit: m)

Type Flat Bending (0.044) Bending (0.033)

Measured dmax 25 2.2 1.7

Skin Contact Tests
Skin contact test setup is shown in Figure 3.25. The reflection coefficient and read range measurements
of the Design 3 are operated when the sample is touched on a hand and worn on the face as shown in Figure

3.25 (a), (b) and (c), respectively. The first application of surgical masks is to be worn on the face,

Figure 3.25. Measurement setup for the impedance, reflection coefficients and read ranges in different skin
contact positions. (a) Sample touched on a hand, (b) Sample worn on face, (c) Read range measurement



54 Textile UHF-RFID Antenna Embroidered on Surgical Masks

so the samples tested in air or touched on hands are compared with those worn on face. In general, the skin-
contact performance is limited by the resonance frequency shift and reduced radiation efficiency due to the

impedance change and power loss in the human body, respectively.

As shown in Figure 3.26, compared with the impedance in air, the impedance on a hand has lower
resistance part and reactance part while that on the face has higher both parts. In addition, compared with
the curves of the sample in air, the reflection coefficient (|S11|) curves as shown in Figure 3.27 on a hand
and face show the resonance frequencies are shifted to 956 MHz and 813 MHz, respectively. However,
when the samples are on a hand and face, the values at 868 MHz are -13 dB and -13.5 dB, respectively.
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Figure 3.26. Measured impedance in different skin contact positions (Dashed lines: required antenna
complex impedance 64+i*469 ohm at 868 MHz).
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Figure 3.27. Measured reflection coefficients in different skin contact positions.
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Read range tests in different situations are necessary and the results are shown in Table 3.11.The
measured max values of the read ranges shown in Table 3.11 are 2.5 m, 0.8 m and 1.1 m in air, on hand
and on face, respectively. From the results, skin contact causes a decrease in read ranges and the minimum

read range (1.1 m) when used on the face proves that Design 3 can be effectively worn.

Table 3.11 Measured maximum read range of the design 3 in different skin contact positions (unit: m)

Type In air On a hand On face

Measured dmax 25 0.8 1.1

3.2.6 Conclusion

In this section, the progressive designs of textile UHF-RFID antennas on surgical masks are developed
and one of them (Design 3) is selected to be validated by reliability tests (bending and skin contact). To
explore the possibility and reliability of the function-extensible IC chips for textile UHF-RFID sensors, an
IC chip (Rocky 100) with lower sensitivity (-10 dBm) is used in the designs. The simulated and measured
resonance curves of the designs all match well (all below -20 dB at 868 MHz) and the radiation performance
(realized gain) are improved progressively (maximum values: -10.86 dBi, -7.87 dBi and 1.09 dBi). After
comparing the three progressive designs, the best type (Design 3) is selected and its read ranges measured
by RFID reader (M6e kit) can reach 2.5 m in air. In addition, the necessary reliability validation
measurements (bending and skin contact) are performed. From the results, the resonance frequency shift
degrees are slightly different (all below 20 MHz) under different bending degrees (radius: 33 mm to flat)
while heavily distinguishing on a hand (88 MHz) or face (55 MHz), but the values of reflection coefficients
at 868 MHz all are below -10 dB. The maximum read range can reach 1.1 m wearing the sensor on the face.
As a result, the proposed Design 3 has common use as an ID tag for tracking or safe distance alert in the
epidemic situation but for the used function-extensible chip, the design can extend many different types of

textile sensors for various application scenarios in the future.

3.3 Experimental Comparison of Three Electro-textile Interfaces

* Ref. D: C. Luo, I. Gil and R. Ferné&ndez-Garc &, "Experimental Comparison of Three Electro-textile Interfaces for Textile UHF-
RFID Tags on Clothes," Int. J. Electron. Commun.2022. (Published)

3.3.1 Introduction

As mentioned in the previous chapter, the electro-textile interfaces are still at the stage where no
significant breakthrough has been produced. For current textile RFID researches, most of them are
developed by welding integrated circuit (IC) chips on a hard or flexible Printed Circuit Board (PCB) or a
chipless way. The welding technique for connecting chips to RFID antennas on PCBs is proven and reliable.
However, this popular technique is not suitable for most textile RFID devices on clothes due to the high
temperature intolerance (< 200 <C) of the common knit yarns and fabrics. Even for some wearable polymeric
materials such as Polyvinyl Chloride (PVC) fiber, alginate fiber and carbon fiber, the chips on them face

the problem of unstable fixation. In a mentioned study, a passive UHF-RFID-based knitted wearable
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compression sensor is proposed for monitoring a baby model breathing activity, for which a chip (Monza
R6) is welded on a FR4 PCB. Then the board with the chip is inserted into a small pocket knitted in the
middle region of the antenna top layer. In the last section, the textile UHF-RFID antenna solution
concentration sensor is proposed and the chip is fixed by sewing and glue, which is more flexible for
wearable applications. However, many similar designs are foreseen to have difficulties such as chip pads

rust due to textile washing and the detachment of the chip-welded board in textile devices.

In this paper, three electro-textile interfaces integrated with the corresponding textile UHF-RFID
antennas (by sewing, snap buttons and inserting) are proposed and provide chip-textile connection solutions.
Related preparatory work before simulation such as the detailed embroidery method and interface
impedance tests is implemented and presented. Based on the accurate impedance of three electro-textile
interfaces obtained by the real tests, the simulation of the corresponding antennas is developed and the
simulated results are compared with the measured results. Note that the textile UHF-RFID antennas are
designed to keep the maximum realized gain values near for performance comparison. Finally, related
reliability validation tests including mixed use reliability and use on the body are implemented. The
proposed electro-textile interfaces have the potential to be applied into thicker clothes such as winter clothes

(not too close to bodies) due to their small sizes and stable performance.
3.3.2 Designs and tests of the three electro-textile interfaces

Structure of the proposed electro-textile interfaces

The PCB boards of the three proposed electro-textile interfaces are shown in Figure 3.28. The models
are designed in a PCB with an electronic design automation software and are manufactured. The boards of
the three interfaces are made of FR-4 substrate and copper is used for implementing the conductive lines.
The FR-4 is a common material for PCB which is based on a class of glass fibre epoxy laminate with
dielectric constant (g;) of 4.4 and loss tangent (tanD) of 0.02. The type 1 and 2 boards are developed with
two parts, the chip weld positions and the connection positions (two copper-plated vias) and the type 3 has
different connection structure using copper tips. The type 1’s connection method is to sew the board to a
textile RFID antenna sensor, the type 2’s is by steel-based snap buttons which are very common on clothes,
and type 3’s is based on inserting the copper tips into the yarn-made antenna sensors. All the connection
methods are shown in Figure 3.29. In addition, The PCBs dimensions of the type 1, 2 and 3 are
12.7*%6.22*0.8 mm, 16.38*31.12*0.8 mm and 7.76*6.10*0.8 mm, respectively. Moreover, the via radius
values of the type 1 and type 2 are 1 mm (R1) and 4.5 mm (R>), respectively.
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Figure 3.29. Geometry and configuration of the three proposed electro-textile interfaces with the
corresponding UHF-RFID antennas. (a) Type 1, (b) Type 2, (c) Type 3.
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In this section, the chip from Rock 100 used in last two sections is changed to LXMS21ACNP-184
(impedance: 19-i*284 ohm, wake-up power: -18 dBm) due to the focus on interfaces not the chip
extendibility. Note that, all the interfaces have different complex impedance (not 50 ohm) from that of the
chip. In addition, despite using the same chips for the three interfaces, they have different complex
impedance as feed ports due to the different structures and connection methods. Therefore, the textile UHF-

RFID antennas need to be designed based on the corresponding complex impedance.

The details of the textile UHF-RFID antennas are descripted in next sections and in this section, the

interface’s impedance tests need to be implemented and validated in different situations.

Impedance measurements of the three electro-textile interfaces

The impedance of the three interfaces is different when the chip is welded on the different PCBs and
then connected to the textile materials. It is essential to obtain an accurate port impedance before designing
antennas. The experimental setup for the complex impedance measurements is shown in Figure 3.30 ()
and (b). As aforementioned, the differential measurement method with the differential mode probes is used.
In addition, in order to reduce the impact from the connection, the interface impedance tests are conducted
in the case of the three electro-textile interfaces ("With Textile’) as shown in Figure 3.30 (c).

Only PCB

| \ 4

Test Positions Test Positions

With textile

Figure 3.30. Experimental setup for the feed ports impedance. (a) Photograph of the setup, (b) Experimental
setup configuration. (c) Tested cases ('Only PCB’ and 'With Textile’).
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After being calculated by Equation 2.1, the measured impedance results of the three feed port types
are shown in Figure 3.31, including the resistance part and the reactance part. It is found that for each type,
the resistance curves of the ’Only PCB’ and *With textile’ are close while the reactance curves of the *Only
PCB’ are 20 to 40 bigger than that of the *With Textile’ in the absolute value case. In addition, at 868 MHz,

the complex impedance of the feed port types are listed in Table 3.12.

Table 3.12 Complex Impedance of the Types at 868 MHz (Unit: Ohm)

Case Type 1 Type 2 Type 3
Only PCB 4.34-i*127.43 3.68-i*88.51 3.6-i*148.86
With Textile 5.09-i*107.7 5.06-i*60.27 9.29-i*123.27
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Figure 3.31. Measured impedance for the three feed port types under the two cases ('Only PCB’ and 'With
Textile’). (a) Type 1, (b) Type 2, (c) Type 3.
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3.3.3 Designs and tests of the corresponding textile UHF-RFID antennas

Simulation models of the corresponding textile antennas

After obtaining the measured complex impedance of the three electro-textile interfaces (’with textile’),
the corresponding UHF-RFID antennas can be designed based on the measured impedance as feed port
impedance. The fundamental model simulated in high-performance 3D EM analysis software is shown in
Figure 3.32. Geometry of the fundamental simulated model for the three corresponding UHF-RFID
antennas. and the three corresponding textile antennas are developed by adjusting related dimension
parameters based on the shown model. The dimension parameters of the three designed antennas are listed
in Table 3.13.

Figure 3.32. Geometry of the fundamental simulated model for the three corresponding UHF-RFID antennas.

Table 3.13 Antenna Dimension Parameters (Unit: mm)

Antenna Designs L1 L2 L3 w1 R1
Design 1 58 22.6 40 234 20
Design 2 74 15 40 22 20
Design 3 58 24.8 40 24 20

The antenna patterns are embroidered by silver-plated Nylon whereas the conductive yarns have 0.2
mm thickness with corresponding bulk conductivity of 11500 siemens/m. The polyester as the substrate
has relative dielectric constant, loss tangent and thickness of 1.29 (er), 0.00188 (tanD) and 0.88 mm,
respectively. The & and tanD are a little bit different from the polyester used in previous work because the
polyester is remeasured, thus causing difference under different environments. The simulated resistance

and reactance of the three corresponding textile antennas are shown Figure 3.33.
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Figure 3.33. Simulated resistance and reactance of the three corresponding textile antennas.

Impedance simulation and measurements of the three textile antennas

As aforementioned, in order to reduce the impact from the connection, the measured complex
impedance results of the case *With Textile’ are adopted as conjugate impedance of the antennas for
simulation and the simulated designs are described and shown in Figure 3.32. The experimental setup is

shown in Figure 3.34 and the antenna impedance results are shown in Figure 3.35, including the simulated
and measured curves.

Microwave.Anatyzer—"

ifferential Mode Probe

@ ®)
Figure 3.34. Experimental setup for the impedance of the embroidered designs. (a) Photograph of
experimental setup, (b) Experimental setup configuration.
By analyzing the three cases, the measured impedance curves are close to the simulated curves. In

addition, the simulated and measured results at 868 MHz for each case are listed in Table 3.14. It is found
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that the measured antenna impedance values are close to the conjugate impedance values of the
corresponding interfaces.

Table 3.14 Complex Impedance of the Antenna Designs at 868 MHz (Unit: Ohm)

Case Design 1 Design 2 Design 3
Simulated 17.59+i*100 12.52+i*56.77 21.93+i*117.98
Measured 28.86+i*117.8 9.24+i*60.51 23+i*115.42
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Figure 3.35. Simulated and measured impedance for the three corresponding textile antennas. (a) Design 1,
(b) Design 2, (c) Design 3.
Radiation performance comparison
Radiation performance is another important factor affecting the final target of UHF-RFID tags read
range. The radiation patterns in the XY, XZ and YZ plane of the three designs are shown in Figure 3.36.

The maximum realized gain values of the three designs are close, 1.46 dBi, 1.38 dBi and 1.31 dBi for the
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design 1, design 2 and design 3, respectively. In addition, the fundamental structures of the three designs
are similar, therefore the radiation patterns are expected to be close as shown in Figure 3.36.
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Figure 3.36. Simulated radiation patterns (realized gain) for the three designs. ()XY plane, (b)XZ plane, (c)YZ
plane
Read range tests
For read range tests, the experimental setup is shown in Figure 3.37. In order to avoid moving the
design holders frequently, a certain distance between the read antenna and UHF-RFID tags is fixed (0.7 m)
and the reader output power is adjusted. The reader antenna (MT-242025/TRH/A/A) can be controlled by

the M6E Kit which is connected to a laptop with specified control software. An inquiry signal with data
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and clock can be adjusted by the software and sent by the reader antenna. The proposed textile UHF-RFID
antennas can send a backscattered signal with data and clock after receiving the inquiry signal. The output
power is adjusted until the signal transmission between the read antenna and the tags is disrupted. The
maximum value of the read range can be calculated by the threshold power. In addition, the simulated read

range can be calculated by the Friis Transmission Formula as follows,

A |PiGiGrs - T5

dmax = E 3.6

Py,

where dmax is the maximum value of the read range, A is the wavelength at 868 MHz, Py is the power
fed into the reader antenna, G; is the gain of the reader antenna (7 dBi), G5 is the gain of the proposed
antennas, Ts IS the largest power transmission coefficient (Design 1, 2 and 3: 0.6242, 0.7888 and 0.8149 at
868 MHz, respectively) and Pwr is the minimum wake-up power of the chip(-18 dBm). In addition, the

cable loss between the reader antenna and the reader is taken into account (0.8 dB).
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Figure 3.37. Experimental setup for the read ranges of the textile UHF-RFID tags. (a) Photograph of

experimental setup, (b) Experimental setup configuration.

Table 3.15 Simulated and Measured Maximum Read Ranges at 868 MHz in Air (Unit: m)

Case Type 1/Design 1 Type 2/Design 2 Type 3/Design 3
Simulated 5.58 6.74 6.8
Measured 1st 4.52 5.19 5.82
Measured 2nd 457 5.25 5.69
Measured 3rd 4.47 5.25 5.76
Average Measured 4.5240.05 5.2240.03 5.7520.07
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For the three electro-textile interfaces with the corresponding textile antennas, the simulated and
measured maximum read ranges of the type 1, 2 and 3 have been tested several times and the results are
listed in Table 3.15. Note that the read range values are recorded when the tags can be read continuously
and stably, which is not just an on-off procedure. It is found that when the realized gain and the matching
situations of the three types are close, the type 3 presents better performance than the other two in simulation
and measurement, respectively. The main reason for the difference between the simulated and measured
results is that the real radiation and impedance cannot totally match with the simulated results due to the

environmental factors, embroidery error and measuring error.
3.3.4 Reliability validation

Mixed-use feasibility

In the work, "mixed-use’ refers to the interfaces used for other noncorresponding antennas. Generally,
for each electro-textile interface, the corresponding UHF-RFID antenna is expected to be redesigned.
Considering this case increases costs and design periods, the mixed use feasibility of the different electro-
textile interfaces is worth exploring. Therefore, in this section the three electro-textile interfaces are applied
to the three different antennas, respectively. There are nine cases, in which the test setup and related

measurement method are the same.

Table 3.16 Measured Read Ranges of the Nine Cases in Air (Unit: m)

Case Design 1 Design 2 Design 3
Type 1 45 4.05 3.57
Type 2 3.74 5.22 4.29
Type 3 341 4 5.75

As listed in Table 3.16, the matched pairs have the best performance as expected. In addition, it is
found that for each interface, the read ranges of the interfaces used on other two designs have tolerable
decrease (< 2 m) but are all above 3.41 m. It means the unpaired combination can work normally under
specific requirements. Therefore, the mixed use feasibility of the proposed electro-textile interfaces and
textile UHF-RFID antennas is validated.

Tests on the body

In this section, the related tests on the body are developed by the three connection methods (sewing
by yarns, snap buttons and inserting) and the experimental setup is shown in Figure 3.38. Note that the
researcher in the figure wears the winter clothes, which are thicker than normal ones and the tags can be 3
cm to 4 cm from the clothes to the body with air interlayer. In the tests, all the interfaces connect to the
three antenna designs, respectively, to explore the performance in the nine cases as aforementioned in the

last section.
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Figure 3.38. Experimental setup for the read ranges of the tags on the body. (a) Photograph of experimental
setup, (b) Experimental setup configuration.

The read range results are listed in Table 3.17. As expected, the read ranges for the nine cases on the
body are lower than that in air, respectively, due to power loss on the body. However, the worst performance
shows a read range of 2.05 m (the type 3 by inserting into the design 1 ). And all the results prove the on-
body use feasibility of the interfaces with the antennas. Certainly, for attractive fashion, the electro-textile
interfaces can also be hidden in thinker clothes and the textile antennas can be embroidered with other
nonconductive floral patterns. When they are used on clothing, the potential as a RFID sensor such as

temperature and humidity sensor can be explored.

Table 3.17 Measured Read Ranges of the Nine Cases on the body (Unit: m)

Case Design 1 Design 2 Design 3
Type 1 3.68 3.24 2.05
Type 2 3.43 4.57 3.17
Type 3 2.19 3.13 3.35

3.3.5 Conclusion

In this section, three electro-textile interfaces integrated with the corresponding textile UHF-RFID
antennas are proposed and evaluated. The simulated and measured impedance curves of the corresponding
antennas are all close and the radiation performance (realized gain) are designed to be near (about 1.4 dBi).
According to the Friis formula, the simulated and measured read ranges of the interfaces with the
corresponding antennas in air are obtained (all above 4.5 m). For reliability validation, the tests for mixed
use feasibility and the tests on the body are implemented. The results of mixed use feasibility tests show
that the read ranges of each interface used on other two UHF-RFID antennas have tolerable decrease (< 2
m ) but are all above 3.41 m. It means the mixed-use feasibility of the proposed electro-textile interfaces

and textile UHF-RFID antennas can be proved. In addition, the read ranges of the designs on the body are
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all above 2.05 m. Therefore, due to the small sizes of the electro-textile interfaces, stable performance on
the body and good reliability, the proposed electro-textile interfaces with the corresponding textile UHF-
RFID antennas has potential application in the future medical and daily clothes fields for human presence

detection.

3.4 Electro-textile UHF-RFID Compression Sensor

* Ref. E: C. Luo, I. Gil and R. Fern&ndez-Garc &, "Electro-textile UHF-RFID Compression Sensor for Healthcare Applications,”
IEEE Sens. J. 2022 (Under Review)

3.4.1 Introduction

As mentioned in the previous chapter, there are two ways to achieve sensing functions for wireless
UHF-RFID devices. One way is that tags can be designed to connect sensors with different functions. For
these types of UHF-RFID sensors, chips need to have extendable ports for sensor connection and optional
power interface such as ROCKY100 with functional ductility. Another popular way is that tags can be
developed to have certain sensing functions as a type of antenna sensor depending on some factors such as
different materials of tags and application scenarios. Especially in the textile area, textile materials have
different features from common PCBs such as flexibility and hydrophilicity. Some textile UHF-RFID tags
are designed as a concentration solution sensor due to good hydrophilicity of the textile substrate as

mentioned in the s 1 and a respiration sensor due to certain extensibility of the designs.

