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Abstract 

 

Smart textile or electro-textile (e-textile) is defined as fabrics constructed entirely or partially 

by electrically conductive material, which can be integrated with clothing as a part of body-

worn electronics. The main features of e-textile that make it so desirable are its flexibility, 

durability and high corrosion resistance as a type of daily carry-on electronic device. Over the 

past decade, e-textile antennas have gained tremendous attention. The close-body nature of 

such antennas possesses great potential in various fields such as daily communication, 

personal healthcare and body area networks (BANs). However, due to flexible structures of 

the e-textile, it can be easily affected by body movements. Therefore, the challenges exist in 

the application of wearable antennas are the factors that are difficult to predict and control. 

The purpose of this thesis is to present comprehensive study into multiple types of e-textile 

integrated antennas and their real-life applications, including NFC antennas integrated body 

sensing device, RFID antennas and broadband monopole antennas integrated body-worn 

energy harvesting systems. This thesis is comprised of three main research areas. 

The first area of this work focuses on the development of novel e-textile embroidered 

wearable near-field communication RFID antennas, which includes antenna design through 

full electromagnetic wave simulation, fabrication with conductive treads and textile 

substrates and measurements under various circumstances such as mechanical bending and 

human body effects. The measurement results show that the proposed NFC antenna is able to 

operate under significant degree of bending as well as direct skin contact attributed to its 

broad operating bandwidth. Distinguished from conventional NFC antennas, e-textile NFC 

antennas are ensured to be capable of communicating at desired operating frequency of 13.56 

MHz while placed on almost any place on clothes. Based on this design, a smart textile 

integrated wireless powered near field communication (NFC) body temperature and sweat 

sensing system has also been developed. In this research, temperature and sweat sensors are 

embedded and powered by an e-textile NFC antenna enabling battery-free and wireless 

sensing operation.  The proposed device is seamlessly integrated with close-fitting garments 

and the sensor data can be acquired with NFC readers and smart phones, which achieves real-

time health monitoring in a convenient and non-intrusive way. The sensor data can be 

accessed with maximum read distance of 6 cm. The on-body accuracy of the temperature and 

sweat sensors is measured as ±0.14°C and ±0.2%, respectively. The proposed device aims to 
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provide ubiquitous wireless and battery-free connectivity for daily healthcare and wellbeing 

monitoring. 

The second area includes design, fabrication and measurements of e-textile integrated 

antennas for various applications. Two designs are presented in this part. The first one is a 

machine embroidered wearable e-textile wideband UHF RFID tag antenna. The antenna read 

distance is above 6.5 m between 860 MHz and 960 MHz. The tag reading has been tested 

both in air and on body where the maximum read distance are 7.23 m and 4.71 m, 

respectively. The second design is a novel e-textile integrated wideband monopole antenna 

that aims to be applied in body-worn RF energy harvesting systems. The proposed antenna is 

constructed with silver coated conductive threads woven into cotton substrate. A novel dual 

circular patch structure is introduced to achieve a wide operating bandwidth which covers 

GSM bands (range 870.4-915 MHz and 1.7-1.9 GHz), LTE bands (range 0.79–0.96 GHz; 

1.71–2.17 GHz; and 2.5–2.69 GHz) and Wi-Fi frequencies (2.4 and 3.6 GHz).   

The last area under investigation is to develop a functional on-body ambient RF energy 

harvesting system by combining an e-textile antenna array with a multiband low-input 

rectifier. The antenna array is constructed with two identical broadband monopole antennas, 

which achieves relatively high gain and efficiency at most occupied ambient RF frequency 

bands. A compact six-band rectifier is integrated with the textile antenna with corresponding 

working frequencies. Experimental results show that the harvesting device performs stably 

with low input power down to -20dBm, and it is able to generate highest DC power of -11.67 

dBm with a wireless power source at a single frequency (0.9 GHz). 