Textile UHF-RFID antenna sensors have special feedback modes for obtaining sensing data due to the
wireless ability. The typical feedback modes include RSSI (Received Signal Strength Indicator) feedback
mode and read range feedback mode. When a UHF-RFID antenna is affected by other factors such as
permittivity changing, bending or temperature changing, the RSSI and read range tested by RFID readers

for the UHF-RFID antenna are expected to vary in some ways with the related sensing factors.

Moreover, as mentioned in the last section, since standard welding techniques for connecting chips to
textile materials are not suitable, the textile designs are foreseen to have difficulties such as chip pads rust
due to textile washing and the detachment of the chip-welded board in textile devices. In the last section,
three electro-textile interfaces are proposed and the feasibility and reliability on textile UHF-RFID antennas
as the important research orientation have been tested. In this section, the UHF-RFID antennas with the

novel interfaces are applied for some typical scenarios.

Based on the above discussion, in this section, the mentioned electro-textile UHF-RFID antenna with
the corresponding electro-textile interface as a compression sensor is proposed and evaluated for two
application scenarios. Typical metallic snap buttons for modern clothes are applied into the interface as
shown in the last section. To obtain accurate textile UHF-RFID antenna simulation, the impedance of the
interface is obtained by the measurement and compared with the equivalent circuit simulation results. Based
on the measured interface impedance, a textile UHF-RFID antenna is designed and its simulated impedance

and read ranges are compared with measured results in air. For exploring the electro-textile UHF-RFID tag
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as a compression sensor, two application scenarios, bending on a knee and respiration, are tested. The
Received Signal Strength Indicator (RSSI) changing ranges are tested for monitoring bending angles on a
knee and respiration on a chest. By analysis, the feasibility of the electro-textile UHF-RFID tag as a
compression antenna sensor is proved and the proposed electro-textile UHF-RFID antenna sensor has the

potential to be applied for future healthcare areas.

3.4.2 Details of the proposed interface and the textile UHF-RFID antenna sensor

In this section, the interface ‘type 2’ with the snap buttons proposed in the last section is selected for
the tests. In order to give more electronic details of the interface, the equivalent circuit for this interface

with the snap buttons on textile is modelled, and the simulated and the measured results are compared.

Equivalent circuit simulation and impedance measurement of the interface

Space between
Circle Metal Plates

@ )
Figure 3.39. Geometry and equivalent circuit of the interface with the chip and the snap buttons. (a)
Geometry, (b) equivalent circuit

When the chip is welded on the board, the impedance of the interface is expected to change (different
from initial impedance 19-i*284 ohm). Therefore, the accurate impedance of the interface with the chip
and snap buttons need to be measured and analyzed for the corresponding textile UHF-RFID antenna sensor
simulation as a feed port. The geometry and equivalent circuit of the interface with the chip and the snap
buttons are shown in Figure 3.39. Considering that a conventional via can be equivalent to an inductor with
a resistor in parallel and a grounded capacitor in cascade, the interface with a similar structure of a via as
shown in Figure 3.39 (a) can be simply equivalent to an inductor (Ls) with a grounded capacitor (Cg) in
cascade, but due to the circle metal plate of the snap buttons, an additional capacitor (Cs) should be added
in parallel with the inductor. In addition, the commercial chip has the same equivalent circuit structure with
most capacitive RFID chips, which is a resistor (Ric) and a capacitor (Cic) in parallel. The equivalent circuit
is shown in Figure 3.39 (b). Where Ls and Cs represent the inductance and capacitance of the snap button,
respectively. Cg models the capaciance between snap button and ground, and Cic and Ric model the IC

input impedance.

Therefore, from one port, the equivalent input impedance (Z¢) can be given by,
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Ze = (Ls//Cs + Ric//Cic + Ls//Cs + Cg)//Cg 3.7
In detail,
1
Ze(w) =
L +iwC 3.8
2 1 1 g
T - o g
oL, ' Wt R T HWNc

Where o is the angular frequency. Ric (4.264 kOhm)and Cic(0.64 pF) can be calculated by the complex
impedance of the used chip. Ls, Cs and Cq4 from the snap buttons need to be calculated by the real measured

results and the Equation 3.8.

The measurement setup for the interface impedance is shown in Figure 3.40. After obtaining the
measured impedance curves of the interface, Ls, Cs and Cq4 can be calculated by the Equation 3.8 and the
results are listed in Table 3.18.

Table 3.18 Values of the equivalent circuit components

Components Ls Cs Cy

Values 12.65nH 0.43 pF 2.68 pF

Figure 3.40. Experimental setup for the interface impedance. (a) Photograph of the setup and (b)

experimental setup configuration.

The modelled impedance and measured impedance results are shown in Figure 3.41. It is found that
the modelled resistance and reactance curves of the interface are close to the measured curves. Therefore,
the measured impedance of the interface for the textile UHF-RFID antenna sensor at 868 MHz is 5.06-
i*60.27 ohm.
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Figure 3.41. Model impedance and measured impedance curves of the interface

3.4.3 Structure of the proposed electro-textile UHF-RFID antenna

Although this proposed electro-textile UHF-RFID antenna is described in the last section, in order to
make this section content coherent and easily readable. The ‘Design 2’ proposed in the last section is

selected out and described in detail.

The geometry and configuration of the proposed electro-textile UHF-RFID antenna sensor with the
corresponding interface are shown in Figure 3.42. Different from common textile RFID tags with fixed
interfaces such as glue-based interfaces, knit-based interfaces and copper-based inserting interfaces, the
proposed design adopts typical metallic snap buttons of clothes with a small and detachable PCB as the
interface. The proposed design dimension parameters are listed in Table 3.19 and the PCB interface size is
16.38*31.12*0.8 mm. In addition, the type of the UHF-RFID chip is LXMS21ACNP-184, the impedance
and the wake-up power of which are 19-i*284 ohm and -18 dBm, respectively. However, note that when
the chip is welded on the board, the impedance of the interface is expected to change and the detailed

analysis has been carried out in last section

Interface

Figure 3.42. Geometry and configuration of the proposed electro-textile UHF-RFID antenna sensor with the

corresponding interface
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Table 3.19 UHF-RFID sensor dimension parameters (unit: mm)

Design L1 L2 L3 w1 R1 R2

Values 74 15 40 22 20 4.5

Regarding the used materials, the proposed textile antenna sensor is based on conductive yarns on a
polyester substrate. The commercial conductive twisted yarns are made of 99% pure silver-plated Nylon,
the conductivity of which is 11500 siemens/m. The relative dielectric constant, loss tangent and thickness
of the substrate are 1.29 (er), 0.00188 (tanD) and 0.88 mm, respectively, measured by a Microwave
Frequency Q-Meter. On the other hand, its thickness is 0.88 mm measured by an Electronics Outside
Micrometer (132-01-040A) as shown in Figure 2 (b). Moreover, the snap buttons for the interfaces are

made of steel.

Impedance simulation and measurement of the textile UHF-RFID design

After obtaining the real impedance of the interfaces at 868 MHz (5.06-i*60.27 ohm), the textile UHF-
RFID antenna sensor simulation for the model shown in Figure 3.42 can be carried out by using a full wave
3D electromagnetic (EM) simulation software. Note that the antenna is expected to be designed for a
conjugate matching with the interface. The experimental setup for the impedance test of the embroidered
designs is shown in Figure 3.34 in the last section and the simulated and measured results are shown in
Figure 3.43. It is found that the measured resistance and reactance curves are close to the simulated curves.
In detail, the difference between the measured and simulated resistance parts at 868 MHz is 3 ohm and the
corresponding to the reactance parts is 4 ohm in absolute value (simulated: 12.52+i*56.77 ohm, measured:
9.24+i*60.51 ohm). Moreover, the interface impedance at 868 MHz (5.06-i*60.27 ohm) is almost conjugate
matching with the antenna (9.24+i*60.51 ohm).
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Figure 3.43. Simulated and measured impedance curves of the textile UHF-RFID antenna sensor

Read range tests in air
The experimental read range measurements have been performed in an ordinary room laboratory to
reproduce a real environment where some effects such as electromagnetic interference (EMI) or reflective

effects can be produced.
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The read range test in air for the textile UHF-RFID antenna sensor with the corresponding interface
has been done in the last section and the experimental setup is shown in Figure 3.37. The read range
evaluation has been done by fixing a constant distance between reader and tag of 0.7m whereas the reader

output power is swept down until the tag is not detected.

The reader antenna (MT-242025/TRH/A/A) can be controlled by the M6E Kit which is connected to
a laptop with specific control software. An inquiry signal with data and clock can be adjusted by the
software and sent by the reader antenna. The proposed textile UHF-RFID antenna sensor can send a
backscattered signal with data and clock after receiving the inquiry signal. The output power is adjusted
until the signal transmission between the read antenna and the tags is disrupted. The maximum value of the
read range can be calculated by the threshold power. In addition, the simulated read range can be calculated

by the Equation 3.6 as mentioned in the last section.

In this section, the proposed antenna has a maximum realized gain of 1.38 dBi. The simulated and
measured read ranges are listed in Table 3.20. It is found that simulated and measured read ranges are close

and the measured read range is up to 5.22 m in air.

Table 3.20 Simulated and measured read ranges at 868 MHz in air (unit: m)

Case Simulated Measured

Value 6.74 5.22

3.4.4 Application and discussion

In order to explore the compression ability of the electro-textile UHF-RFID antenna sensor for human
beings, two application scenarios; bending on a knee and respiration frequency, are tested. The bending on
a knee measurement can be useful when people exercise or have a postoperative recovery process. In this
scenario, the electro-textile UHF-RFID antenna sensor on knees can record the knee flexion angles with
the corresponding RSSI values. The respiration frequency rate can be applied when breathing of patients
or common babies need to be monitored. Moreover, the data can be recorded by portable electronic

equipment.

The sensing capability is only due to e-textile antenna; the rigid interface does not have sensing
behaviour. However, the rigid PCB is necessary to attach the snhap button which guarantees the
interconnection under stretching stress and it allows the detachable interface of the IC when washing is

required

Bending angles monitor on a knee

For exploring the feasibility in the first application scenario, the experimental setup for a bending
angles monitoring on a knee is shown in Figure 3.44. In this test, when the knee is bent, the RFID reader
and related software can record the values of the current RSSI as shown in Figure 3.44 (a) and (b). To

validate the sensor functionality, a photograph of each measured point has been taken and the knee flexion
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angle has been processed through image processing and compared with the proposed sensor as shown in
Figure 3.44 (c). Note that the angle of 180< refers to the sensor sample fixed flat on the pants while the
angle of 168<Yefers to the sensor sample fixed on the knee due to the initial shape of the knee. In this case,
a distance of 1m between the RFID reader and the RFID tag has been fixed.
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Figure 3.44. Experimental setup for a bending angles monitor on a knee. (a) Experimental setup

configuration, (b) photograph of experimental setup, (c) case diagram of angle tests.
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Figure 3.45. Bending angles monitor RSSI values and a fitting curve varying with angles.
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The RSSI values and a related fitting curve varying with angles are shown in Figure 3.45. The RSSI-
angle fitting curve conforms to a quadratic function model whose coefficients are listed in the Figure 3.45.
The RSSI range varies from -42 to -58 dBm when bending angle varies from 180<to 1109 respectively.
Moreover, the coefficient of determination (R?) is 0.993, which means the curve has a good fit to the
measured values. From this analysis, the feasibility of the electro-textile UHF-RFID compression sensor as

a bending angle monitor on a knee is proved.

Respiration monitor

For exploring the feasibility of the proposed sensor to monitorize the respiration rate, the experimental
setup is shown in Figure 3.46. The electro-textile UHF-RFID compression sensor is fixed on a person
breathing at a respiration rate of 3 Hz (about 1 breath every 3 seconds). While breathing continues, the

RSSI is measured and processed by the RFID reader at a fix distance of 1 m.

Breathing with
Sample Deformation

Figure 3.46. Experimental setup for a respiration monitor on a chest (about 1 breath/3 seconds). (a)

Experimental setup configuration, (b) photograph of experimental setup.

The measured raw RSSI data and related smoothed RSSI curves are shown in Figure 3.47. The
smoothed RSSI curve can be obtained by the Savitzky-Golay fitting way using data analysis and a graphic
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Figure 3.47. Respiration monitor RSSI values and a smoothed curve varying with time (about 1 breath/3

seconds)
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software. The measurement results shown the RSSI decreased from -40 dBm to -45 dBm during inspiration
phase and increase from -45dbm to -40 dBm during the expiration phase with a respiration rate of 3 Hz,
which denotes the feasibility of the proposed electro-textile UHF-RFID compression sensor as a respiration

rate sensor
3.4.5 Conclusion

In this section, an electro-textile UHF-RFID compression sensor with the corresponding interface was
developed and evaluated for two application scenarios. In order to maximize the read range, the antenna
was designed to optimize the matching between IC and antenna. In order to do that, the electro-textile
interface based on snap buttons was modelled and experimentally characterized and an experimental read
rage of 5.22m was achieved. The RSSI parameter was used as a figure of merit to validate the feasibility of
the proposed compression sensor under two different health care applications scenarios. The RSSI showed
a variation from -42 dBm to -58 dBm when the RFID tag sensor was located on the knee and a flexion
angle from 11090 1809<was applied to the knee, respectively. When the proposed sensor was located in the
chest, the RSSI increased and decreased from -45 dBm to -40 dBm during expiration and inspiration phase,
respectively. Therefore, the feasibility of the electro-textile UHF-RFID tag as a compression antenna sensor

was proved.






Chapter 4

Conclusion and Future Work

4.1 Overall conclusion
In an overall conclusion for contributions to the textile UHF-RFID antenna sensor field in the thesis.

In the first chapter, | put forward my research objectives based on the systematic review of the state
of the art of the textile UHF-RFID antennas and sensors. Through the analysis of the state, the three main
objectives are proposed including 1) Explore useful textile UHF-RFID antenna sensors with novel functions;
2) Develop some new connection methods for the electro-textile interfaces; 3) Reduce related cost by two

methods.

In the second chapter, considering that some essential principles and methods are rarely explained,
thus causing misunderstanding and confusion, They are derived in detail. In order to explain the thesis, they
include the operating principle of textile UHF-RFID antenna sensors, the impedance measurement method,

the conjugate matching principle and electro-textile embroidery methods.

In the third chapter, in order to make a contribution to the researches on novel functions of textile
UHF-RFID antenna sensors, the textile UHF-RFID antenna sensor with the two sensing positions
(‘radiation parts’ and ‘loop part’) is present. After simulation and real tests, the proposed design used for
sensing the sucrose solutions shows good feasibility by comparing the simulated and measured results.
Moreover, its two sensing positions have different sensing features and performance. The sensing ‘radiation
parts’ shows a stable frequency operation performance but sensing read range is from 1.71 m (dry) to 2.3
m (current measured solutions), while the sensing ‘loop part’ presents a wide sensing read range from 0.4
m (current measured solutions) to 1.71 m (dry) but a lower frequency operation performance. The sensing

features give future complete application two choices.

Considering the current global epidemic situation, the progressive designs of textile UHF-RFID
antennas on surgical masks are developed and one of them (Design 3) is selected to be validated by
reliability tests (bending and skin contact). From the results, the proposed Design 3 can have a common
use as an ID tag for tracking or safe distance alert in the epidemic situation but for the used function-
extensible chip, the design can extend many different types of textile sensors for various application

scenarios in the future.

In order to make a contribution to the researches on the interface methods between textile UHF-RFID
antennas and chips, the three electro-textile interfaces integrated with the corresponding textile UHF-RFID
antennas are proposed and evaluated. Moreover, it is worth noting that the mixed use feasibility of the

proposed electro-textile interfaces and textile UHF-RFID antennas is proved, which can reduce the cost in
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the future commercial design procedure. Therefore, due to the small sizes of the electro-textile interfaces,
stable performance on the body and good reliability are achieved. The proposed electro-textile interfaces
with the corresponding textile UHF-RFID antennas offer a potential application in the future medical and

daily clothes fields.

The electro-textile UHF-RFID compression sensor with the corresponding interface is evaluated for
two application scenarios. For exploring the electro-textile UHF-RFID tag as the compression sensor, two
healthcare application scenarios, bending on a knee and respiration frequency, are tested. The RSSI
changing ranges are from -42 dBm to -58 dBm varying with angles as the quadratic function for monitoring
bending angles on the knee and from -40 dBm to -45 dBm varying with time for monitoring respiration on
the chest. Therefore, the feasibility of the electro-textile UHF-RFID tag as the compression antenna sensor

is proved.

Overall, the thesis provides the novel sensing applications, electro-textile interfaces and double
sensing functions for cost reduction. All of the work can make a contribution to the current textile UHF-

RFID antenna sensor field.
4.2 Future work

Based on all the researches presented in this thesis, it is clear that there is a long way to go for the
future work on improving the performance and the futuristic, promising applications and enhancing
reliability of the current textile UHF-RFID antenna sensors. Especially for the potential of IOT applications
in the ageing society, more attention needs to be paid to develop useful textile UHF-RFID sensors and close

research gaps between laboratory researches and real scenario-based textile UHF-RFID sensors.

In detail, there are several ways to dig out the potential of textile UHF-RFID sensors. It is useful to
develop new designs and sensing functions of textile UHF-RFID antenna sensors with common or novel
textile materials. If the function-extensible chip property can be improved (such as the lower wake-up
power), it is worth exploring more about the textile UHF-RFID tags connecting with other textile sensors.
And the related novel interfaces between the chips and the textile sensors are potential to be explored and

their reliability can be another hot topic.

With regard to the scenario-based applications, textile UHF-RFID sensors have great development
potential in many different fields of production and life. Currently, the main application researches focus
on the fundamental functions of textile UHF-RFID sensors such as the ID-sensing, strain sensing, humidity
sensing, sweat sensing and others. However, advanced functions are not covered. For example, there are
exercise-based textile UHF-RFID sweat sensors just for sweat sensing without any elements analysing, on
which further researches are worth implementing. Moreover, textile UHF-RFID sensors are more suitable
for medical-based applications due to the various medical textiles used for patients or the elderly. Many
kinds of medical parameters or body fluids can be detected and analysed by complete textile UHF-RFID
sensing systems. The abundant scenarios can create numerous chances for designs and applications of novel
textile UHF-RFID sensors in the future.
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In addition, reliability is an unavoidable but crucial research direction especially for this kind of
flexible and washing-needed component. For example, after fabricating the designs on textile substrates,
the performance of UHF-RFID antenna and sensors may decrease such as the resonance frequency shift
and performance degradation due to conformal bending or on-body touching. Moreover, environmental
factors such as the well-studied humidity and temperature and human activity factors such as washing and
sweat corrosion can imply certain impacts on performance. Therefore, the important reliability researches

still need to be considered.
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Abstract: Textile radio-frequency identification operating in ultra-high frequency (UHF-RFID) sensors
based on different scenarios are becoming attractive with the forthcoming internet of things (IoT)
era and aging society. Compared with conventional UHF-RFID sensors, textile UHF-RFID sensors
offer the common textile features, light weight, washability and comfort. Due to the short time
and low level of development, researches on the integration of textile UHF-RFID techniques and
textile sensing techniques are not flourishing. This paper is motivated by this situation to identify
the current research status. In this paper, we provide a systematic review of the fundamentals
of textile UHF-RFID sensors techniques, materials, the brief history and the state-of-the-art of the
scenario-based development through detailed summary and analysis on the achievements from the
starting year of 2004 to the present time. Moreover, according to the analysis, we give a proposal of
the future prospects in several aspects, including the new materials and manufacturing processes,
machine learning technology, scenario-based applications and unavoidable reliability.

Keywords: textile; ultra-high frequency (UHF); radio frequency identification (RFID); UHF-RFID
sensors; scenario-based

1. Introduction

Textile radio-frequency identification operating in ultra-high frequency (UHF-RFID) sensors have
been getting more attention since the development of the health-caring field and the calling of the
internet of things (IOT) applications because of textiles widely used for everyone and the mature
embroidery techniques [1,2]. Moreover, the rapid spread of smart phones, smartbands and other
smart devices makes the textile UHF-RFID sensors easier to be connected with individual smart
devices by means of RFID modules. Although wearable UHF-RFID sensors on flexible substrates
have been focused on for many years, substrate textile materials are still at the early stage due to
the short development period since 2004 [3]. Early efforts from textile UHF-RFID techniques were
focused on feasibility, reliability and fundamental functions of tags, mainly including identification
and tracking for garments in the fabrication process [4]. In recent years since 2012, the research targets
of textile UHF-RFID techniques changed from the fundamental researches to tackle scenario-based
applications such as exercise tracking [5,6], health-care monitoring [7-9], concentration detection
of solutions [10], strain capacity [11] and associated applications. In order to achieve these aims,
substantial efforts have been devoted to the development of textile sensors integrated into textile
UHEF-RFID tags. However, although several of the textile UHF-RFID sensors are tested in real scenarios,
successful translation to the commercial market has not been completely deployed and these research
samples still require further large-scale validation and reliability studies, performance evaluation
under stress conditions and device regulatory approvals for safety.
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In addition, exploring methods for performance improving, application diversification and
high reliability is also an adjoin research proposition, which lead most aspects of techniques to
upgrade and even fuse. For these goals, many kinds of tentative studies have been done, such as
the metal-pasted thread as the important conductive medium, the graphene-based conductive
medium [12,13], and special synthetic textile materials as substrates. Certainly, the use of novel
materials will push the fabrication techniques to make changes. The metal-pasted thread can be
embroidered on most kinds of textile substrates by traditional embroidery machines with fundamental
techniques whereas graphene-based conductive ink needs to be printed on textile substrates by a
screen printing technique with specific printing processes [14].

For all of the researches on textile UHF-RFID sensors, although significant technical progress
is gradually getting mature, a gap between in-lab researches and mature commercial applications
still exists. In addition, combining current fabrication techniques [15,16], the integration of textile
UHF-RFID tag and sensing components is also an important issue worth exploring, which will have
an impact on future applications.

In order to understand the current research state-of-the-art of the textile UHF-RFID sensors and
related applications, this article is written as a brief review. Section 2 presents the fundamentals
of textile UHF-RFID sensors including UHF-RFID sensor techniques and electro-textile techniques.
Section 3 presents the materials and related impacts in terms of the theory and formulas. Section 4
presents the review search strategy and paper selection. Section 5 presents the development of textile
UHF-RFID sensors including the brief history of the textile UHF-RFID tags and sensors, the state
of Scenario-based textile UHF-RFID sensors and the state of researches on the reliability of textile
UHF-RFID sensors. Section 6 presents the future perspective and Section 7 summarizes the discussion
and highlights the main conclusions.

2. Fundamentals of Textile UHF-RFID Sensor Techniques

From the early 21st century, the standards and theory of RFID have been improving [17] while
the cost of RFID integrated circuits decreases gradually. In addition, the RFID operating bandwidth
was defined, as shown in Table 1. The RFID tags can be designed for either a low frequency band
(120-150 kHz), high frequency band (13.56 MHz), ultra-high frequency band (433 MHz, 865-868 MHz in
Europe, 917-922 MHz in China and 902-928 MHz in North America) and microwave band (2.45-5.8 GHz
and 3.1-10 GHz) [18]. In these conditions, RFID sensor applications are becoming more and more
extensive in many fields such as stuff identification, logistics tracking, health-care monitoring and so
on [19]. Especially for the health-care monitoring and diagnosis field, the textile UHF-RFID sensors,
which require some considerable features such as noninvasive detection, comfort, convenience and
wireless diagnosis, have become a focal research orientation in the scientific community.

Table 1. RFID operating bands.

Band Range Regulations Typical Use
Animal identification,
120-150 kHz (LF) 10 cm Unregulated factory data collection
13.56 MHz (HF) 10cm-1m  ISM band worldwide Smart cards
433 MHz (UHF) 1-100 m Short range devices Defense applications
433 MHz (UHF) 1-100 m Short range devices Defense applications
865-868 MHz (Europe) and

staff identification,

902-928 MHz (North America) 1-12m ISM band loistic trackin
(UHF) ogistic tracking
. 802.11 WLAN,
2.45-5.8 GHz (microwave band) 1-2m ISM band Bluetooth standards

3.1-10 GHz (microwave band)  Up to 200 m Ultra wide band Active tags
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2.1. UHF-RFID Sensor Techniques

There are many researches on common RFID tags and sensors. The main difference between
RFID tag designs for the different operating frequency bands is different structures of RFID antennas.
Taking a typical dipole antenna as an example, a classical Formula (1) is as follows,

A 7 @
where c is the speed of light, f is the frequency and A is the wave length. With respect to the formula,
the sizes of the dipole antenna are related to the wave length. When the operating frequency is in
ultra-high band, the sizes of the RFID antenna need to be adjusted. The fundamental of a UHF-RFID
sensor system is shown in Figure 1. The UHF-RFID sensors mainly consist of the UHF antenna,
the application specific integrated circuit (ASIC), a micro controller unit (MCU) and some specific
sensors. Note that as the essential element in a UHF-RFID sensing system, the UHF antenna has many
kinds of structures such as a modified dipole and a folded dipole, which is included in the UHF-RFID
sensors tag to receive the inquiry signals including energy [20] from the UHF-RFID reader, and then
transmit the measurement data and tag the identification number through radar backscattering
mode [21]. Generally, when a continuous data logging is required and the UHF RFID reader cannot
supply the power energy, an extra battery needs to be used as an additional power supply to store
the measurement data on an additional memory. Once the UHF-RFID reader is presented, the RFID
sensor tag downloads all the storage measurement data on the reader.

Backscattered Signal

A .
Sensor . % with Data and Clock
AT
\
: " ': Reader
1y
o 3
. ’ / )
. ! Vi
Antenna t §

\
Inquiry Signal withy

Data and Clock ™ Antenna

Figure 1. Fundamental of an ultra-high frequency (UHF-RFID) sensor system.

In order to design a suitable UHF antenna for RFID sensors, the size and impedance need to be
considered. Different ASICs have different input impedance. Thus to optimize the energy harvesting
efficiency, a perfect conjugate matching between the antenna and the ASICs at operating frequency
band is required. The complex impedance of the antenna and the ASICs is shown in Formulas (2)
and (3), respectively.

Zant = Rant + annt (2)

Zic = Ric +jXic 3)

where Z;,; and Zj¢ are the impedances of the antenna and the ASICs, respectively, R, and Rjc are
the real parts of the antenna and ASICs, respectively, and X;,+ and X|c are the imaginary parts of the
antenna and ASICs, respectively. When the UHF-RFID sensor is working at a required frequency band,
the antenna and the ASICs need to keep conjugate matching as follows,

Zic=Zjc 4)

where Zj is the complex conjugate of Zjc. Usually the antenna tags are specifically designed taking
into account the ASICs input impedance and the RFID tag application environment [22]. As for the
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whole performance evaluation, some intuitive parameters are considerable, including return loss
(S parameters), gain, resonance frequency, bandwidth, radiation power and read range.

2.2. Electro-Textile Technigues

The fundamental process of two typical electro-textile techniques is illustrated in Figure 2.
As shown in Figure 2a, this technique is worth exploring for the combination of electronics and
textiles. The conductive yarns are twisted by a proportional metal-plated thread. By this embroidery
technique, the conductive yarns can be embroidered on many kinds of common textile substrates by
commercial embroidery machines [23]. Generally, the technological process begins from the model
design model simulated by means of an electromagnetic software solver to the model importation
into embroidery machines and ending with the manufacturing process. Using this technique for
UHE-RFID products, the connection of electronic elements such as ASICs and textile structures can
be implemented by commercial glue. There are some studies [24-26] on the technique, proving its
feasibility for electro-textile RFID or sensors with well ranked performance.

Embroidery machine / Textile sensor

e

Conductive twisted yarn
made of proportional
metal-plated thread

./’

|
|
4 I
Conductive Glue |

Conductive screen
printable ink

Printed textile

Screen printing machine S e
transmission lines

xtile substrates

(b)

Figure 2. Two typical electro-textile techniques. (a) Embroidery technique using conductive yarns,
(b) screen printing technique using special conductive ink.

Compared with the embroidery technique using conductive yarns, the screen printing technique
using special conductive ink, as shown in Figure 2b, is another popular technique for electro-textile
applications but more complex due to its technological process [27]. The essential elements are
the specially configured conductive ink and the complex screen printing machines. The general
conductive ink is a metal-filled paste with a solid content of a certain percentage, for which the curing
process under a required temperature by the screen machine is necessarily performed after the ink
is pressed. Although the screen printing technique was invented in ancient China, this technique
has been systematically developed in the last 20 years and is employed for the design of robust
non-bendable chemical sensors [28], electrochromic materials [29], and non-bendable UHF-RFIDs [30].
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However, the invention of conductive compositions for textile printing, described by Ujiie in 2006 [31]
that was further developed by Cie in 2015 [32] opens the door for utilization of screen printing in
flexible electronics.

3. Materials of UHF-RFID Sensors

Compared to common materials such as printed circuit boards (PCB) in UHF-RFID sensor
applications, textile materials have quite different physical characteristics, some of which are developed
for many novel applications but some pose unavoidable risks. Thus, the investigation of materials
of UHF-RFID sensors is necessary for further researches. Especially in recent years, the UHF-RFID
sensors based on many textile materials are expected to be applied for human health-caring fields,
which need more attention given to safety and reliability.

3.1. Materials of Substrates

Different materials as substrates of UHF-RFID sensors make variable levels of influence on the
design due to different physical characteristics such as dielectric constants, loss tangent, texture, etc.
For instance, a typical rectangular microstrip antenna without fringing as shown in Figure 3 can be
used as an RFID antenna. With respect to the antenna theory [33,34], the resonant frequency (f;«) of
the microstrip antenna is a function of its length (L) or width (W). Usually it is given by

1 c

e mmm e (LW )
or
- ! - W L) ©)
frW_ZW\/E\/m_ZW\/E (

where ¢, is the dielectric constant of the substrate, y is the permeability of vacuum, ¢y is the
permittivity of vacuum and c is the speed of light in free space. Therefore, the resonant frequency is
also a function of the dielectric constant ¢, of the substrate. When the resonant frequency is set in an
ultra-high frequency band, the different materials certainly influence the size of the model designs.

\\\Suzes
h
W 4

Ground Layer t

WIL Patch
< e

(a) (b)

Patch- '

Figure 3. Typical microstrip antenna structure. (a) Microstrip antenna. (b) Lateral view.

In addition, with regard to loss tangent, some materials with high dielectric constant also have
high loss tangent, which increases the energy loss and affects the efficiency of the antenna. As shown
in Table 2, some popular materials of UHF-RFID sensors are summarized in terms of the dielectric
constant, loss tangent and texture.

The texture is also an important feature that determines the types of application orientation and
the main parameters for validating reliability. For example, as shown in Figure 4, there are three
typical samples for different materials of the substrates. The material of the substrate, as shown in
Figure 4a, is FR4, one type of the rigid PCB, which is different with the polyimide, one type of the
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flexible PCB (FPCB), as shown in Figure 4b, and the 50 % cotton and 50% polyester, one type of the
mixed textile, as shown in Figure 4c. Note that the FR4 substrate is so rigid that it cannot be bent
easily, meanwhile the polyimide substrate needs to be tested in a bending condition. Compared to
the FR4 substrate and polyimide substrate, the textile substrate [44] has to face the challenges of
not only the bending impact but also the environmental impacts such as humidity and temperature.
However, due to the universality of textile materials in human life, the textile UHF-RFID sensors have
a good application foundation.

Table 2. Materials of substrates.

Material Type Dielectric Constant Loss Tangent Texture Example
FR4 PCB 4.4 0.02 Rigid [35,36]
Rogers PCB 2.2 0.0009 Rigid [37,38]
Polyimide FPCB 3.5 0.0027 Flexible  [39,40]
Biodegradable paper = FPCB 3.2 0.05 Flexible [41]
Polyester textile 32 0.003 Flexible [42,43]

Certainly, the common materials, PCB, can be applied for multi-sensor structures in terms of multi
layers, as shown in Figure 4a, which also gives textile UHF-RFID sensors a novel research orientation
towards multi-layer structures with flexible and comfortable features.

Output of voltage
detection

Output of current
detection

I
I
I
I
I
I
B 1+ 1ayer (GND) :
[ ]3™layer (GND) :
1+ and 50%
: polyester
|
I
I
I
I

Il 5" 1ayer (GND)
7] 2" layer (Current detector)
- 4 Jayer (Voltage detector)

1
I
1
1
1
1
I
1
: 50% cotton
1
I
1
1
1
1
I
1
1

Figure 4. Three typical materials of the substrates. (a) Voltage and current sensor with FR4 substrate
(adapted from [45]); (b) UHF-RFID tag with polyimide substrate (adapted from [40]); (¢) UHF-RFID
tag with 50% cotton and 50% polyester substrate (adapted from [44]).

3.2. Materials of UHF-RFID Antennas and Sensors

As an information and energy transceiver structure, the UHF-RFID antenna is a necessary metallic
device for radiating or receiving radio waves in a UHF-RFID sensor. In general, due to the unavoidable
lossy nature of the transmission conductors and the reflections losses at several interfaces, there are
always conduction-dielectric losses in the real devices. Therefore, the better choice for the conductor is
the materials with good conductive ability and the low resistive rate. Currently, metal materials [46],
such as copper, aluminum, iron, silver and gold, and synthetic fiber such as graphite fiber [47—49] and
glass fiber, are popular in the UHF-RFID antennas and sensors designs. Note that metal materials still
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have better conductive ability than that of some synthetic fiber, thus some synthetic fiber is dealt with
metal surface [50] or twisted by a proportional metal-plated fiber [51,52]. Certainly, compared with
metal materials, synthetic fiber has the greatest strength of designability. Through advanced modal
analysis of structures in specific computer programs, proper structure and performance of synthetic
materials can be designed.

In addition, due to the development of printed electronics [53], conductive ink with spacial metal
elements such as Nano-Ag [54] and Nano-copper [55] is developed and applied for screen-printed
UHF-RFID sensor applications. Currently, conductive inks are key enablers for the use of printing
techniques in the fabrication of electronic systems.

4. Review Search Strategy and Paper Selection

Full-text articles and conference proceedings were selected from a comprehensive search of
PubMed, ScienceDirect, Scopus and IEEE Xplore databases. The search strategy included free text
terms and Mesh terms, where suited. These terms were combined using logical Boolean operators.
Keywords and their synonyms were combined in each database as follows: (textile OR fabric OR
electro-textile) AND (UHF RFID) AND (sensor OR reliability OR feasibility OR sensitivity OR
measurement). All results from January 2004 to May 2020 of each database were analyzed and
screened to remove duplicates.

The inclusion criteria mainly took into account 5 approaches: (1) The studies that focused on
textile UHF-RFID with textile sensing techniques or related reliability researches; (2) the studies that
used textile UHF-RFID sensors for certain scenario-based applications; (3) the studies that explored
the impact factors on performance for feasibility and reliability of textile UHF-RFID sensors; (4) the
papers that are written in English; (5) the selected papers are published in a peer-reviewed journal or
presented in a scientific conference.

The exclusion criteria mainly included 2 parts: (1) The papers were not written for reviews or
books; (2) the papers only mentioned textile UHF-RFID tags or sensors without reliability researches.

According to the strategy explained above, the selected papers have been classified, as shown
in Figure 5. The literature search returned 250 results and the final total of 64 studies fulfilled the
inclusion criteria, of which 29.7% focused on basic researches on textile UHF-RFID with textile sensing
techniques, 46.9% were related researches on reliability and feasibility and the remaining 23.4% were
exploratory researches on scenario-based applications. From the results, the textile UHF-RFID sensors
with more research focused on exploring reliability and feasibility and less on real applications are
expected to get more attention and have notable potential in the future.

Literature search returned results

Records identified from PubMed

(n=15) N Basic researches on textile UHF-RFID
with textile sensing techniques
=219
Records identified from ScienceDirect @ )
(n=93) :
Rejords aftzr duplicates deleted Related researches on reliability and
P gl feasibility
Records identified from Scopus (n=64) —30
(n=67) (n=30)
Records identified from IEEE Xplore N Researches on scenario-based applications
(n=175) =15

Figure 5. Flow diagram of paper selection.
5. Development of Textile UHF-RFID Sensors

Since the standard EPC Gen2 was first published in 2004, the physical and logical requirements for
UHEF RFID tags and readers have been defined, which give researchers a basic framework to design a
UHEF-RFID system integrating many kinds of sensors for different applications. In the beginning, in the
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textile industrial field, the UHF-RFID technique was mainly applied for identification purposes for
application such as clothing manufacturing, inventory control, warehousing, distribution, logistics and
automatic object tracking. Currently, UHF-RFID tags are gradually used for daily living applications
with sensing capabilities.

As shown in Figure 6, a brief history of textile UHF-RFID and sensing technologies preceding
current UHF-RFID sensors is provided. From 2007 to 2010, the textile UHF-RFID technique was
not yet mature and it was mainly focused on feasibility and simple applications with just tags, such
as size-optimizing exploration for the textile UHF-RFID antenna in Figure 6a, accessories trace and
production process monitor in Figure 6b and exploration for the relation between conductivity and
different sewing methods in Figure 6¢,d. Then from 2010 to 2015, the textile UHF-RFID technique
was gradually applied for simply sensing uses with just the UHF-RFID antennas and ICs, such as
the textile UHF-RFID strain sensors for monitoring human bodily functions and movements, as
shown in Figure 6e,f, textile UHF-RFID tag for performance exploration in Figure 6g, RSS-based
passive UHF-RFID for indoor localization applications in Figure 6h and textile UHF-RFID with broad
impedance bandwidth for tire performance monitoring in Figure 6i. Up to now, textile UHF-RFID
integrated with textile sensors has been getting more attention, and many novel textile materials
on different kinds of sensing fields have been tested. There are some typical applications, such
as UHF-RFID strain sensors with copper-coated fabric, as shown in Figure 6j, graphene-based
UHEF-RFID sensors for moisture monitoring in Figure 6k and sweat sensing in Figure 61, silver-plated
thread UHF-RFID sensors for environment humidity monitoring in Figure 6m,n, accelerometer-based
UHE-RFID sensor for patients’ activity recognition in Figure 60, and equally important, reliability
exploration in Figure 6p.
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Figure 6. Brief history of textile UHF-RFID and sensing technologies. (a) Flexible electro-thread
UHEF-RFID tag antenna designed using the T-matching method, with a read range of about 2.4 m
(adapted from ref. [23]). (b) Textile UHF-RFID tag for accessories trace and production process monitor,
attached on a garment (adapted from ref. [56]). (c) Fabricated "Y]" symbol type textile UHF-RFID
tag for exploring different shapes of embroidery tag antenna (adapted from ref. [57]). (d) Fabricated
'RFID’ symbol textile UHF-RFID tag for analyzing the changes of conductivity for different sewing
methods (adapted from ref. [58]). (e) Textile UHF-RFID strain sensor for human bodily functions and
movement monitoring, fabricated by screen printing the ink on stretchable PVC and on fabric substrates
(adapted from ref. [11]). (f) Textile UHF-RFID strain sensor for human movement monitoring and
feasibility of effective data interaction (adapted from ref. [59]). (g) Textile UHF-RFID tag for performance
exploration, mainly validated by the read range (adapted from ref. [60]). (h) Textile UHF-RFID tag for
positioning and localization through recording and analyzing on-body readability and Received Signal
Strength (RSS) in an office environment (adapted from ref. [61]). (i) E-fiber UHF-RFID broadband tag for tie
health information monitor, fabricated on conductive textiles and embedded into polymer (adapted from
ref. [62]). (j) Textile UHF-RFID strain sensor for exploring the relation between the antenna elongation
and its backscatter strength, based on a stretchable antenna made of conductive fabrics (adapted from
ref. [63]). (k) Graphene-based UHF-RFID tag on a fabric substrate for exploring feasibility and reliability
of the low-cost and eco-friendly graphene tag (adapted from ref. [12]). (1) Health-care-based UHF-RFID
sweat sensor for sweat rate measurements in exercise, by comparing the silver plated sample and the
graphene-printed sample (adapted from ref. [6]). (m) Health-care-based textile UHF-RFID moisture
sensor for body moisture sensing (adapted from ref. [64]). (n) Environment-based textile UHF-RFID
moisture sensor for humility detection, with a sensor part and an antenna part (adapted from ref. [65]).
(0) Health-care-based textile UHF-RFID accelerometer sensor for alerting on hospitalized patient bed exits
with a super low resolution (adapted from ref. [9]). (p) Textile UHF-RFID tag for exploring the impact
from geometrical variations and deformations (adapted from ref. [66]).