This work has successfully demonstrated design and performance of a number of novel e-

textile fabricated antennas and antenna-based electronics (wireless sensors and RF energy 

harvester). The challenges over this topic such as human body effects and external forces that 

might be taken by the antennas have been discussed and overcome.  This work is believed to 

be a great contribution to the field of wearable electronics. 
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Chapter 1   Introduction 

1.1. Motivation of this work 

Nowadays, body worn electronics have been vastly developed in order to catch up with ever 

increasing data usage and achieve ultimately convenient, secure and personal services. Such 

devices are applied in numerous of fields, such as personal media, health monitoring, wireless 

data exchange and electronic bill payments. As it shows in Fig. 1-1, there are numerous types 

of wearable electronics due to the large available body area. Most of the body worn 

electronics, particularly those implanted on clothes, are expected to be light weight, durable, 

conformable and skin-friendly. During the past decade, increasing types of advanced 

materials, such as carbon materials, quantum dot light‐emitting diodes and metal nanowires, 

have been contributed to wearable electronics [1]-[4].  

 

Fig. 1-1. Wearable electronics [5]. 
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E-textile integrated electronics, as a general concept of combining electronic device with 

closing-fitting garments, have been widely developed over recent years. The definition of e-

textile (or smart textile) is fabrics that enable digital components and electronics to be 

embedded in them, which is normally formed with conductive yarns and applied within daily 

clothing. The close-fitting property of e-textile electronics is especially desirable in forms of 

antennas and body sensors for fields of emergency first-responder personnel such as military, 

hospital and astronauts [6-8]. 

 

(a) (b) 

 

(c) 

Fig. 1-2. Fabrication methods of e-textile antennas: (a) conductive yarns (b) metal-coated 

fabric patches (c) Silver-printed inductive coil on cotton fabric [6]. 

The most common fabrication methods for e-textile antenna circuits are conductive yarn 

embroidery, metal-coated fabric patches integration and ink-jet metal printing as it presents in 

Fig. 1-2, where conductive yarn embroidery is considered particularly suitable for both 
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antenna fabrication and sensor implantation due to the ease of structure modification, high 

durability and toughness towards external forces. 

For the convenience provided by e-textile based wearable electronics in modern life and their 

real-time application which makes great contribution to Internet of Things (IoT), it has been 

desirable to introduce new and advanced closed-body electronics into our daily life in a more 

sufficient and subtle way. This work is innovated by the idea of integrating electrically 

conductive threads with fabric of daily clothing using machine embroidery, which functions 

as wearable antennas and electronic devices based on antennas, such as wireless sensing 

systems and even wearable power generator.  

In the design process of e-textile antennas, the most challenging aspect is that the device may 

become electrically unstable under external forces due to its conformable structure. Therefore, 

the most suitable designs to start with are NFC and UHF RFID antennas for their small sizes 

and wide range of applications. On the other hand, the large available body area on the back 

of clothing is suitable for implanting far-field radiating broadband e-textile antennas with 

larger sizes since this part of the body take minimum effects from skin contacts and body 

movements, where e-textile RF energy harvesters (rectennas) can be applied. The greatest 

challenge exists in developing e-textile integrated far-field rectennas is the antenna efficiency 

can be compromised due the extra power loss within conductive threads. At present, there are 

no reported designs that focus on RF energy harvesting using purely e-textile embroidered 

broadband antennas. 

So far, about 211 journal paper and 826 conference papers have been published in 

IEEEXPLORE about textile antennas, among which there is only 1 conference paper focused 

on e-textile NFC antennas, 22 journal papers and 96 conference papers for RFID tags and 2 

conference papers for e-textile RF energy harvesters [9]. However, very few of these papers 

are based on conductive thread embroidery. As a newly-developing topic in wearable 

electronics, novel antennas structures, detailed antenna properties and performance are 

expected to be studied for e-textile integration. 
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1.2. Aim and objectives 

 

The aim of this work is to design and fabricate novel e-textile integrated antennas as well as 

to develop wearable devices based on these antennas which can be applied into daily life. The 

objectives of the research in this thesis are: 

 

• To develop an e-textile NFC antenna that is suitable for daily wearing, for which antenna 

structure, textile material selection, manufacturing process and antenna performance 

under various circumstances should all be considered. 