5.1. State-of-the-Art of Textile UHF-RFID Sensors Applications

In modern society, electronic devices are always closely relevant to specific application fields.
The rule is also suitable for current researches of textile UHF-RFID sensors. The UHF-RFID technique
started to be applied in combination with the textile technique and then textile sensors about 15 years
ago. However, up to now there have not been enough research achievements applied for current
production and living, which also means the huge development prospect is worth paying attention to.

A medical-based UHF-RFID body-worn sensor was fabricated and tested for monitoring fluid
accumulation in the lungs, which was integrated as part of the garment on various locations
such as front, back and shoulders, as shown in Figure 7a [67]. In this work, textiles made by
e-fabrics (conductive polymer fibers) were evaluated with a microstrip transmission line structure,
which demonstrates the e-fiber transmission line surface had electrical equivalence to metallic but
inflexible surfaces of copper transmission lines. Note that some useful fabrication methods were
adopted, such as bundled fibers for improving conductivity and assistant yarn for avoiding abrasion
damage of the silver coatings on the e-fiber’s polymer core. The important achievement was to use
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the same e-fibers to fabricate the medical-based UHF-RFID body-worn sensor for lung monitoring.
In addition, textile versions were found to be nearly equivalent to the metal one even after being
repetitively flexed, washed, and dried. This work gave a pioneering application for textile sensors for
lung monitoring in medical-based fields.

For the flexible feature of textiles, a deformation-monitoring-based UHF-RFID strain sensor was
proposed for structural health monitoring applications, as shown in Figure 7b [68]. In this work,
a novel dual-interrogation mode was applied for the design of the textile UHF-RFID strain sensor,
which provided a large identification coding capacity for the UHF-RFID sensor. The dual-interrogation
mode consisted of reading range extraction mode for the threshold-power-required chip-enabled
approach and RCS-based (radar cross section) sensing mode for the chipless approach. In fact, the range
extraction mode relied on the read range changing with the applied strain, while the RCS-based sensing
mode was directly linked to the frequency shift depending on the strain changing. Note that here
the strain was related to the electrical length of embroidered UHF-RFID sensor structures. This work
proved the feasibility of double modes for the design of textile UHF-RFID strain sensors and it is
worth considering in future research, but certainly, some important validation measurements such as
bending, environment impacts and washing for the performance and reliability need to be considered.

In another example of the textile UHF-RFID strain sensor, as shown in Figure 7c [69], a notable
evaluation for the elongation from an attached object was implemented, compared to the last example
in Figure 7b. This textile UHF-RFID strain sensor was based on silver-plated material fabricated
by plain knitting and designed into two separate parts, the feeding loop and the radiating antenna.
This design makes the radiating antenna part fully stretchable while the IC attached to the feeding
loop could be non-stretchable, which avoids the reliability challenges caused by mechanical stresses
from clothing-integrated electronics. In this work, this textile UHF-RFID strain sensor was integrated
on the shirt, the performance of which was examined on-body by means of backscattered signal
power measurements under strain and in unloaded conditions. The results revealed that the strain
sensitivity was great and the achievements had the potential for future smart monitoring applications.
However, for real applications such as a controller in an embodied game, as mentioned in the paper,
some safety and reliability validation measurements were expected to be considered, such as the
performance impact after washing or working in a high electromagnetic interference (EMI) area.

These above three current kinds of research actually make use of the flexible feature of textile
UHEF-RFID sensors, which also lead our way to do related researches on this area. In addition to this
feature, it is worth knowing that there are many potential features that push the researches on textile
UHF-RFID sensors forward.

There is another example for textile UHE-RFID sensors that are sensitive to humidity. As shown
in Figure 7d [65], it is an environment-based textile UHF-RFID moisture sensor fabricated on a very
common substrate thin single-use dishcloth, which consisted of a sensor part and UHF-RFID antenna
part. In this work, the performance of the textile UHE-RFID moisture sensor was evaluated by 10 drops
of water from wet state to dry state and the evaluation parameter was the read range in office conditions
after 5, 10, and 15 min. The result showed the small changes of the read range from 4.7 m in the dry
state and 5.2 m in the wet state. From the result, this textile UHF-RFID moisture sensor had certain
moisture detection ability, however the changes of the read range were small relative to the humility
from 10 drops of water and the impact from impurities in water also needed to be considered. Thus,
this kind of application research had the potential to be focused on in the future.

Compared with the textile UHF-RFID moisture sensor mentioned in Figure 7d, another example
of textile UHF-RFID moisture sensors is shown in Figure 7e [70], which is only a textile UHF-RFID tag
with moisture sensor functionality. In this work, textile UHF-RFID sensors could curve automatically
and permanently after being dipped into the water due to the special material, polyvinyl alcohol (PVA).
Note that in contrast to the example in Figure 7d, the test parameter in this work was the change
in the backscattered power percentage, which could be measured and compared in order to detect
and record the presence of moisture. The comparative measurements in this work proved the results
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reliable, which showed the potential of the textile UHF-RFID sensors to be applied in environment
moisture detection.
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Figure 7. Typical textile UHF-RFID sensor applications. (a) Medical-based UHF-RFID body-worn
sensor for lung monitoring integrated as part of the garment, with real representation of antenna and
sensing array configuration (adapted from ref. [67]); (b) deformation-monitoring-based UHF-RFID
strain sensor for structural health monitoring applications, with dual-interrogation mode consisting of
read range extraction mode and RCS-based sensing mode (adapted from ref. [68] ); (c) exercise-based
textile UHF-RFID strain sensor for movement monitoring attached on a cotton-based shirt,
with a non-stretchable feeding loop and a stretchable radiating antenna (adapted from ref. [69]);
(d) environment-based textile UHF-RFID moisture sensor for humility detection, with a sensor part
and an antenna part (adapted from ref. [65]); (e) environment-based textile UHF-RFID moisture sensor
for environment humility detection, with a humility sensitive UHF-RFID antenna (adapted from
ref. [70]); (f) health-care-based textile UHF-RFID sweat sensor for sweat rate measurements, with a tag
as the sensing part made by screen printing technique (adapted from ref. [6]); (g) health-care-based
textile UHF-RFID biosignal pressure sensors for infant heart monitoring, integrated with a modular
software framework for interrogation, data storage and post-processing [7,8]); (h) health-care-based
textile UHF-RFID accelerometer sensor for alerting on hospitalized patient bed exits with a superlow
resolution (adapted from ref. [9]); (i) textile UHF-RFID concentration sensor for concentration detection
using a sensing antenna (adapted from ref. [10]).

In the health-care monitoring field, many kinds of common wearable UHF-RFID sensors on
flexible substrates, such as the flexible printed circuit board (FPCB), have been proposed and applied
for commercial health-care monitoring applications, whereas textile UHF-RFID sensors for this area are
still in the early stages and most investigations for health-care application are at the stage of laboratory
research. For example, a health-care-based textile UHF-RFID sweat sensor was proposed for sweat
rate measurements, as shown in Figure 7f [6]. In this work, the textile UHF-RFID sweat sensor made
by screen printing had a noticeable difference in the response of backscattered signal power. The paper
explains that the response curves differences are caused by the conductive antenna impedance and
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material parameter of the textile substrate changing due to the absorbed sweat. This work indicates the
high potential of textile UHF-RFID technology in perspiration sensing, but related sweat components
were not analyzed, which were attractive and worth considering.

In another example of the health-care-based textile UHF-RFID biosignal pressure sensors, reliable
and secure manner for real-time medical data collection was considered by a software framework,
which fills the gap between data safety and textile UHF-RFID sensors for health-care monitoring.
As shown in Figure 7g [7,8], the textile UHF-RFID biosignal pressure sensor named bellyband sensor
for infant heart monitoring in the paper was applied on a pregnant mannequin driven by proprietary
software to simulate various behaviors. In addition, a modular software framework was developed to
both interrogate sensor devices and to store that streaming data for live and post-processing. In this
work, considering the missed tag reads, two impact factors were found. One was the delay caused by
periodic frequency hopping and another one was the greater distance between the tag and the reader.
These research achievements are helpful for future applications, but more other impact factors need to
be tested such as the comfort and electromagnetic safety for pregnant women and infants.

In addition to textile UHF-RFID sweat sensors for sweat rate measurements and biosignal pressure
sensors for infant heart monitoring, another health-care-based textile UHF-RFID accelerometer sensor,
as shown in Figure 7h, was proposed for alerting on hospitalized patient bed exits, which could work
under a super low resolution. In this work, the sensing device could capture ultra low resolution
acceleration data from patients and be analyzed by deep convolutional neural network (CNN)
architectures automatically to get the discriminate features. The advances of this work were to
combine the textile UHF-RFID accelerometer sensor with neural network approaches, which make the
low resolution kinematic sensor possible. This is a mature and useful textile UHF-RFID accelerometer
sensor, though the reliability of some components such as the mechanical switch in this sensor device
needs to be tested.

The last typical example, as shown in Figure 7i, is a textile UHF-RFID concentration sensor for
concentration detection. In this work, the UHF-RFID concentration sensor was printed on a special
textile material, which is polyimide flexible substrate, while the sensing antenna was made of copper.
The proposed sample is sensitive to the frequency and the concentration of the NaCl solutions and
sucrose solutions. Moreover, from the measurement results in the paper, the author proposed that the
sensitivity increases with the increase in the percentages of the NaCl and sucrose in water. Although in
the work there is no accurate application mentioned, it can give us a research orientation for using
total textile UHF-RFID concentration sensors to detect elements in human body fluids.

5.2. State of Researches on Reliability of Textile UHF-RFID Sensors

For each technique and related application from start-ups to mature products, the reliability
validation is a crucial and necessary step. Currently, for textile UHF-RFID sensors, related reliability
researches are constantly advancing with the development of textile UHF-RFID sensors. The reliability
researches mainly focus on the impacts from sensitive features of textile UHF-RFID sensors, such as
the washing reliability [71-73], corrosion-resisting reliability, strain and bending reliability.

Washing reliability is an inevitable research point, which needs to be considered and tested before
applied for real applications. The main damage factors for textile UHF-RFID sensors from washing are
the mechanical and the chemical impacts. Some works prove that taken separately, neither mechanical
constraints nor chemicals used have a significant impact on a silver-plated-nylon yarn on short terms
(<30 washes) but the coupling of aggressive chemicals and the mechanical rubbings inside the machine
can have a dramatic impact [74]. Certainly, different textile materials for the designs have different
degrees of ability to resist the impacts from washing cycles, while if washing for enough times, devices
damages are unavoidable and have a direct impact on the read range [75]. In order to keep the function
of devices, protective coating materials are expected to be printed on the devices [76], however some
textile glues as a fit conformal coating could not always provide good protection [77]. All in all,
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washing reliability is an important evaluation factor for a good textile UHF-RFID sensor, the impact of
which can be reduced by reducing washing cycles or using better protective coating materials.

Corrosion-resisting reliability is another impact factor worth considering for the textile UHF-RFID
sensors that are specially applied for sweat and other solution concentration monitoring. The impacts
from chemicals for washing are proved small when there are no mechanical rubbings as explained in
the last paragraph but complex and corrosive solution and body fluids are proved to have a certain
influence on the resistance of textile materials and radiation efficiency of the UHF-RFID antenna in
the work [78]. Especially for textile UHF-RFID sweat sensors, due to the complex elements in sweat,
the measured data will be interfered with through continuous detection. Currently, painting with
conductive paint [72] and developing machine learning technique are some popular methods to reduce
this kind of impact.

Strain and bending reliability is also an important factor on performance degradation of textile
UHE-RFID sensors although some textile UHF-RFID strain sensors utilize this feature to achieve some
health-care monitoring applications [7,8]. However, even for this kind of textile UHF-RFID sensor,
the most vulnerable part is the connection of antenna and IC, which can cause total failure of systems
when it gets damaged. The sewed and glued interconnections still show strain reliability issues that
need to be considered and tested after fabrication [79]. However, when the textile UHF-RFID sensors
are applied in harsh conditions, generally a suitable coating would be used to protect the antenna-IC
interconnection from mechanical stress. In addition, graphene UHF-RFID on textile substrates is
proved to have a remarkable and unique response to high reliability in harsh bending conditions [12],
which is another potential choice to solve the problem.

In addition of above three typical reliability problems, many other scenario-based reliability
researches need to be explored combining actual situations and applications. Textile UHF-RFID
sensors are expected to develop and grow more with the coming of the IoT society and increasing of
health-care concerns, meanwhile related safety and reliability of the devices always stay in the spotlight.

6. Future Prospects

Textile UHF-RFID sensors are expected to be deployed more on many kinds of fields such as the
garment industry, health-caring service industry, sports equipment industry and so on [80]. Due to
short development time, textile UHE-RFID sensors still have a long way to go on improving the
performance and the futuristic, promising applications and enhancing reliability. Especially for the
calling for varieties of IoT applications and the coming-of-age society, more attention needs to be paid
to develop useful textile UHF-RFID sensors and close research gaps between laboratory researches
and scenario-based textile UHF-RFID sensors.

In the future, the main research focuses in the laboratory are two aspects, one of which is to
develop new designs of textile UHF-RFID tags and sensors with common or novel textile materials
and manufacturing process [81], and the other to explore novel application scenarios with certain
commercial potential.

New designs with novel textile materials and manufacturing processes are always explored
but further research on it is still needed. The novel textile materials such as special conductive
yarns integrated with graphene as mentioned in [12] and conductive ink on textile substrates [11],
are introduced to improve textile UHF-RFID sensor performance and are expected to reduce their cost.
Certainly, if the novel textile materials are applied for new designs, related manufacturing processes
are needed such as the advanced screen printing technique especially for conductive ink on textile
substrates. Compared with the traditional materials and manufacturing processes, the novel ones are
still in development and they will require a notable research orientation.

Machine learning technology for textile UHE-RFID sensors is also a novel research direction [82].
As mentioned in [9], a classical machine learning algorithm is used, which is capable of generating
probabilistic models using feature vectors extracted from segments. As a part of machine learning,
deep neural networks [83] are useful for feature extraction and classifier building when the



Materials 2020, 13, 3292 14 of 18

textile UHF-RFID sensors are applied in some complex conditions for numerous data analysis.
Currently, internet of things (IoT) is a hot topic, in which machine learning technology plays
an important role pushing textile UHF-RFID sensor techniques to revolutionize the traditional
applications. Textile UHF-RFID sensor techniques integrated with the machine learning technology
are expected to have a big application market in the future IoT era.

With regard to the scenario-based applications, textile UHF-RFID sensors have great development
potential in many different fields of productions and life. Currently, the main application
researches focus on the fundamental functions of textile UHF-RFID sensors such as the ID-sensing,
strain sensing [84], humidity sensing, sweat sensing and others. However, advanced functions
are not covered. For example, there are exercise-based textile UHF-RFID sweat sensors just for
sweat sensing without any elements analyzing, on which further researches are worth implementing.
Moreover, textile UHF-RFID sensors are more suitable for medical-based applications due to the various
medical textile used for patients or the elderly. Many kinds of medical parameters or body fluids can be
detected and analyzed by complete textile UHF-RFID sensing systems. The abundant scenarios can
create numerous chances for designs and applications of novel textile UHF-RFID sensors in the future.

In addition, reliability is an unavoidable but crucial research direction especially for this
kind of flexible and washing-needed component [85]. For example, after fabricating the designs
on textile substrates, the performance of UHF-RFID antenna and sensors may decrease such as
the resonant frequency shift and gain penalty due to conformal bending or on-body touching.
Moreover, environmental factors such as the well-studied humidity and temperature and human
factors such as washing and sweat corrosion can imply certain impacts on performance. In the future,
the concomitant reliability researches still need to be considered.

7. Discussion and Conclusions

Textile UHF-RFID sensors have a very promising prospective for the future society in which many
scenario-based applications are needed due to the development of IoT and requirements from aging
populations. This review mainly presents the fundamentals and current research state of the textile
UHF-RFID sensors and proposes related studies over the lack of further investigation.

According to this review, it can be found that there are many aspects of scenarios, in which current
textile UHF-RFID sensors need to be further developed in order to achieve necessary functions with
high enough reliability. Apart from fundamental functions that are based on the basic features of textile
UHF-RFID tags and sensors, further researches on more complex application such as monitoring and
diagnosis of medical parameters should be addressed. In order to achieve these targets, novel materials
with advanced manufacturing processes are worth exploring and cross-domain integration with
machine learning creates a novel research direction.

In conclusion, the textile UHF-RFID sensor technique as a branch of traditional UHF-RFID sensor
techniques offers special advantages such as common use of textile materials in many areas and it is
expected to continuously attract research efforts based on different scenarios in the forthcoming IoT
era and the aging society.
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Abstract
With the trend of textile antennas development, ultra high frequency (UHF, 865-868 MHz) radio
frequency identification (RFID) devices using textile materials are expected to be developed in
many areas for replacing or simplifying some complex RFID devices on a PCB. In this paper,
we present a textile UHF-RFID tag with two sensing positions (‘radiation parts’ and ‘loop part’)
for exploring the feasibility of sucrose solutions measurements and the relationship between
variables of the proposed design and the sucrose solutions. The simulated and measured
resonance curves of the designs both match well (—20 dB in the simulation and —15.8 dB in the
measurement at 868 MHz) and the read range measured by the RFID reader (M6e kit) is 1.71 m
in air. Before the tests by the solutions on the proposed designs, a test board is developed as a
preparation work for confirming the relative dielectric constants of the sensing substrate area in
the real measurements. Compare the results of the simulation and the real tests, the proposed
design shows good feasibility by comparing the simulated and measured results in confirmed
relative dielectric constants. Moreover, its two sensing positions have different sensing features.
The sensing ‘radiation parts’ position shows a stable frequency operation performance but
sensing range is from 1.71 m (dry) to 2.3 m, while the sensing ‘loop part’ position has a wide
sensing range from 0.4 m to 1.71 m (dry) but a lower frequency operation performance.