• To achieve a relatively wide operating bandwidth for an NFC antenna. 

• To analyse the performance of an NFC antenna response to external forces such as 

bending and pressure. 

• To verify how the read distance of e-textile RFID and NFC antennas respond to skin and 

clothe contact.  

• To integrate e-textile NFC antenna and compact wearable sensing device for wireless 

battery-free near field sensing applications. 

• To increase the voltage acquired from an e-textile NFC antenna in order to power 

external sensors. 

• To develop an e-textile embroidered UHF RFID tag antenna with relatively wide 

operation bandwidth. 

• To develop a broadband e-textile antenna that covers multiple ambient power frequency 

bands, which can be applied into a wearable energy harvesting system. 

• To take advantage of the large body area for applying a highly functional e-textile RF 

energy harvester. 

• To develop a functional wearable RF ambient energy harvesting devices for low power 

electronic applications. 

• To achieve a minimum usage of e-textile material while maintaining the antenna 

performance for a low cost application. 

1.3. Thesis outline 

This thesis contains 8 chapters that mainly focus on design, simulation, fabrication and 

measurements of e-textile integrated NFC antennas, RFID antennas, and broadband 
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monopole antennas along with the developed applications based on these antennas. Chapter 1 

presents the background of this work, motivation and objectives of the research in this thesis. 

In Chapter 2, an overview of wearable electronics for body worn communication with a 

detailed literature review of the state-of-art development of electronic textile, antenna designs, 

rectenna designs and body sensors for these applications is presented. Chapter 3 describes the 

methodology applied in this work, including design procedures and experiments that are not 

fully covered in the publications. The detailed findings are presented in Chapters 4 to 7 in 

forms of scientific publications. 

• Chapter 4 presents the development of a novel e-textile integrated NFC antenna. The 

antenna is designed based on the parameters of selected textile material for antenna body 

and substrate and simulated through full electromagnetic wave model. The proposed 

antenna is fabricated with silver coated conductive thread and cotton and measured with 

both VNA and NFC reader for S-parameters and read distance. The antenna 

measurements under mechanical bending and human skin contact shows that it performs 

properly while placed on skin as well as under significant bending angle due to its 

relatively wide operating bandwidth. 

• Chapter 5 presents a smart textile integrated wireless powered NFC body temperature 

and sweat sensing system which is developed based on the NFC antenna discussed in 

Chapter 4. The proposed sensing device composed a temperature sensor and a sweat 

sensor integrated with an e-textile NFC antenna where the sensor data can be acquired 

simultaneously. Since the temperature sensor is built in the microchip matched to the 

NFC antenna, a voltage booster is connected between the sweat sensor and the antenna in 

order to produce a steady voltage source. Distinguished from conventional wearable 

sensors, the proposed wearable sensing system provides anytime wireless connectivity 

for point-of-care and battery-free operation.   

• Chapter 6 discusses the development of two types of machine embroidered e-textile 

antennas. The first part presents an e-textile fabricated wideband UHF RFID tag antenna. 

The antenna is designed to be matched to the RFID chip between 860 and 960 MHz. The 

read range of the tag has been measured in air, with vicinity to human body and on 

sleeve. Although the tag performance can be affected as it is placed closely to human 

body, it still can be read within a steady distance at the desired frequency range. The 

second part presents a novel e-textile monopole antenna which is designed for energy 

harvesting applications. The antenna body is designed in a shape of combination of two 
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circular patches, which is able to operate in a wide bandwidth (0.5 to 5 GHz). Both 

simulated and measured radiation patterns of the antenna at various frequency range are 

presented and discussed. The proposed antenna is considered suitable as a receiving 

antenna to be applied in an energy harvesting device which aims for ambient RF power 

in frequency bands that includes  GSM bands (range 870.4-915 MHz and 1.7-1.9 GHz), 

LTE bands (range 0.79–0.96 GHz; 1.71–2.17 GHz; and 2.5–2.69 GHz) and Wi-Fi 

frequencies (2.4 and 3.6 GHz).   

• Chapter 7 presents the development of a novel wearable energy harvesting system 

constructed with a pure e-textile broadband dual antenna array and a compact six-band 

rectifier. The textile antennas are seamlessly integrated with skin friendly cotton 

substrate, which is wearable for relatively large body area in order to harvest ambient RF 

energy. The operating bandwidth of the proposed device covers the most occupied RF 

power generating frequency bands. This system aims for providing constant DC power 

for body sensors, which has the potential to be applied in various fields as a part of body 

area network.  

At last, Chapter 8 summarises the major contributions of this thesis. The limitations and 

future work based on this research are discussed.  
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Chapter 2   Literature Review 

2.1.   RFID Antennas 

The first idea of radio frequency identification (RFID) technology can be tracked back to 

World War II. The Germans discovered a method of changing the radio signal reflected back 

from the German planes in order to identify these planes from enemy aircrafts. Afterwards, 

the British developed the first active identify friend or foe (IFF) system based on this method. 

The implanted transmitter on each British plane began to broadcast a signal back that 

identified the aircraft as friendly once it received signals from radar stations on the ground. 

This system established the basic concept and the two main types of RFID technology: when 

a signal is sent to a transponder, it responds with either reflecting back a signal (passive 

system) or broadcasting a signal (active system) [1]. 

 

                        (a)                                                                          (b) 

Fig. 2-1. Examples of RFID tags: (a) active [8] (b) passive [9]. 

Examples of active and passive RFID devices are presented in Fig. 2-1. Active RFID devices, 

such as the transponders attached to aircrafts mentioned above, require a power source (most 

commonly an integrated battery). Therefore, the lifetime of the tags is limited to the stored 

energy. In commodity markets, passive RFID tags have raised more interest due to their 

battery-free operation, indefinite life-time and small sizes [2]. Till this day, RFID technology 
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has been applied in diverse industries, such as shipment tracking, inventory control [3], 

healthcare [4] and distributed sensors [5]. This technology is still evolving to become more 

sufficient and worldwide with the development of mobile platforms [6] and Internet of 

Things (IoT) [7]. 

 

Fig. 2-2. Functional blocks for reading data from a backscatter RFID tag: left: reader; right: 

tag [11]. 

In RFID technology, several frequency bands have been standardized: Low-frequency (LF, 

125-134 kHz) and high-frequency (HF, 13.56 MHz) systems are the most developed and 

globally applied technology, which are based on quasi-static magnetic flux coupling between 

the reader's and tag's coils. The devices operate in the high-frequency band (13.56 MHz) are 

also called near field communication (NFC) tags, which will be further introduced in Section 

2.2. Ultra-high-frequency (UHF, 860-960 MHz) and microwave (2.4 GHz and 5.8 GHz), as 

emerging technologies, employ electromagnetic interaction among true antennas and permit 

longer communication distance [10]. A typical RFID system can be defined by the principle 

of modulated backscatter as it presents in Fig. 2-2. The tag reading of this system operates as 

follows: after the tag receives an unmodulated signal sent by the reader, it reads its internal 

memory of stored data and changes the loading on the tag antenna in a coded manner 

corresponding to the stored data, and the signal modulated with this coded information is then 

reflected from the tag and acquired by the reader [11].  
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Fig. 2-3. Antenna coupling for general RFID [12]: 𝑍𝑟 = 𝑅𝑟 + 𝑗𝑋𝑟  is the reader output 

impedance (usually 50 Ω), 𝑍𝑡 = 𝑅𝑡 + 𝑗𝑋𝑡 is the transmitting antenna impedance, 𝑍𝑎 = 𝑅𝑎 +

𝑗𝑋𝑎 is the tag antenna impedance, and 𝑍𝑐 = 𝑅𝑐 + 𝑗𝑋𝑐 is the chip impedance. 

 

Fig. 2-4. Antenna impedance, chip impedance, and range as functions of frequency for a 

typical RFID tag [20]. 