Keywords: textile, radio frequency identification (RFID), ultra high (UHF) frequency,
sucrose solution, concentration, read range, relative dielectric constant

(Some figures may appear in colour only in the online journal)

ATTENTION;;
Pages 133 to 141 of the thesis, containing the article mentioned above
are available at the editor’'s web
https://iopscience.iop.org/article/10.1088/1361-6501/acOca7/pdf

https://publishingsupport.iopscience.iop.org/current-policy-author-rights-policy-for-subscription-articles-for-which-the-
copyright-form-was-submitted-on-or-after-26-april-2016/
Where a Named Author wishes to share their thesis or dissertation online,
they should remove the Final Published Version before uploading the thesis or dissertation



https://doi.org/10.1088/1361-6501/ac0ca7
https://orcid.org/0000-0002-7175-5756
mailto:chengyang.luo@upc.edu
mailto:raul.fernandez-garcia@upc.edu
https://iopscience.iop.org/article/10.1088/1361-6501/ac0ca7/pdf
https://publishingsupport.iopscience.iop.org/current-policy-author-rights-policy-for-subscription-articles-for-which-the-copyright-form-was-submitted-on-or-after-26-april-2016/
https://publishingsupport.iopscience.iop.org/current-policy-author-rights-policy-for-subscription-articles-for-which-the-copyright-form-was-submitted-on-or-after-26-april-2016/

Authorized licensed use limite

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOTI 10.1109/TAP.2022.3145477, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NO. XX, JANUARY 2022 1

Textile UHF-RFID Antenna Embroidered on
Surgical Masks for Future Textile Sensing
Applications

Chengyang Luo, Member, IEEE, Ignacio Gil, and Raul Fernandez-Garcia

Abstract—Ultra High Frequency (UHF, 865-868 MHz) Radio
Frequency Identification (RFID) devices are expected to be im-
plemented in many health-caring areas. In this paper, we present
three progressive designs of textile UHF-RFID antennas on
surgical masks using a function-extensible integrated circuit (IC)
chip (Rocky 100). The simulated and measured resonance curves
of the designs all match well (|S11] < -20 dB at 868 MHz) and
the maximum realized gain are improved progressively in order
to overcome the difficulty of the chip low sensitivity and increase
the maximum read range. The best type (Design 3) is selected
and its read range measured by the RFID reader (M6e Kkit)
can reach 2.5 m in air. In addition, several reliability validation
measurements are performed, such as bending and skin contact,
and maximum read range can reach 1.1 m considering the on-
body worn worst case. The proposed Design 3 allows common
use as a tag for tracking or safe distance alert under an epidemic
situation. Alternatively, for the used function-extensible chip, the
design can be applied to many different types of sensors for
various application scenarios.

Index Terms—Textile, Ultra High Frequency Radio Frequency
Identification (UHF-RFID), textile antenna, conductive yarns,
surgical masks, bending, skin contact, backscattering, read range,
Rocky 100, Mée kit

I. INTRODUCTION

N modern society, Radio Frequency Identification (RFID)

technology is essential in diverse applications [1] [2] [3]
such as the goods classification, industrial process monitoring
[4], transportation [5], localization and stuff management [6].
Most of them are developed on a hard or flexible Printed
Circuit Board (PCB) with popular circuit (IC) chips such as
EMA4237SLIC, SL3S5002NOFUD and Monza R6. In addition,
some tags can be designed to connect sensors with different
functions [7]. For these types of RFID sensors, IC chips
need to have extendable ports for sensors connection and
optional power interface. Compared with the common Ultra
High Frequency (UHF, 865-868 MHz) RFID tags and sensors
on PCB, the majority of textile UHF-RFID tags and sensors are
embroidered by conductive yarns on textile substrates [2] [8],
which is different with the copper on PCB. On the one hand,
the textile tags can be developed on common clothes which are
more comfortable and lighter than those based on PCB inserted
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into clothes. On the other hand, the conductive yarns and tex-
tile substrates are sensitive to the environmental factors such
as humidity [9], temperature, bending and washing [10] [11].
As a result, before addressing the electromagnetic simulation
design, the parameters of the materials such as permittivity,
loss tangent and thickness need to be confirmed. After the
designs are embroidered, related reliability tests need to be
operated.

Some textile RFID tags and sensors are designed with two-
pad IC chips which are small and more sensitive to wake
up. However, these types of chips with two pads and low
wake-up power are especially used as ID textile tags [14]. The
related sensing functions can be only explored by the features
of textile materials, which limits the sensing applications. For
example, the textile antenna (Bellyband antenna) [16] designed
with the IC chip Murata Magicstrap LMXS31ACNA-011 is
used as a tag with a strain sensing function. In addition, there
is no other interface for extensional sensing functions and on-
body read range is only 0.6 m [18]. As a result, exploring the
possibility and reliability of the function-extensible IC chips
is also a novel research orientation.

Moreover, for the special features of textile materials [12],
related UHF-RFID tags and sensors for health-caring moni-
toring [13] [14] and diagnosis [15] are of growing concern
in recent years. Most of them are used in health-caring
applications such as breath monitoring for pregnant women or
babies [16], move tracking for patients [19] and temperature
monitoring. However, for the future aging society and Internet
of Things (IOT) development, novel applications for health-
caring areas based on textile UHF-RFID sensing technology
are expected to be explored and related challenges such as the
function-extensible IC chips used on textile materials need to
be overcome.

In this paper, considering a general epidemic situation in
which the surgical masks are frequently used for human
beings protection, we develop three progressive designs of
textile UHF-RFID antennas on surgical masks and the used IC
chip (Rocky 100) is extensible for different sensors. Related
preparatory work before simulation such as the permittivity,
loss tangent, thickness measurements and detailed embroi-
dery method is implemented and presented. We explain the
progress of the three designs through comparison between
their simulated resonance and radiation performance. For the
measurements of the impedance and read range, we compare
the results to the electromagnetic simulations to validate
their performance. Finally, we apply the selected sample to
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validate the reliability by the tests under bending and skin-
contact situations. The basic use of the designs is the user
identification, Nevertheless, due to the function extensibility
of the chips, various textile sensors can be included under
specific scenarios.

II. DESIGN AND RELATED WORK
A. Progressive textile UHF-RFID designs

The textile UHF-RFID antennas are designed on surgi-
cal masks and the configuration of the proposed progres-
sive designs are shown in Fig.1. Considering the used chip
(Rocky 100) with a capacitive impedance of 64-1¥*469 ohm,
the proposed antennas are expected to be designed with
an inductive behavior. Note that for UHF-RFID chips with
complex impedance, the corresponding antenna design way is
different from conventional antenna design experience (such
as W11<<L11 for a conventional folded dipole) with a feed
port of 50 ohm. Therefore, a loop structure for matching as
shown in Fig. 1 (a) has been selected as a design strategy.
Then through an electromagnetic field analysis as illustrated
in next section and typical ‘T-match’ structure analysis [17],
the progressive structures, Design 2 and 3 are developed as
shown in Fig. 1 (b) and (c), respectively. As a consequence,
the Design 3 is derived from the simple *T-match’ structure
with ‘circular end caps’ for increasing the radiation property
(directivity and realized gain). The size parameters are detailed
in Table I. All of the designs are embroidered using conductive
yarns as antennas and surgical masks as substrates. The textile
material of the antennas is a commercial conductive twisted
yarn (Shieldex 117/17 dtex 2-ply) made of 99% pure silver-
plated Nylon (bulk conductivity: 11500 siemens/m). Moreover,
as shown in Fig. 1 (c), the UHF-RFID chip (Rocky 100) is
sewed by Nylon yarn which is not conductive and fixed by
a type of glue (G-15). The substrate is a type of common
surgical masks made of staple fibres (short) and long fibres
(continuous long).

Due to the non-rigid geometry of the surgical mask and
its electrical parameters such as permittivity (e,) and loss
tangent (tanf), the surgical mask has an effect on the UHF-
RFID antenna performance. In addition, ¢, and tanf are two
essential parameters for simulation and in order to obtain more
accurate values, the two parameters of the masks (g,: 1.1439
and tanf: 0.0001265) are measured by a split post dielectric
resonator with a Microwave Frequency Q-Meter as shown in
Fig. 2. On the other hand, its thickness (T’hic, = 0.62 mm)
can be measured by the Electronics Outside Micrometer (132-
01-040A) which has 0 - 25 mm read range and 0.001 mm
resolution of digit.

TABLE 1

SIZE PARAMETERS OF THE DESIGNS (UNIT: MM)

Type Ly | Wi | T
Design 1 34 21 2

Type Loy | Lo | Wor | T2
Design 2 33 22 20 2

Type L31 | Lz | Wa1 | T31 | Rs1
Design 3 27 20 20 2 10
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Surgical Mask

*

I Silver-plated Nylon

(a)
& Dinole Tyne
"'1p0t. g Surgical Mask

Lol

Silver-plated Nylon

?r" Ciﬂp Sewed by
= 7= Nylon Yarn and
Fixed by Glue

Fig. 1. Configuration of the proposed progressive designs. (a)loop type, (b)
dipole type with balanced ’arms’, (c) dipole type with balanced ’circular end
caps’.

In addition, note that the UHF-RFID chip (Rocky 100) is
selected for the work, which is different from the chips used
in most textile/knitted wearable UHF-RFID tags. The Rocky
100 chip is normally used for UHF-RFID sensors on PCB.
In other words, this chip has several pads (16 pads) which
can be used for sensors connection in active/passive situations
for many different sensing applications. Compared with some
popular chips such as Monza R6 with two pads, the Rocky
100 has a lower sensitivity (minimum wake-up power) of -
10 dBm, while Monza R6 has higher sensitivity of about -20
dBm. As a result, the UHF-RFID antenna needs to be designed
for higher gain and good conjugate impedance match with the
chip.

Mi
Frequency Q-

Resonater

Fig. 2. Substrate permittivity and loss tangent measurements.

B. Method for Impedance Measurements

For balanced antennas, a popular method for impedance
measurements is to combine the function (port extension) of
the Microwave Analyzer (N9916A) with the common-earth
cables as shown in Fig. 3. This method was validated in some
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Common-earth ———— Analyzer !
Cables |

Fig. 3. Calibration setup with the common-earth cables for impedance
measurements method.

works [20] [21] [22]. Concerning to the procedure, first of all,
the Microwave Analyzer with two professional cables needs
to be calibrated by a standard calibration kit. Secondly, after
connecting the professional cables to the common-earth cables,
the function (port extension) of the Microwave Analyzer needs
to be adjusted in order to move the calibration plane from the
ends of the professional cables to the ends of the common-
earth cables. And then, the traces in smith chart of the two
ports should roughly converge to the open circuit position
in Microwave Analyzer.. Next, the two tips of the common-
earth cables are connected to the proposed textile UHF-RFID
antennas and the S parameters in 50 ohms can be obtained.
Note that the measured S parameters using the common-earth
cables are earth-referenced and need to be transferred for the
differential reflection coefficient (p) of the antennas. Finally, Z
parameters of the tested antennas and the differential reflection
coefficient (p) in the complex conjugate impedance of the chip
can be calculated using the equations 1 and 2 as follows,

2Zp(1 — 511522 + S12521 — S12 — S21)
(1 —811)(1 — S22) — S12591
Where Z; is 50 ohms, S11, S12, So1 and Sso are the measured

S parameters, Z,,; is the Z parameters of the tested antennas.
And,

Lant = (D

p= Zant - Z:hip (2)
Zant + Z;khip

Where Z7),;, is the conjugate impedance(64+i*469) of the chip
and p is the differential reflection coefficient (also called S11)
in the complex conjugate impedance of the chip.

III. SIMULATION AND ANALYSIS

Considering that the complex impedance of the used chip
(Rocky 100) is 64-i*469 ohm, the impedance of the designed
antenna should be close to 64+i*469 ohm. Note that the chip
has higher resistance and reactance than that of some two-pad
UHF-RFID chips such as the Monza R6 with the complex
impedance of 12-i*120 ohm. In some antenna designs, resis-
tance and reactance curves for antennas present fast-changing
slopes and larger tangent, which means that the resistance and
reactance values change sensitively. Hence in order to reduce
the effects on frequency bandwidth of antenna designs, it is
more important that the designed antenna can have a good
conjugate impedance match with the chip [23] [24], which
implies that the designed antennas need to have complex
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impedance with the conjugate impedance of the chip as close
as possible. In addition, the differential reflection coefficient
(p) of the work band should be lower than -10 dB.

In addition, as mentioned in previous section, although
the function-extensible feature of the chip (Rocky 100) is
attractive, its lower sensitivity still needs to be considered.
Therefore, the UHF-RFID antenna needs to be designed to
achieve a realized gain as high as possible (at least higher
than -3 dBi). For the proposed three designs, one of the
targets is to improve the gain but reduce the impact on the
conjugate impedance match. As a results, the Design 1, 2 and
3 are optimized progressively. After being optimized, the three
designs are shown in Fig.1 and the final size parameters are
shown in Table I.

A. Resonance Analysis

700 9f—=— Resistance of the design 1 (R1) |
{—— Reactance of the design 1 (X1)| |
6{]0-3—'_ Resistance of the design 2 (Rl}: :
|

|

|

—— Reactance of the design 2 (X2)|
{—+— Resistance of the design 3 (R3)
5004

169

Reactance of the design 3 (X3)

4004

Antenna Impedance (Ohm)

e A i

0.6 0.7 0.8 0.8680.9 1.0
Frequency (GHz)

Fig. 4. Simulated impedance for the three progressive designs (Dashed lines:
required antenna complex impedance 64+i*469 ohm at 868 MHz).

Fig. 4 shows the simulated impedance for the three progres-
sive designs, including the resistance and reactance curves.
The three designs behave inductively at the resonance fre-
quency (868 MHz), in which the closer two to the feed
impedance are the Design 1 and 2 with impedance of 67+1*468
ohm and 74+i*466 ohm, respectively. The Design 2 can be
developed by a size-optimized Design 1 with balanced "arms’.
By adding the circular end caps to the Design 2 and optimizing
the size parameters, Design 3 has impedance of 119+i*421
ohm. Although the impedance match seems to degrade from
Design 1 to 3, the reflection coefficients of the three designs as
shown in Fig. 5 are still within acceptable limits. In addition,
the ’arms’ and the ’circular end caps’ are expected to increase
the antenna gain.

In detail, the S parameters (reflection coefficients) of the
three designs as shown in Fig. 5 are all under the -10 dB at
868 MHz. At resonance point (868 MHz), the Design 1, 2
and 3 have reflection coefficients of -48 dB, -39 dB and -22
dB, respectively. The Design 1 and 2 present a bandwidth of at
least 400 MHz (Design 1: 560 MHz and Design 2: 515 MHz),
while Design 3 have a bandwidth of 370 MHz. In addition,
transmission coefficients (7) for the Design 1, 2 and 3 can be
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calculated as 0.9992, 0.9945 and 0.8519, respectively. Due to
the basic features of general textile materials, environmental
factors often make influence on the resonance frequency of the
textile UHF-RFID antennas. As a result, the bigger bandwidth
can improve reliability when the resonance frequency shifts
within a certain range.

-
104
—~-20+
Z
s
.30+
[—— Design 1
|—+—Design 2
B [—— Design 3
'50 T T T T 1
0.6 0.7 0.8 0.8680.9 1.0

Frequency (GHz)

Fig. 5. Simulated reflection coefficients for the three progressive designs.

B. Radiation Performance Comparison

o © — @
g 5 . 5
Zoe-& -
i dB (E-Field) ST B
0 10 33 -10 10 31 -17 10 34
(a) (b) i
,._- .:'_—_—E-— -_jm_‘:-l“.jn- Sl
¥ 4 : E ‘ 1
e | R [
m e m 3 dB (H-Field) ST BE
7 0 29 16 ( 29 -46 34
(d) (e) (n
"- — _F I —
| [ ] T T17T®
. ST i rlh‘- - n.-: l"
| el | N W A/m-sur) R IR
0 10 20 0 16 i3 0 21 43

Fig. 6. Electromagnetic fields and current distribution at 868 MHz. Designl1:
(a), (d) and (g). Design 2: (b), (e) and (h). Design 3: (c), (f) and (i).

The electric field, magnetic field and current distribution
at 868 MHz are shown in Fig. 6. It is found that from the
Design 1 to the design 3, the electric fields and magnetic fields
are raised and their distribution ranges are extended gradually
after adding the ‘arms’ and ‘circular end caps’and adjusting
loop and ‘arms’ sizes. In addition, it is found that after adding
arms and changing loop size, the overall fields and currents of
the Design 1, 2 and 3 get stronger. From the aforementioned
features, adjusting the loop and ‘arms’ can obtain required the
frequency and changing the size of the ‘circular end caps’ can
affect the radiation performance. Fig. 7 shows the radiation
patterns in the xoy cut for the three designs. The structure
of the Design 1 is only a loop which means the radiation
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ability is weak. For increasing the radiation ability (realized
gain), the arms’ can be added into the structure as the Design
2 which also make an impact on the impedance. From the
current distribution as shown in Fig. 6, the realized gain of
the Design 3 is expected to be higher than that of the previous
designs. As shown in Fig. 7, the peak realized gain values
of the three designs are -10.86 dBi, -7.87 dBi and 1.09 dBi,
respectively. In addition, from the H-plane (yoz cut) as shown
in Fig. 7 (b), the proposed Design 3 has a dipole-like radiation
pattern as expected.
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I 30 |——Design2
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Fig. 7. Simulated normalized radiation patterns (normalized—realized—gainy

for the three progressive designs (a) xoy cut, (b) yoz cut.

IV. MANUFACTURE AND TEST
A. Embroidery Method

To embroider the patterns on the substrate (surgical masks),
a professional embroidery machine (Singer Futura XL-550) is
used. For the embroidery procedure as shown in Fig. 8, some
details need attention. First of all, after obtaining appropriate
designs in simulation software (ADS momentum, CST and
HFSS), the simulated models need to be exported to a type
of formats which can be converted with same size into the
related embroidery software. Secondly, the knit pattern size
and boundaries of the designs affected slightly by embroidery
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Simulated Model

|
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Surgical Mask
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Fig. 8. Embroidery procedure.

modes in the embroidery software (EasyDesign EX4.0) need
to be adjusted carefully, which is a factor affecting real con-
ductivity of the conductive yarns. For the proposed designs, the
’satin fill’ mode in the embroidery software is adopted. Finally,
in the manufacturing process, the proposed yarn is utilized in
both sides of the substrate as the conductive yarn and support
yarn for reducing the influence from other dielectric yarns as
support yarn.

B. Impedance Tests

Movable Microwave

== RFID Antenna
(a)

(b)

Fig. 9. Measurement setup for the impedance and reflection coefficients of the
embroidered designs. (a) Photograph of measurement setup, (b) Measurement
setup configuration.

For the measurements of the impedance and reflection coef-
ficients of the embroidered designs, the experimental setup is
shown in Fig. 9. As mentioned in section II, the common-earth
cables are added at the end of the two ports and the related
differential measurement method is used. Fig. 10 shows the
antenna impedance of the proposed simulated and measured
Design 3, including the resistance part and the reactance
part. It is found that the resistance parts are higher than 64
ohm and reactance parts are lower than 469 ohm. Certainly,
analyzing all of the results, the measured curves are close to
the simulated curves.

From equation 2, the reflection coefficient (S parameter)
can be calculated as shown in Fig. 11. It is found that the
|S11| of the measured Design 3 is -24 dB which is better
than the simulated results at 868 MHz. Note that the Design 3
have slight difference of the resonance frequency shift degrees
between the simulated and measured results (below 10 MHz).

800 4—— Resistance of the simulated design 3 (R3)
+—— Reactance of the simulated design 3 (X3)
—— Resistance of the measureddesign 3 (Rm3) |
| Reactance of the measured design 3 (Xm3)
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— =)
g
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e

=

(=1
1

[=9

g

£200

(T

R e
< 0 I T ! I 1

0.6 0.7 0.8 0.8680.9 1.0
Frequency(GHz)

Fig. 10. Simulated and measured impedance for the embroidered Design 3
(Dashed lines: required antenna complex impedance 64+i*469 ohm at 868
MHz).

In addition, the Design 3 have narrower bandwidths of about
than that of the simulated designs.