The antenna coupling mechanism for general RFID can be represented with a conventional 

linear two-port network as it presents in Fig. 2-3 where the coupling coefficient is the 

transmission loss between two ports [12]. For UHF RFID antennas (860-960 MHz) with 

desirable read range, the most essential part of the design is the conjugate matching between 
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the antenna impedance and the tag impedance. As shown in Fig. 2-4, a typical dipole RFID 

antenna is capacitive at low frequencies and becomes inductive as it reaches radiative region 

where it can be matched with the chip capacitance. Consequently, the read range and the 

bandwidth of the matched antenna can be determined.  

In recent years, with the development of wireless body area networks (WBAN), the 

integration of UHF RFID antennas with e-textile materials has been brought to sight [13]-

[15], aiming to realize truly wearable and real-time applications such as body sensors [16] 

[17], smart clothing [18] and indoor positioning and localization [19]. In this work, an e-

textile integrated UHF RFID antenna will be presented in Chapter 6, and the design, 

properties and measurements will be discussed in detail.  

2.2.   NFC antennas 

During the past decade, as smart phones have been developed with NFC reading functions, 

Near Field Communication (NFC) has become a necessity in daily short-range 

communication smartphone scanning alongside with a variety of typical applications, such as 

ID cards, credit cards, itemized commodities and hotel room keys [21].  

The main function of an NFC system is the contactless communication between the NFC tag 

and the reader as a wireless short-distance information acquirement. The first development of 

NFC can be traced back to the year of 1970 when it was initially named “Short-Range Radio-

Telemetry for Electronic Identification Using Modulated Backscatter” [11]. This technology 

has been developed based on RFID (radio frequency identification) ever since. In 2004, 

Nokia cooperated with Sony and Philips and established the NFC Forum, promoting the 

security, ease of use, and popularity of near field communication. Afterwards, the first set of 

specifications for NFC tags was produced by the group in 2006 [24]. NFC tags are passive 

devices with small sizes, like a sticker, and the information of which is mostly read-only for 

the access of NFC readers and NFC compatible smart phones while certain tags allow read-

and-write operation in the scanning process. 

As an embranchment of RFID technology, NFC tags possess a shorter communication range 

for security reasons and they have developed along with NXP semiconductors (capacitive 

microchips) [25]. Fig. 2-5(a) presents a typical design of an NFC tag as a small-sized sticker, 

and a typical model of NXP diodes connected within the tag is shown in Fig. 2-5(b). The 

operating frequency of an NFC tag antenna is typically set at 13.56 MHz. A passive NFC tag 
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operates by the transmitted power from the reader [26]. As it is shown in Fig. 2-6, magnetic 

induction coupling is applied between the tag antenna and the reader antenna within a short 

distance to draw its necessary operating power for the IC chip on the tag from the reader’s 

electromagnetic field. Circuits with high quality factors would significantly improve the 

efficiency of this power transfer [27]. NFC tag antennas possess a working distance that is 

typically around 10 cm and a data transfer rate around 424 Kbits/s for which the maximum 

value up to 848 Kbits/s [25]. 

 

(a) 

 

(b) 

Fig. 2-5. (a) NFC antenna [22] (b) NXP diodes [23] 
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For a passive NFC tag, since there is no external battery attached, its read range depends on 

the minimum transmitted power that is needed to operate the tag circuitry. As a result, the 

main challenges in the design process are to minimize the power dissipated by the tag and to 

maximize the converting efficiency between the EM power from the reader and the DC 

power consumed by the tag [26].   

 

 

Fig. 2-6. Magnetic coupling between tag coil and reader coil. 

Existing fabrication methods for NFC antennas, including chemical etching and screen 

printing have been working perfectly for mobile devices and simple electronics [28]. 

However, with the concept to apply NFC technology into everyday garments, the circuit 

design is expected to be light weight, flexible and most importantly, close fitting. In this case, 

the application of electro-textile has become a strong candidate as a method to achieve all the 

terms stated above. 

Study of NFC antenna characteristics and the development of e-textile integrated NFC 

antennas will be demonstrated in detail in Chapter 4. 