-104
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-20+

|—=—Design 3 & Measured
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‘30 L} T L] L] v 1
0.6 0.7 08 0868 0.9 1.0
Frequency (GHz)
Fig. 11. Simulated and measured reflection coefficients for the embroidered
Design 3.

C. Read Range Tests

Considering the real use conditions of the proposed textile
UHF-RFID tag on surgical masks such as in the hospital
channels and rooms, the read range measurement setup is
shown in Fig. 12. The reader antenna (MT-242025/TRH/A/A)
can be controlled by the M6E Kit which is connected to a
laptop with control software. An inquiry signal with data and
clock can be adjusted by the software and sent by the reader
antenna. The proposed textile UHF-RFID antennas can send
a backscattered signal with data and clock after receiving the
inquiry signal. Note that backscattering coupling is a common
mode in UHF RFID and Radar areas. In detail, when an
electromagnetic wave encounters a space target, part of its
energy is absorbed by the target, while the other part is
scattered in various directions at different intensities. A portion
of the scattered energy is reflected back to the transmitting
antenna. [25]

When moving the proposed designs to a certain distance d
as shown in Fig. 12 (b), the signal transmission is expected to
be interrupted. This threshold distance is the maximum value
of the read range.

To avoid moving the designs holders frequently, a certain
distance is fixed (1 m) and then adjust the reader power to
obtain the read range. In addition, the simulated read range can
be calculated by the Friis Transmission Formula as follows,
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d A PGG, T “Radius
maxr — (3) % :
47 P, th .

where d,q, is the maximum value of the read range, A is
the wave length at 868 MHz, P; is the power fed into the
reader antenna, G is the gain of the reader antenna (7 dBi),
G, is the gain of the proposed antennas, 7 is the largest
power transmission coefficient and P, is the minimum wake-
up power of the chip (-10 dBm). In addition, the cable between
the reader antenna and the reader have a loss of 0.8 dB.

Distance : d

e

|‘|| A
1 )
! l‘

ol LR

attered  Inquiry Signal with
with Data Data and L']éx;k;
and Clock HIET

Software on |
Laptop

@ (b)

Fig. 12. Measurement setup for the read ranges of the embroidered designs.
(a) Photograph of measurement setup, (b) Measurement setup configuration.

For the proposed designs, the read ranges are detected as
shown in Table II. The maximum read range values of the
simulated Design 1, 2 and 3 are 1.1 m, 1.6 m and 4.1 m, re-
spectively, while that of the measured are 0.8 m, 1.3 m and 2.5
m, respectively. By analyzing the Friis Transmission Formula
3 and the proposed designs, the P of the chip (-10 dBm)
makes a big impact on the maximum read range, compared
to the two-pad chip (Monza R6) with the minimum wake-up
power of -20 dBm. In addition, the difference between the
simulated and measured results is caused by the silver-plated
yarns and the soft substrates. In details, the silver-plated yarns
are different with traditional copper line. The radiation ability
of the yarns cannot be totally same with simulation results. For
design 3, due to the soft masks, the ‘circular end caps’ has
slight shape change in embroidery procedure which make a
bigger difference between the simulated and measured results.

TABLE II
SIMULATED AND MEASURED MAXIMUM READ RANGE OF THE DESIGNS
(UNIT: M)
Type Design 1 | Design 2 | Design 3
Simulated dpmax 1.1 1.6 4.1
Measured dmax 0.8 1.3 2.5

V. RELIABILITY VALIDATION

For textile UHF-RFID tags, reliability is an essential issue
due to the features of the textile materials. In this work,
considering the uses of surgical masks, the impact of bending
and use on body is expected to be validated. In addition, with
regard to the read range results at last section, the Design 3
is selected to be the final design which is tested for bending
and skin touching.
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r Bending

Fig. 13. Measurement setup for the impedance and reflection coefficients of
the embroidered designs. (a) Photograph of measurement setup, (b) Diagram
of the bending orientation.

(a)

A. Bending

The bending test setup is shown in Fig. 13 (a). Several
molds with different radius have been used for hold and keep
the proposed sample bent. Considering the use of surgical
masks, the bending orientation is fixed as shown in Fig. 13
(b). Note that the bending degree increases with decreasing
radius. Fig. 14 shows the measured antenna impedance curves
in different radius. From Fig. 14, the resistance values at 868
MHz are close with different radius while the reactance values
at 868 MHz increase with decreasing radius. In addition, the
reflection coefficient curves as shown in Fig. 15 have slight
resonance frequency shift degrees (all below 20 MHz) and
increasing |S71| values at 868 MHz with increasing bending
degree. In other words, after bending in certain degrees (radius:
33 mm to the flat), the proposed textile UHF-RFID tag can
still work well.

700 +——Resistance (Radius 33 mm) |
—— Reactance (Radius 33 mm) :
600 +—— Resistance (Radius 44 mm) I
- —— Reactance (Radius 44 mm)
E500- Resistance (Flat)
< 469 1 Reactance (Flat)
2 400
=
%3(!(: -
g
5200
2
100 4
e e S e = e B
0 ettt
T T 1 T 1
0.6 0.7 0.8 0.8680.9 1.0
Frequency(GHz)

Fig. 14. Measured impedance in different bending degrees (Dashed lines:
required antenna complex impedance 64+i*469 ohm at 868 MHz).

Certainly, read range tests in different bending degrees are
still important and the test configuration is shown in Fig. 12.
Considering the real use of the proposed design is on face, the
bending radius close to face sizes (33 mm and 44 mm) are
chosen. The measured max values of the read ranges shown
in Table IIT are 2.5 m, 2.2 m and 1.7 m at flat, bending radius
33 mm and bending radius 44 mm, respectively. Note that
the measured max values are obtained by the proposed design
facing to the reader antenna as shown in Fig. 11. From the
results, increasing bending degrees (radius: flat to 33 mm)
cause a decrease in read ranges and the minimum read range
in bending is at least 1.7 m.
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Fig. 15. Measured reflection coefficients in different bending degrees.

TABLE III
MEASURED MAXIMUM READ RANGE OF THE DESIGN 3 IN BENDING
SITUATION (UNIT: M)

Type Flat | Bending(0.044) | Bending(0.033)
Measured dmaz 2.5 2.2 1.7

B. Skin Contact

Fig. 16. Measurement setup for the impedance, reflection coefficients and
read ranges in different skin contact positions. (a) Sample touched on a hand,
(b) Sample worn on face, (c) Read range measurement

Skin contact test setup is shown in Fig. 16. The reflection
coefficient and read range measurements of the Design 3 are
operated when the sample is touched on a hand and worn on
face as shown in Fig. 16(a) (b) and (c), respectively. The first
application of surgical masks is to be worn on face, so the
samples tested in air or touched on hands are compared with
that worn on face. In general, the skin-contact performance is
limited by the resonance frequency shift and reduced radiation
efficiency due to the impedance change and power loss in the
human body, respectively.

As shown in Fig. 17, compared with the impedance in
air, the impedance on a hand has lower resistance part and
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reactance part while that on face has higher both parts. In
addition, compared with the curves of the sample in air, the
reflection coefficient (|S11]) curves as shown in Fig. 18 on
a hand and face show the resonance frequencies are shifted
to 956 MHz and 813 MHz, respectively. However, when the
sample are on a hand and face, the values at 868 MHz are -13
dB and -13.5 dB, respectively.

700 4 —— Resistance (On hand)
1—— Reactance (On hand)
600 4—— Resistance (On face)
{—— Reactance (On face)
500 +—— Resistance (In air)

469 1 Reactance (In air)

200+

Antenna Impedance (Ohm)

0.6 0.7 0.8 0.8680. 1.0
Frequency(GHz)

Fig. 17. Measured impedance in different skin contact positions (Dashed
lines: required antenna complex impedance 64+i*469 ohm at 868 MHz).

-5+

-20 f——In Air
—— On hand
—— On face
"25 T L) T T 1
0.6 0.7 0.8 0.8680.9 1.0
Frequency (GHz)

Fig. 18. Measured reflection coefficients in different skin contact positions.

TABLE IV
MEASURED MAXIMUM READ RANGE OF THE DESIGN 3 IN DIFFERENT
SKIN CONTACT POSITIONS(UNIT: M)

Type InAir | On a Hand | On face
Measured dmax 2.5 0.8 1.1

Read range tests in different situations are necessary and the
results are shown in Table IV.The measured max values of the
read ranges shown in Table IV are 2.5 m, 0.8 m and 1.1 m in
air, on hand and on face, respectively. From the results, skin
contact causes a decrease in read ranges and the minimum
read range (1.1 m) when used on face proves that Design 3
can be effectively worn.

0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE ,\Fermission. See http://www.ieee.org/ ublications_standards/publications/rights/index.html for more information.
Authorized licensed use limite B

022 at 08:15:32 UTC from IEE

Xplore. Restrictions apply.



0018-926X (c) 2021 IEEE. Personal use isé;)
Authorized licensed use limite

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOTI 10.1109/TAP.2022.3145477, IEEE

Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NO. XX, JANUARY 2022

VI. CONCLUSION

To conclude, the progressive designs of textile UHF-RFID
antennas on surgical masks are developed and one of them
(Design 3) is selected to be validated by reliability tests
(bending and skin contact). To explore the possibility and
reliability of the function-extensible IC chips for textile UHF-
RFID sensors, an IC chip (Rocky 100) with lower sensitivity
(-10 dBm) than that of the popular chip (Monza R6, -20 dBm)
is used in the designs. The simulated and measured resonance
curves of the designs all match well (all below -20 dB at
868 MHz) and the radiation performance (realized gain) are
improved progressively (maximum values: -10.86 dBi, -7.87
dBi and 1.09 dBi). After comparing the three progressive
designs, the best type (Design 3) is selected and its read ranges
measured by RFID reader (M6e kit) can reach 2.5 m in air.
In addition, the necessary reliability validation measurements
(bending and skin contact) are performed. From the results,
the resonance frequency shift degrees are slightly different (all
below 20 MHz) under different bending degrees (radius: 33
mm to flat) while heavily distinguishing on a hand (88 MHz)
or face (55 MHz), but the values of reflection coefficients at
868 MHz all are below -10 dB. The maximum read range can
reach 1.1 m on face. As a result, the proposed Design 3 has
common use as an ID tag for tracking or safe distance alert
in the epidemic situation but for the used function-extensible
chip, the design can extend many different types of textile
sensors for various application scenarios in the future.
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Textile Ultra High Frequency (UHF, 865-868 MHz) Radio Frequency Identification (RFID) devices meet diffi-
culties from connection of solid chips and textile antennas. In this work, three electro-textile interfaces integrated
with the corresponding textile UHF-RFID antennas as the solutions are proposed and compared. The simulated
and measured impedance curves of the corresponding antennas are all close and the radiation performance
(realized gain) are designed to be near (about 1.4 dBi). According to the Friis formula, the simulated and
measured read ranges of the interfaces with the corresponding antennas in air are obtained (all above 4.5 m). For

reliability validation, mixed use feasibility tests are implemented and the results show the read ranges of each
interface used on other two designs have tolerable read range decrease (< 2 m but all above 3.41 m).In addition,
the read ranges of the designs on body are all above 2.05 m. Due to the small sizes of the interfaces, stable
performance on body and good reliability, the proposed interfaces solutions are proved feasible.

1. Introduction

With Radio Frequency Identification (RFID) technology develop-
ment, many commercial devices are applied in diverse scenarios [1-3]
such as health-caring monitoring [4], goods tracking [5,6], classifica-
tion, localization and stuff management [7]. Most of them are developed
by welding integrated circuit (IC) chips on a hard or flexible Printed
Circuit Board (PCB) [8] or a chipless way [9,10]. The welding technique
for connecting chips to RFID antennas on PCBs is proven and reliable.
However, this popular technique is not suitable for most textile RFID
devices on clothes due to the high temperature intolerance (< 200°C) of
the common knit yarns and fabrics [11-13]. Even for some wearable
polymeric materials such as Polyvinyl Chlorid (PVC) fiber, alginate fiber
and carbon fiber, the chips on them face the problem of unstable
fixation.

To avoid this connection problem, some works are exploring free
welding methods such as fixing with glue [14], non-conducting yarns or
copper plates [15,18]. In a study [15], a passive UHF-RFID-based knit-
ted wearable compression sensor is proposed for monitoring a baby
breathing activity, for which a chip (Monza R6) is welded on a FR4 PCB.
Then the board with the chip is inserted into a small pocket knitted in
the middle region of the antenna top layer. In another work [14], a
textile UHF-RFID antenna solution concentration sensor is proposed and
the chip is fixed by sewing and glue, which is more flexible for wearable
applications. However, many similar designs are foreseen to have dif-
ficulties such as chip pads rust due to textile washing and the detach-
ment of the chip-welded board in textile devices.
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In this paper, three electro-textile interfaces integrated with the
corresponding textile UHF-RFID antennas (by sewing, snap buttons and
inserting) are proposed and compared to provide chip-textile connection
solutions. Related preparatory work before simulation such as the
detailed embroidery method and interface impedance tests is imple-
mented and presented. Based on the accurate impedance of three
electro-textile interfaces obtained by the real tests, the simulation of the
corresponding antennas is developed and the simulated results are
compared with the measured results. Note that the textile UHF-RFID
antennas are designed to keep the maximum realized gain values near
for next performance comparison. Finally, related reliability validation
tests including mixed use reliability and use on body are implemented.
The proposed electro-textile interfaces have the potential to be applied
into thicker clothes such as winter clothes (not too close to bodies) due
to their small sizes and stable performance.

2. Design and Related Details
2.1. Structure of the Proposed Electro-textile Interfaces

The geometry and configuration of the three proposed electro-textile
interfaces with the corresponding textile UHF-RFID antennas are shown
in Fig. 1. Considering the common problem about the difficulty of the
chips and textile interconnection, the three interfaces (typel to 3) are
proposed and analyzed for the textile UHF-RFID antennas and the UHF-
RFID chip (LXMS21ACNP-184, impedance: 19-i*284 ohm, wake-up
power: —18 dBm)[16,17] on the small PCBs. The three connection
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A
Copper tip

Fig. 1. Geometry and configuration of the three proposed electro-textile in-
terfaces with the corresponding UHF-RFID antennas. (a) Type 1, (b) Type 2, (c)
Type 3.

ways as shown in Fig. 1 are by sewing, snap buttons and inserting,
respectively. Note that, all the interfaces have different complex
impedance (not 50 ohm) from that of the chip. In addition, despite of
using the same chips for the three interfaces, they have different com-
plex impedance as feed ports due to the different structures and
connection methods. Therefore, the textile UHF-RFID antennas are
designed based on the corresponding complex impedance. The PCBs
dimensions of the type 1, 2 and 3 are 12.7%6.22*0.8 mm,
16.38*31.12*0.8 mm and 7.76*6.10*0.8 mm, respectively. Moreover,
the hole diameters of the type 1 and type 2 are 2 mm and 9 mm,
respectively.

The proposed textile UHF-RFID antennas are embroidered using
conductive yarns as on a polyester fibers substrate. A commercial
conductive twisted yarn made of 99% pure silver-plated Nylon is used as
the textile material of the antenna, the bulk conductivity of which is
11500 siemens/m with 0.2 mm thickness obtained by the previous
works[14,15]. Moreover, the polyester is selected as the substrate, the
relative dielectric constant, loss tangent and thickness of which are 1.29
(¢r) 0.00188 (tanD) and 0.88 mm, respectively. In addition, the sewing
yarns for the 'Type 1’ are adopted the same as the conductive yarns of
the antennas whereas the snap buttons for the "Type 2’ are made of steel.

2.2. Impedance Characterization

2.2.1. Impedance Measurement Method

For balanced structures, a popular method validated in some works
[14,19-21] for impedance measurements is to combine the function
(port extension[22]) of the Microwave Analyzer (N9916A) with the

Differential

Mode Probes
Fig. 2. Calibration setup with the differential mode probes for impedance
measurements method.
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differential mode probes as shown in Fig. 2. The probes are made from
two semi-rigid cables with ground shields soldered together. Concerning
to the procedure, first of all, the Microwave Analyzer with two coaxial
cables needs to be calibrated by a standard calibration kit. Secondly,
after connecting the coaxial cables to the differential mode probes, the
function (port extension [22]) of the Microwave Analyzer needs to be
adjusted in order to move the calibration plane from the ends of the
coaxial cables to the ends of the differential mode probes. Meanwhile,
the traces in Smith chart of the two ports should roughly converge to the
open circuit position in the Microwave Analyzer. Next, the two tips of
the differential mode probes are connected to the proposed textile UHF-
RFID antennas or the feed port PCBs and the Z parameters in 50 ohms
can be obtained. Note that the measured Z parameters using the dif-
ferential mode probes are earth-referenced and need to be transferred
for the differential reflection coefficient (p) of the balanced samples
[23,24]. Finally, Z parameters of the tested samples in the complex
conjugate impedance of the chip can be calculated using the Egs. 1 as
follows,

2Zy(1 — 81182 + 8128521 — Si2 — Sa1)

Zan =
' (1 =81)(1 = Sn) =SS

€9)

Where Z, is 50 ohms, S11,S12,S21 and Sy are the measured S parame-
ters, Zgy, is the Z parameter of the balanced samples.

2.2.2. Impedance Measurements of the Three Electro-textile Interfaces

The impedance of the three interfaces is different when the chip is
welded on the different PCBs and then connected to the textile materials.
It is essential to obtain the accurate port impedance before designing
antennas. The experimental setup for the complex impedance mea-
surements is shown in Fig. 3 (a) and (b). As aforementioned, the dif-
ferential measurement method with the differential mode probes is
used. In addition, in order to reduce the impact from the connection, the
interface impedance tests are conducted in the case of the three electro-
textile interfaces ("With Textile’) as shown in Fig. 3 (c).

After being calculated by Eq. 1, the measured impedance results of
the three interfaces are shown in Fig. 4, including the resistance part and
the reactance part. It is found that the resistance curves of the three types
has a difference of less than 5 ohm difference in the absolute value case
while their reactance curves have obvious differences (about 20 to 60
ohm in the absolute value case). In addition, at 868 MHz, the complex
impedance of the interfaces are listed in Table 1.

S

Sarﬁf)les (only PCB
or with Textile

(®)

Only PCB

With textile

Test Positions Testhosit'ions
Type 2 Type 3

Test Positions
Type 1

Fig. 3. Experimental setup for the interfaces impedance. (a) Photograph of the
setup, (b) Experimental setup configuration. (c) Tested cases ("'Only PCB’ and
With Textile’).
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Fig. 4. Measured impedance for the three electro-textile interfaces
(CWith Textile’).

Table 1
Complex Impedance of the Interfaces at 868 MHz(Unit: Ohm).
Case Typel Type2 Type3
WithTextile 5.09-i*107.7 5.06-i*60.27 9.29-i*123.27

2.3. Simulation and Measurements

2.3.1. Simulation models of the corresponding textile antennas

After obtaining the measured complex impedance of the three
electro-textile interfaces ("with textile’), the corresponding UHF-RFID
antennas can be designed based on the measured impedance as feed
port impedance. The fundamental model simulated in high-performance
3D EM analysis software (CST) is shown in Fig. 5 and the three corre-
sponding textile antennas are developed by adjusting related dimension
parameters based on the shown model. The dimension parameters of the
three designed antennas are listed in the Table 2. the antenna patterns
are embroidered by silver-plated Nylon whereas the conductive yarns
have 0.2 mm thickness with corresponding bulk conductivity of 11500
siemens/m. The polyester as the substrate has relative dielectric con-
stant, loss tangent and thickness of 1.29 (¢,)), 0.00188 (tanD) and 0.88
mm, respectively. The simulated resistance and reactance of the three
corresponding textile antennas are shown Fig. 6

2.3.2. Antenna Manufacturing Method

To embroider the patterns on the substrate (polyester), a commercial
embroidery machine (Singer Futura XL-550) is used. The embroidery
procedure is detailed in Fig. 7. First of all, after obtaining appropriate
designs in 3D full electromagnetic simulations, the layout models need
to be exported to a type of formats which can be converted with same
size into the related embroidery software. Secondly, the knit pattern size
and boundaries of the designs affected slightly by embroidery modes in

Fig. 5. Geometry of the fundamental simulated model for the three corre-
sponding UHF-RFID antennas.
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Table 2
Antenna Dimension Parameters (Unit: mm).

AntennaDesigns Ly Ly Ls wy Ry
Designl 58 22.6 40 23.4 20
Design2 74 15 40 22 20
Design3 58 24.8 40 24 20
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Fig. 6. Simulated resistance and reactance of the three corresponding
textile antennas.

Embroidery Pattern
I = Processing=" — =

- Format Conversion

Simulated Model l

Sent to the
Machine

Fig. 7. Embroidery procedure.

the embroidery software (EasyDesign EX4.0) need to be adjusted care-
fully. For the proposed designs, the ’satin fill’ mode in the embroidery
software is adopted. Finally, in the manufacturing process, the proposed
yarns are utilized in both sides of the substrate as the conductive yarns
and support yarns.

2.3.3. Impedance Simulation and Measurements of the Three Textile
Antennas
As aforementioned, in order to reduce the impact from the
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connection, the measured complex impedance results of the case 'With
Textile’ are adopted as conjugate impedance of the antennas [25,26] for
simulation and the simulated designs are described and shown in Fig. 5.
The experimental setup is shown in Fig. 8 and the antenna impedance
results are shown in Fig. 9, including the simulated and measured
curves.

By analyzing the three cases, the measured impedance curves are
close to the simulated curves. In addition, the simulated and measured
results at 868 MHz for each case are listed in Table 3. It is found that the
measured antenna impedance values are close to the conjugate imped-
ance values of the corresponding interfaces.

2.3.4. Radiation Performance Comparison

Radiation performance is the another important factor affecting the
final target of UHF-RFID tags read range. The radiation patterns in the
xoy cut of the three designs are shown in Fig. 10. The maximum realized
gain values of the three designs are close, 1.46 dBi, 1.38 dBi and 1.31 dBi
for the design 1, design 2 and design 3, respectively.

2.3.5. Read Range Tests

For read range tests, the experimental setup is shown in Fig. 11. In
order to avoid moving the designs holders frequently, a certain distance
between the read antenna and UHF-RFID tags is fixed (0.7 m) and the
reader output power is adjusted. The reader antenna (MT-242025/TRH/
A/A) can be controlled by the M6E Kit which is connected to a laptop
with specified control software. A inquiry signal with data and clock can
be adjusted by the software and sent by the reader antenna. The pro-
posed textile UHF-RFID antennas can send a backscattered signal with
data and clock after receiving the inquiry signal. The output power is
adjusted until the signal transmission between the read antenna and the
tags is disrupted. The maximum value of the read range can be calcu-
lated by the threshold power. In addition, the simulated read range can
be calculated by the Friis Transmission Formula [27] as follows,

A |P.GG,T

dm(u =7\ 5 2
4z Pth ( )

where dpq is the maximum value of the read range, 4 is the wavelength
at 868 MHz, P, is the power fed into the reader antenna, G, is the gain of
the reader antenna (7 dBi), G, is the gain of the proposed antennas, 7 is
the largest power transmission coefficient (Design 1, 2 and 3: 0.6242,
0.7888 and 0.8149 at 868 MHz, respectively) and Py, is the minimum
wake-up power of the chip(-18 dBm). In addition, the cable loss between
the reader antenna and the reader is taking into account (0.8 dB).

For the three electro-textile interfaces with the corresponding textile
antennas, the simulated and measured maximum read ranges of the type
1, 2 and 3 have been tested several times and the results are listed in
Table 4. Note that the read range values are recorded when the tags can
be read continuously and stably, which is not just an on-off procedure. It
is found that when the realized gain and the matching situations of the
three types are close, the type 3 has the better performance than the
other two in simulation and measurement, respectively. The main

Microwave
Analyzer

a2

lyzer
—

(@) (b)

Fig. 8. Experimental setup for the impedance of the embroidered designs. (a)
Photograph of experimental setup, (b) Experimental setup configuration.
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Fig. 9. Simulated and measured impedance for the three corresponding textile
antennas. (a) Design 1, (b) Design 2, (c) Design 3.

600M 700M

Table 3
Complex Impedance of the Antenna Designs at 868 MHz(Unit: Ohm).
Case Designl Design2 Design3
Simulated 17.59 + i*100 12.52 + i*56.77 21.93 + i*117.98

Measured 28.86 +i*117.8 9.24 4+ i*60.51 23 +i*115.42

reason for the difference between the simulated and measured results is
that the real radiation and impedance cannot totally match with the
simulated results due to the environmental factors, embroidery error
and measuring error.

2.4. Reliability Validation

2.4.1. Mixed Use Feasibility

In the work, *'mixed use’ refers to the interfaces used for other non-
corresponding antennas. Generally, for each electro-textile interface,
the corresponding UHF-RFID antenna is expected to be redesigned.
Considering this case increases costs and design periods, the mixed use
feasibility of the different electro-textile interfaces is worth exploring.
Therefore, in this section the three electro-textile interfaces are applied
to the three different antennas, respectively. There are nine cases, in
which the test setup and related measurement method are same.

As listed in Table 5, the matched pairs have the best performance as
expected. In addition, it is found that for each interface, the read ranges
of the interfaces used on other two designs have tolerable decrease (< 2
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Table 4
Simulated and Measured Maximum Read Ranges at 868 MHz in Air (Unit: m).
Case Typel /Designl Type2/Design2 Type3/Design3
Simulated 5.58 6.74 6.8
Measured1st 4.52 5.19 5.82
Measured2nd 4.57 5.25 5.69
Measured3rd 4.47 5.25 5.76
AverageMeasured 4.524+0.05 5.2240.03 5.75+0.07
1(%? Table 5
Measured Read Ranges of the Nine Cases in Air (Unit: m).
Fig. 10. Simulated radiation patterns (realized gain) for the three designs. (a) Case Designl Design2 Design3
lane, (c) YZ plane.
Typel 4.5 4.05 3.57
Type2 3.74 5.22 4.29
Type3 3.41 4 5.75
[ et X
Different - "
R
Output PoWer O
| 7
S ../, \\‘\f\
W) ’ A ]

2.4.2. Tests On Body

In this section, the related tests on body are developed by the three
connection methods (sewing by yarns, snap buttons and inserting) and
the experimental setup is shown in Fig. 12. Note that the researcher in
the figure wears the winter clothes, which are thicker than normal ones
and the tags can be 3 cm 4 cm from the clothes to the body with air
interlayer. In the tests, all the interfaces connect to the three antenna
designs, respectively, to explore the performance in the nine cases as
aforementioned in last section.

The read range results are listed in Table 6. As expected, the read
ranges for the nine cases on body are lower than that in air, respectively,
due to power loss on body. However, the worst performance shows a
read range of 2.05 m (the type 3 by inserting into the design 1). And all
the results prove the on-body use feasibility of the interfaces with the
antennas. Certainly, for attractive fashion, the electro-textile interfaces
can also be hidden in thinker clothes and the textile antennas can be
embroidered with other nonconductive floral patterns. When they are
used on clothing, the potential as a RFID sensor such as temperature and
humility sensor can be explored.

3. Conclusion

m) but are all above 3.41 m. It means the unpaired combination can
work normally under specific requirements. Therefore, the mixed use
feasibility of the proposed electro-textile interfaces and textile UHF-
RFID antennas is validated.

To conclude, three electro-textile interfaces integrated with the
corresponding textile UHF-RFID antennas are proposed and evaluated in
this work. The simulated and measured impedance curves of the cor-

Tested ‘ Reader Argenn/a

Laptop

Sampleg
/ ‘

Software on

(a) -

Samples with
Different Feed
Types

Fig. 11. Experimental setup for the read ranges of the textile UHF-RFID tags. (a) Photograph of experimental setup, (b) Experimental setup configuration.
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Fig. 12. Experimental setup for the read ranges of the tags on body. (a) Photograph of experimental setup, (b) Experimental setup configuration.

Table 6

Measured Read Ranges of the Nine Cases on Body (Unit: m).
Case Designl Design2 Design3
Typel 3.68 3.24 2.05
Type2 3.43 4.57 3.17
Type3 2.19 3.13 3.35

responding antennas are all close and the radiation performance (real-
ized gain) are designed to be near (about 1.4 dBi). According to the Friis
formula, the simulated and measured read ranges of the interfaces with
the corresponding antennas in air are obtained (all above 4.5 m). For
reliability validation, the tests for mixed use feasibility and the tests on
body are implemented. The results of mixed use feasibility tests show
that the read ranges of the each interface used on other two UHF-RFID
antennas have tolerable decrease (< 2 m) but are all above 3.41 m. It
means the mixed use feasibility of the proposed electro-textile interfaces
and textile UHF-RFID antennas can be proved. In addition, the read
ranges of the designs on body are all above 2.05 m. Therefore, due to the
small sizes of the electro-textile interfaces, stable performance on body
and good reliability, the proposed electro-textile interfaces with the
corresponding textile UHF-RFID antennas has potential application in
the future medical and daily clothes fields.
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Electro-textile UHF-RFID Compression Sensor
for Health-caring Applications

Chengyang Luo, Member, IEEE, Ignacio Gil and Raul Fernandez-Garcia

Abstract— Electro-textile Ultra High Frequency (UHF, 865-868 MHz)
Radio Frequency ldentification (RFID) devices have great potential
to be explored as sensors due to the features of fabric materials. In
this work, an electro-textile UHF-RFID compression sensor base on
T-match structure with a corresponding interface are developed and
evaluated for two application scenarios. For accurate textile UHF-
RFID antenna desigh and maximize the read range, the impedance
of the electro-textile based on snap buttons is modelled and char-
acterized an a measured read range of 5.22m is experimentally
obtained. If the distance of the RFID reader and RFID sensor remain
constant at 1 m. The experimental results show that RSSI range
change from -42 dBm to -58 dBm as a quadratic function in terms of

;ljwo Scenarios Keep a |
i j (f_/\ Distance [
/i fi 7 = (¢ > ‘
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Bendiné Leg Bfeathing Reader Antenna
with Different with Sample | with Software for
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the knee angle bending and from -45 dBm to -40 dBm during expiration and inspiration phase when the sensor is located
on the chest, which validated the usefulness of the proposed sensor.

Index Terms— Antenna sensor, electro-textile, bending angles, conductive yarn, compression sensor, equivalent circuit,
interface, Received Signal Strength Indicator (RSSI), respiration, Ultra High Frequency (UHF), RFID

[. INTRODUCTION

With Radio Frequency Identification (RFID) technology
development, many commercial devices are applied in diverse
scenarios [1] [2] [3] such as health-caring monitoring [4],
goods tracking [5] [6], classification, localization [7] and stuff
management [8]. Especially in health-caring monitoring sce-
narios, the wireless RFID devices are expected to play a role
as respiration sensors [9] [10], skin temperature sensors [5]
[15] [16] and strain sensors [17] [18]. Generally, the operation
frequency selection and structure designs of RFID sensors
depend on the required sensing functions. With regard to the
working frequency selection, Ultra High Frequency (UHF)
RFID devices are getting more attention due to their lower
cost, long-distance transmission and fast-easy identification.
There are two ways to achieve sensing functions for wireless
UHF-RFID devices. One way is that tags can be designed to
connect sensors with different functions [19]. For these types
of UHF-RFID sensors, chips need to have extendable ports for
sensors connection (such as the ROCKY100) [19]. Another
way is to use the antenna as a sensor.

The development of textile UHF-RFID tags are getting more
attention due to several useful features such as flexibility and
hydrophilicity. Some textile UHF-RFID tags are designed as a
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concentration solution sensor due to their good hydrophilicity
[20].

Texitle UHF-RFID antenna sensors combine the ability of
wirelessly sensing data with flexible and weareable substrates.
The typical measurement methods is based on the received
signal strength indicator (RSSI) parameter [10] [20]. When
the UHF-RFID antenna is affected by external factors such as
permittivity changing, bending or temperatura variation, the
RSSI and read range are expected to vary in some ways with
the related sensing factors. The standard welding techniques
for connecting chips to textile materials are not suitable.
Some works are exploring free welding methods such as
fixing with glue [20], non-conducting yarns or copper plates
[9] [10]. However, the textile designs are foreseen to have
difficulties such as chip pads rust due to textile washing and
the detachment of the chip-welded board in textile devices.

There are some solutions for the electro-textile interfaces
used in RFID devices. In [11] polydimethylsiloxane (PDMS)
pads are reported. In [12] several snap buttons are used
for the connection of a RFID-sensor module and a textile
PIFA antenna. However, the impact from the connection
of the male and female snap buttons is ignored, which is
proved important according to [13] [14]. The snap button was
compared with other electro-textile interfaces by the authors
in previous publication [14]. The snap button was the best
option to guarantee the interconnection under stretching stress.
However, in order to guarantee a good matching, the snap
button electrical behaviour should be considered. One of the
novelties of this paper is the introduction of an equivalent
circuit model of the snap button.
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In this paper, an electro-textile UHF-RFID compression
sensor with the corresponding electro-textile interface are
developed and evaluated for two application scenarios. Snap
buttons for modern clothes are applied into the interface.
To obtain accurate textile UHF-RFID antenna performance,
the impedance of the interface is modelled, simulated and
experimentally validated. Based on the interface impedance
results, a textile UHF-RFID antenna is designed and tested by
means of read ranges in free space. The proposed antenna is
used as a compression sensor under two application scenarios:
bending on a knee and respiration using the RSSI parameter
as a figure of merit. The aim of the work is to evaluate the
e-textile RFID tag as healthcare sensor.

[l. TEXTILE UHF-RFID TAG DESIGN
A. Structure of the Proposed Electro-textile Design

| /; - ;Interface

Fig. 1. Geometry and configuration of the proposed electro-textile UHF-
RFID sensor with the corresponding interface

The geometry and configuration of the proposed electro-
textile UHF-RFID sensor with the corresponding interface are
shown in Fig.1. The RFID antenna design is inspired by a
typical ‘T-match’ structure including the male snap button
as an electro-textile interface between textile and detachable
printed circuit board (PCB) which includes the IC. The proper
feed port size for the male snap button is calculated. The
geometry dimensions of the textile have been adapted to
the human knee and chest shape to improve the sensing
performance. Note, that the sensing area corresponds to the
textile material, whereas the rigid PCB do not affect the
sensing behaviour.

The proposed design dimension parameters are listed in
Table I and the PCB interface size is 16.38 x 31.12 x 0.8
mm. The UHF-RFID chip is LXMS21ACNP-184, with input
impedance of 19-j284 ohm and wake-up power of -18 dBm.
When the chip is welded on the board, the impedance of the
interface is expected to change and the detailed analysis is
carried out in next section.

TABLE |
UHF-RFID SENSOR DIMENSION PARAMETERS (UNIT: MM)

Design L1 Lo Ls Wi R1 R
Values | 74 15 40 22 20 | 4.5

The proposed textile antenna sensor is based on embroi-
dered conductive yarns on a polyester substrate (thickness
0.88 mm.) The commercial conductive twisted yarns are made
of 99% pure silver-plated Nylon, the conductivity of which
is 11500 siemens/m. The relative dielectric constant, loss

v
Microwave
Frequency
Q-Meter

Split Post
Resonatot

(@) (b)

Fig. 2. Substrate parameters measurements. (a) Permittivity and loss
tangent measurements, (b) Thickness measurement.

tangent and thickness of the substrate are 1.29 (e,.), 0.00188
(tanD) and 0.88 mm, respectively, measured by a Microwave
Frequency Q-Meter as shown in Figure 2 (a). The thickness
is measured by an Electronics Outside Micrometer (132-01-
040A) as shown in Figure 2 (b). The snap buttons for the
interfaces are made of steel.

B. Impedance Measurement Method

Differential
Mode Probes

Fig. 3. Calibration setup with the differential mode probes for
impedance measurements method

For balanced structures, the impedance characterization
consists of differential mode measurement combined with port
extension of the Microwave Analyzer as shown in Fig. 3 and
it was previously used in [20] [22] [23] [24].

The probes are made from two semi-rigid cables with
ground shields soldered together. Concerning to the procedure,
first of all, the Microwave Analyzer with two coaxial cables
needs to be calibrated by a standard calibration kit. Secondly,
after connecting the coaxial cables to the probes, the function
(port extension [25]) of the Microwave Analyzer needs to be
adjusted in order to move the calibration plane from the ends
of the coaxial cables to the ends of the probes. The traces
in Smith chart of the two ports should roughly converge to
the open circuit position in Microwave Analyzer. Next, the
two tips of the differential mode probes are connected to the
proposed textile UHF-RFID antennas or the feed port PCBs
and the Z parameters in 50 ohms can be obtained. Note that the
measured Z parameters using the differential mode probes are
earth-referenced and need to be transferred for the differential
reflection coefficient (p) of the balanced samples [26] [27].
Finally, Z parameters of the tested samples can be calculated
using the equations 1 as follows,
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270(1 — 511522 + S12521 — S12 — Sa1)
(1 = S11)(1 — Sa2) — S12521

Where Zj is 50 ohms, Si1, S12, S21 and S, are the measured
S parameters, Z,, is the Z parameter of the balanced samples.

Zant = (D

C. Embroidery Procedure

The electrical and mechanical characteristics of an em-
broidered design are highly dependent on the embroidery
setting such as the stitch pattern, stitch density and number
of embroidered layers. A commercial embroidery machine
(Singer Futura XL-550) is used to embroider the patterns on
the substrate (polyester). For the proposed design, the ’satin
fill’ mode in the embroidery software (EasyDesign EX4.0) is
adopted, the stitch density is adjusted to 80% of the default
value and in the manufacturing process, the proposed yarns
are utilized in both sides of the substrate as the conductive
yarns and support yarns.

Simulated Model

Format Conversion

- Sent to the
Machine an

Embroidery Patte
Processing '

Fig. 4. Embroidery procedure.

The embroidery procedure is detailed in Figure 4. And the
detailed steps are listed as below,

1.First, the geometric dimension of the design is obtained
from the 3D full electromagnetic simulations.

2. Second, the antenna geometry is converted to an embroi-
dered pattern. The software needs to be adjusted carefully to
guarantee that the size and boundaries of the designs are not
affected by the embroidery patterns.

3. Third, the stitch pattern and the density should be adjusted
and kept constant.

Note that, in order to reduce the electrical conductivity of
the embroidered substrate, both, top and bottom yarns are
conductive.

D. RSS! Sensing Principle

RSSI determines the strength of a wireless signal received
by a device, which is affected by many factors in the environ-
ment according to the Equation 2

RSSI = P, + Gy + G, — L. — Ly, (dB) )

Where P; is the power from the transmitting antennas, G
is the gain of the UHF RFID Reader, G, is the gain of the
UHF RFID tag, L. is the power loss of the conductive lines
and Ly, is the power loss in free space, Equation 3).

3)

Where f is the wave frequency in MHz and D is the transmis-
sion distance in km.

When the antenna gain of the UHF RFID tag is affected
by factors such as bending and/or stretching and the rest of
the parameters remains constants, the RSSI is modified and it
can be used as a sensing parameter. Therefore, the UHF RFID
textile tag can be used as a sensor.

Lys =325+201g f(MHz)+201g D(km)

I1l. SIMULATION AND MEASUREMENT

A. Equivalent Circuit Simulation and Impedance
Measurement of the Interface

Space between
i"’ Circle Metal
“ | Plates

Fig. 5.
and the snap buttons. (a)Geometry, (b)equivalent circuit

Geometry and equivalent circuit of the interface with the chip

When the chip is welded on the board, the impedance
of the interface is expected to change (different from initial
impedance 19-j284 ohm). Therefore, the accurate impedance
of the interface with the chip and snap buttons need to be
measured and analyzed for the textile UHF-RFID antenna
sensor simulation as a feed port. The geometry and equivalent
circuit of the interface with the chip and the snap buttons are
shown in Fig. 5. A conventional via can be equivalent to an
inductor with a resistor in parallel and a grounded capacitor
in cascade [28].

The equivalent circuit of the interface with the chip and the
snap buttons is shown in Fig. 5 (b). Where Ls and Cs represent
the inductance and capacitance of snap button, respectively. Cg
models the capaciante between snap button and ground, and
Cic and Ric model the IC input impedance.

Therefore, from one port, the equivalent input impedance
(Z.) can be given by,

Ze:(Ls//CS+R10//ClC+Ls//Cs+Cg)//0g 4)
in detail,
1
Zelw) = I : )
T + jwC
(ﬁij“’CS * Rlic +fwcic+jwlcg) JWg

Where w is the angular frequency. R;. (4.264 kOhm) and Cj,
(0.64 pF) are the complex impedance of the used chip. Lg, Cs
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and Cy need to be estimated by means of measured results and
the Equation 5.

The measurement setup for the interface impedance is
shown in Fig. 6. After obtaining the measured impedance
curves of the interface, L,, Cs and C, can be calculated by
the Equation 5 and the results are listed in Table II.

Fig. 6. Experimental setup for the interface impedance. (a) Photograph
of the setup and (b) experimental setup configuration.

TABLE Il
VALUES OF THE EQUIVALENT CIRCUIT COMPONENTS
Components Lg Cs Cy
Values 12.65 nH | 0.43 pF | 2.68 pF
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Fig. 7. Modelled impedance and measured impedance curves of the

interface

The modelled and measured impedance results are shown in
Fig. 7. It is found that the modelled resistance and reactance
curves of the interface are close to the measured curves.
Therefore, the measured impedance of the interface for the
textile UHF-RFID antenna sensor is 5.06-j60.27 ohm.

B. Impedance Simulation and Measurement of the
Textile UHF-RFID Design

After obtaining the real impedance of the interfaces at 868
MHz (5.06-j60.27 ohm), the textile UHF-RFID antenna sensor
simulation for the model shown in Fig. 1 can be carried out
by using a full wave 3D electromagnetic (EM) simulation
software. Note that the antenna is expected to be designed
for a conjugate matching with the interface. The experimental
setup for the impedance test of the embroidered designs is
shown in Fig. 8 and the simulated and measured results are
shown in Fig. 9. It is found that the measured resistance

Microwave
Analyzer
T Common-
‘ earth Cables
Movable Ll
' Analyzer ) :
. = Textile Antenna
(a) (b)

Fig. 8.  Experimental setup for the impedance of the embroidered

designs. (a) Photograph of experimental setup, (b) Experimental setup
configuration.

and reactance curves are close to the simulated curves. In
detail, the difference between the measured and simulated
resistance parts at 868 MHz is 3 ohm and the corresponding
to the reactance parts is 4 ohm in absolute value (simulated:
12.52+j56.77 ohm, measured: 9.24+j60.51 ohm). Moreover,
the interface impedance at 868 MHz (5.06-j60.27 ohm) is
almost conjugate matching with the antenna (9.24+j60.51
ohm).

=120 J—=—Resistance of the measured design

g 100 4 Reactance of the measured design

b {—"— Resistance of the simulated design

% 80 H—o— Reactance of the simulated design

2 601

é B

g 40

% 20
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Frequency(Hz)

Fig. 9. Simulated and measured impedance curves of the textile UHF-
RFID antenna sensor

C. Read Range Tests in Air

___________________________________________
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Fig. 10. Experimental setup for the read ranges of the textile UHF-RFID
antenna sensor. (a) Photograph of experimental setup, (b) Experimental
setup configuration.

The experimental read range measurements have been
performed in an ordinary room laboratory to reproduce a
real environment where some effects such as electromagnetic
interference (EMI) or reflective effects can be produced.
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The read range setup test is shown in Fig. 10. The read
range evaluation has been done by fixing a constant distance
between reader and tag of 0.7m whereas the reader output
power is swept down until the tag is not detected.

The reader antenna (MT-242025/TRH/A/A) can be con-
trolled by the M6E Kit which is connected to a laptop with
specific control software.The maximum value of the read range
can be calculated by the threshold power and the read range
is obteined by the Friis Transmission Formula [29] as follows,

- A /PthGT T
dmaw - E Pith (6)

where d,nq, 1S the maximum value of the read range, A
is the wavelength at 868 MHz, P; is the power fed into the
reader antenna, G is the gain of the reader antenna (7 dBi),
G, is the gain of the proposed UHF-RFID antenna, 7 is the
largest power transmission coefficient and Py, is the minimum
wake-up power of the chip(-18 dBm). In addition, the cable
loss between the reader antenna and the reader is considered
(0.8 dB). Note that the P;, G, G, and P, are expressed in
international system units.

The proposed antenna has a maximum realized gain of 1.38
dBi. The simulated and measured read ranges are listed in the
Table III. It is found that simulated and measured read ranges
are close and the measured read range is up to 5.22 m in air.

TABLE IlI
SIMULATED AND MEASURED READ RANGES AT 868 MHZz IN AIR (UNIT:
M)
Case Simulated | Measured
Value 6.74 5.22

V. APPLICATION AND DISCUSSION

In order to explore the compression ability of the electro-
textile UHF-RFID antenna sensor for human beings, two
application scenarios; bending on a knee and respiration
frequency, are tested. The bending on a knee measurement
can be useful when people exercise or have a postoperative
recovery process. In this scenario, the electro-textile UHF-
RFID antenna sensor on knees can record the knee flexion
angles with the corresponding RSSI values. The respiration
frequency rate can be applied when breathing of patients or
common babies need to be monitored. Moreover, the data can
be recorded by portable electronic equipments.

The sensing capability is only due to e-textile antenna;
the rigid interface does not have sensing behaviour. However,
the rigid PCB is necessary to attach the snap button which
guarantees the interconnection under stretching stress and it
allows the detachable interface of the IC when washing is
required.

A. Bending Angles Monitor on a Knee

For exploring the feasibility in the first application scenario,
the experimental setup for a bending angles monitoring on a
knee is shown in Fig. 11. In this test, when the knee is bended,
the RFID reader and related software can record the values of

ff( /;
pi)

Keep a Distance !

| kk“‘B\\‘Bending Leg

Tested Sample  with Different
Angles

RSSI is Recorded
when Angle Changes

Fig. 11. Experimental setup for a bending angles monitor on a knee. (a)
Experimental setup configuration, (b) photograph of experimental setup,
(c) case diagram of angle tests.

the current RSSI as shown in Figs. 11 (a) and (b). To validate
the sensor functionality, a photograph of each measured point
has been taken and the knee flexion angle has been processed
through image processing and compared with the proposed
sensor as shown in Fig. 11 (c). Note that the angle of 180°
refers to the sensor sample fixed flat on the pants while the
angle of 168° refers to the sensor sample fixed on the knee
due to the initial shape of the knee. In this case, a distance
of 1m between the RFID reader and the RFID tag has been
fixed.
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Fig. 12. Bending angles monitor RSSI values and a fitting curve varying
with angles.

The RSSI values and a related fitting curve varying with
angles are shown in Fig. 12. The RSSI-angle fitting curve
conforms to a quadratic function model whose coefficients
are listed in the Fig. 12. The RSSI range varies from -
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42 to -58 dBm when bending angle varies from 180° to
110°, respectively. The fitting coefficient (R2) is 0.993, which
means the curve has a good fit to the measured values.
From this analysis, the feasibility of the electro-textile UHF-
RFID compression sensor as a bending knee angles monitor
is proved.

B. Respiration Monitor

For exploring the feasibility of the proposed sensor to mon-
itorize the respiration rate, the experimental setup is shown in
Fig. 13. The electro-textile UHF-RFID compression sensor is
fixed on a person breathing at respiration rate of 3 Hz (about 1
breath every 3 seconds). While breathing continues, the RSSI
is measured and processed by the RFID reader at a fix distance
of 1 m.

Tested Sample )

i ((pg the Chest |
EI\J‘V ! »»a‘::‘n-——. _____ d “
T/Kee'p a Distance

Breathing with Sample
Deformation

(@) (b)

Fig. 13. Experimental setup for a respiration monitor on a chest (about 1
breath/3 seconds). (a) Experimental setup configuration, (b) photograph
of experimental setup.
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Fig. 14. Respiration monitor RSSI values and a smoothed curve varying
with time (about 1 breath/3 seconds)

The measured raw RSSI data and related smoothed RSSI
curves are shown in Fig. 14. The smoothed RSSI curve can
be obtained by the Savitzky-Golay fitting way using data
analysis and a graphic software. The measurement results
shown the RSSI decreased from -40 dBm to -45 dBm during
inspiration phase and increase from -45dbm to -40 dBm during
the expiration phase with a respiration rate of 3 Hz, which
denotes the feasibility of the proposed electro-textile UHF-
RFID compression sensor as a respiration rate sensor.

V. CONCLUSION

In this paper, an electro-textile UHF-RFID compression
sensor with the corresponding interface was developed and
evaluated for two application scenarios. In order to maximize
the read range, the antenna was designed to optimize the
matching between IC and antenna. In order to do that, the
electro-textile interface based on snap buttons was modelled
and experimentally characterized and an experimental read
rage of 5.22m was achieved. The RSSI parameter was used
as a figure of merit to validate the feasibility of the proposed
compression sensor under two different health care applica-
tions scenarios. The RSSI showed a variation from -42 dBm
to -58 dBm when the RFID tag sensor was located on the
knee and a flexion angle from 110° to 180° was applied to the
knee, respectively. When the proposed sensor was located in
the chest, the RSSI increased and decreased from -45 dBm to
-40 dBm during expiration and inspiration phase, respectively.
Therefore, the feasibility of the electro-textile UHF-RFID tag
as a compression antenna sensor was proved.
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Abstract—With the trend of textile sensors, embroidered sen-
sors for body fluids measurements are getting attention. In this
paper, an embroidered textile sensor with a capacitive spiral
structure is proposed and used to measure the capacitance
when being poured by sucrose solutions with different levels of
concentration at different frequencies. Since the coefficient of
determination (R?) near 0.997 from 250 Hz to 500 Hz shows the
curves fitting well, the feasibility of the capacitance varying with
different levels of concentration (0 - 250 mg/dl) in a linear curve
at certain frequency range (250 - 500 Hz) is confirmed.

Index Terms—Embroidered textile sensor; capacitive spiral
structure; sucrose solutions; yarn; polyester.

I. INTRODUCTION

Wearable sensors for health-caring monitoring and diagno-
sis are of growing concern in recent years. Some wearable
sensors have been utilized for some disease-warning, phys-
ical fitness monitoring or emergency-rescuing applications,
such as contact lens[1][2] with electrochemistry sensors for
glucose monitoring in tears, an epidermal patch [3] with
chemical-electrophysiological hybrid biosensor configuration
for monitoring of sweat lactate levels and heart rate, and an
instrumented mouthguard capable [4] with wearable salivary
uric acid biosensing platform for the response or uric acid
levels monitoring. These sensors are complexly designed on
special substrates to measure and monitor some kinds of
body fluids in special situations where some sensor platforms
need to be put into eyes or mouth of human beings. In
order to relieve discomfort and fully utilize advantages of
modern clothes, wearable textile materials are worth choosing
to design sensors for body fluids monitoring due to the
fast development of embroidery technologies [5] and flexible
electronic components and technologies [6]. With regard to
the reliability for textile wearable sensors on different textile
substrates, our group proved that certain textile sensors can
keep its functions and performance in standard conditions after
several washing [7]. Moreover, textile wearable sensors can
reduce the manufacturing time and cost due to embroidery
technique processing and low-cost yarns and textile substrates.

currently, some embroidered textile sensors correspond to
textile piezoresistive sensors and inductive sensors designed
for some health-caring, environment-monitoring or artificial
intelligence applications. The applications mainly include
physiological recordings by electrocardiogram and thoracic

978-1-7281-5278-3/20/$31.00 ©2020 IEEE

impedance measurements [8], trunk movements tracking using
a zigzag pattern sensor [9], and skin temperature monitoring
using an armband with a sensing yarn [10]. However, there are
less embroidered textile sensors for body fluids measurements
compared with the aforementioned cases and some internal
biosensors with advanced integrated circuit technologies. In
this paper, an embroidered textile sensor with a capacitive
spiral structure is designed and utilized to measure the capac-
itance when being poured by sucrose solutions with different
levels of concentration at different frequencies.

The paper is structured as follows, the manufactured mate-
rials and designed methods for the proposed sensor, measure-
ments setup and test methods are illustrated and described in
Section II. The experimental results, analysis and discussion
are shown in Section IIl. The conclusion is made in Section
Iv.

II. MATERIALS AND METHODS
A. Capacitive Spiral Sensor

The proposed textile sensor based on a capacitive spiral
structure is embroidered on a polyester woven fabric as shown
in Fig. 1. A practical sample is shown in Fig. 1(a), and
the designed model with some structure details is shown in
Fig. 1(b). The textile sensor is considered to be compact
and certain capacitive characteristics in a limited space, the
spiral structure becomes a one of choices which refers to
the common plate capacitors and electrolytic capacitors. The
textile material of this sensor is a commercial conductive
twisted yarn (Shieldex 117/17 dtex 2-ply) made of 99% pure
silver-plated Nylon. This kind of conductive yarn is chosen
since sensors with the silver-plated yarn had better ranked
performance in terms of sensitivity, linearity, and steady state
for wearable applications[11]. With regard to the substrate
material for the sensor, it is a good choice to use polyester
woven fabric due to the high popularity in clothing and good
dielectric performance.

In addition, permittivity (¢,, = 1.5) and loss tangent (tanf
= (0.0189) of the polyester woven fabric have an effect on the
sensor performance. Thus the two factors are measured by a
split post dielectric resonator with a Microwave Frequency Q-
Meter as shown in Fig. 2(a). To embroider the pattern of the
sensor on the polyester woven fabric substrate, a professional
embroidery machine (Singer Futura XL-550) is used as shown
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in Fig. 2(b). In the manufacturing process, the proposed yarn
are utilized in both sides of the substrate as the conductive
yarn and support yarn.
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Fig. 2. (a) Microwave frequency Q-Meter for permittivity measurements (b)
Embroidery machine

B. Measurement Methods and Setup

The proposed sensor is a type of electrolytic capacitive
sensors whose capacitance is sensitive to different materials
of the substrate and the distances between the positive and
negative yarns. The two conductive yarns both are embroi-
dered by a single yarn as the positive electrode and negative
electrode. When the sucrose solutions are poured on the sensor,
the substrate (polyester) will absorb the solutions which make
the dielectric properties of the substrate changing. When the
distance between the positive and negative yarns is fixed after
embroidering, the capacitance will change due to the impact
of the solutions with different levels of concentration onto the
effective dielectric constant of the sensor.

As shown in Fig. 3, the pads of the positive and negative
yarns are connected to the LCR Meter (Rhode & Schwarz
HM&8118) with a couple of flips and the sucrose solutions with
different levels of concentration from 0 mg/dl to 250 mg/dl are
poured onto the surface on the sensor, respectively. Note that
the pure water was used as the solvent to avoid effects from
impurities. For each solution, the capacitance values of the
sensor are measured at frequencies from 20 Hz to 200 kHz in
order to determine the frequency where the capacitance varies
with different levels of concentration in a linear curve.

Se ~ " Beaker with
ensor

solutions
(a) ()
Fig. 3. Measurement setup for capacitance values of the sensor with

the solutions with different levels of concentration. (a) Measurement setup
configuration. (b) Photograph of measurement setup.

III. RESULTS AND DISCUSSION
A. Results

The experimental capacitive frequency response for the
sucrose solutions with the concentration from 0 mg/dl to 250
mg/dl has been tested and three levels (0 mg/dl, 100mg/dl and
250mg/dl)of them are shown in Fig. 4. From this figure, it can
be observed that the capacitance is affected by the frequencies
and the levels of concentration. The measured capacitance
decreases gradually before the frequency of 1kHz and slowly
after it in all cases, meanwhile, the capacitance also decreases
with rise in concentration. The trends of the curves can be
simply analyzed using the operation principle of electrolytic
capacitor [12]. with regard to some studies [13], in qualitative
terms, due to the interaction between the sucrose solution and
the textiles, the parasitic capacitances exist. However, when the
frequency rise, the impacts of parasitic capacitances decrease
which cause the overall capacitance gradually decline as the
frequency increases.

Moreover, the fact that the capacitance also decreases with
rise in concentration can be simply analyzed according to the
ideal formula corresponding to a capacitor as follows,

g0&rS 1

4 (1)
where ¢( is the permittivity of free space, ¢, is the relative
permittivity of the material between the positive and negative
yarns, d is the distance between the two yarns and C is the
capacitance of the sensor.

Note that the formula 1 is just used to analyze the trends
of the curves but in real measurements there are some im-
pact factors from environments and errors that need to be
considered. For the fixed sensor, the S, d and 3 can be
considered as constant, thus the ¢,. is the main factor to affect
the capacitance. From formula 1, when the sucrose solutions
are poured onto the embroidered sensor, the value of ¢, will
change with different levels of concentration. In addition, with
regard to the studies [14][15], the relative permittivity £, of
sucrose solutions is expected to decrease as the concentration
increases.

Figs. 5 (a), (b), (¢) and (d) provide the measured capacitance
curves of the sensor tested in terms of the sucrose solutions

C:
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Fig. 4. Capacitance of the sensor tested at different frequencies in the sucrose
solutions with concentration of 0 mg/dl, 100mg/dl and 250mg/dl.

with concentration values from 0 mg/dl to 250 mg/dl at
20Hz, 250Hz, 500Hz and 20kHz, respectively. In general,
the concentration of an unknown sucrose solutions can be
calculated by the regular Xc-concentration curve. However,
it is difficult to analyse the concentration when the sensor
works in an irregular way at lower frequency point such as
20Hz in Fig. 5(a) or higher frequency point such as 20kHz in
Fig. 5(d). From Figs. 5(b) and (c), a linear function (y=a+bx)
is utilized to fit the data and the coefficient of determination
(R?) shows the curves fitting well. Thus the typical working
frequency range can be confirmed from 250Hz to 500Hz. In
this frequency range, the capacitive sensor can work in the
sucrose solutions with a certain linear trend.

B. Discussion

From the results, the feasibility of the embroidered capaci-
tive sensor for sucrose solutions is confirmed and the sensor
can work to measure the capacitcance with solutions in a
linear way at the certain frequency range. Since currently
there are less researches on body fluids measurement using
embroidery sensors, this work is a first step for this kind of
measurements. Next step of the work is to test the similar body
fluids measurement and solve some reliability problems.

IV. CONCLUSION

To conclude, an embroidered textile sensor with a capacitive
spiral structure is proposed to contribute to the embroidery
sensors research about body fluids measurements. In this work,
the proposed sensor is embroidered by polyester woven fabric
as the substrate and silver-plated Nylon as the conductive and
support yarn. The sensor is used to measure the capacitance
when being poured by sucrose solutions with different levels
of concentration in different frequencies in order to confirm the
feasibility of the concentration measurements in a linear way
for this sensor. Through analysing the results, the capacitance
varying with different levels of concentration in a linear curve
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Fig. 5. Capacitance of the sensor tested in the sucrose solutions with different
levels of concentration at different frequencies. (a) 20Hz. (b) 250Hz. (c)
500Hz. (d) 20kHz.
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can be measured at certain frequency range from 250Hz to
500Hz.
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