32 

 

2.3.   Wearable sensors 

The concept of wireless body sensors has been developed over decades. Until this day, close-

body sensors have become a powerful tool in health care applications that aim for prevention 

and early detection of diseases, providing maintenance for chronic conditions and fitness 

control, such as piezo sensors on the wrist for blood pressure testing [29] and shoe-mounted 

sensor system applicable for both health monitoring and sport performance with functional 

sensors attached [30]. A fully developed health care system based on such sensors is called a 

wireless body area network (WBAN) [31], which possesses great potential to interact with 

internet of things (IoT) and create new opportunities for the society [32] [33]. The 

popularization of close-body sensors is a great step forward in preventive healthcare since it 

constantly raises the users’ awareness of their health status. In [34]-[36], WBANs consisting 

multiple sensors that detect medical signals such as electrocardiogram (ECG) and 

electroencephalograms (EEG) have been presented. The sensors are integrated with sensor 

communication modules (SCMs) in order to be connected with a personal data processing 

unit (PDPU) which passes the data to a PC or local network as it is shown in Fig. 2-7. 

 

Fig. 2-7. Body area network consists of multiple sensors [34] 



33 

 

For the purpose of wireless communication, wearable antennas have also been developed for 

WBANs. For example, in [37], a compact antenna working in medical body-area network 

(MBAN) band (2.36 GHz to 2.4 GHz) is introduced for wearable applications. One of the 

greatest challenges of body-worn antenna is the effects toward performance caused by human 

body, which is mainly due to loading effect of lossy tissue. Therefore, it has provided a 

solution to induce an adapted meta-surface as not only isolating ground plane but also the 

main radiator. 

 

Fig. 2-8. P-FCB circuit [39]. 

For personal media applications, numerous of devices have been developed based on 

electronic textile and become a part of daily garments, such as clothing-based computers and 

MP3 systems [38]. [39] has proposed a textile MP3 player mainly composed by silkscreen 

printed circuit board on fabric patch, IC moulded with non-conductive epoxy and conductive 

adhesive connection as it presents in Fig. 2-8, for which the technology is adapted from 

planar fashionable circuit board (P-FCB). 

During recent years, great interest has been raised in integrating sensors with daily worn 

textile materials since clothes are the most natural and necessary wearables in our daily life. 

However, in real-life applications, textile sensors usually face certain limitations since the 

deformable structure of textile can easily affect sensor performance under external forces 

such as bending and stretching. Among existing research of textile based sensors, mostly 
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aiming for monitoring pressure, body position electromyography (EMG) and heartbeat [40]-

[43], the most desirable properties of such devices are not only the ability to provide a 

conveniently subtle way for real-time monitoring the patients’ status without affecting one’s 

daily life but also a straight forward instruction that benefits the users since they do not need 

to worry about placing the sensors [44] [45]. 

 

Fig. 2-9. Modified blood pressure meter with integrated μC with ECG amplifier, Bluetooth 

module and RFID tag with field detector [47]. 

Along with the development of wireless communication, NFC has been considered being one 

of the potential solutions in wireless health and wellbeing monitoring applications for its low 

cost, low power consumption, relatively simple structure and better usability [46]. As 

presented in [47], NFC has been applied in a blood pressure testing system as a wireless 

switch that enables Bluetooth communication between blood-pressure meters and mobile 

phones for the benefits of remote data storage, as shown in Fig. 2-9. However, in general 

health care system, wearable NFC enabled sensors possess the potential to achieve much 

more than that. In this thesis, a novel battery-free smart textile NFC enabled body 

temperature and sweatiness sensing system for health and wellbeing monitoring has been 

developed. The concept of applying textile based temperature and humidity sensors is 

inspired by [48]. This development focuses on daily heath care, work-out monitoring, and 
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accessing personal health status associated with excessive fever and sweating symptoms 

which are often caused by various kinds of infection, inflammation and trauma [49]. The 

detailed development of this system will be presented in Chapter 5.  

2.4.   e-Textile integrated antennas 

2.4.1.   Smart textiles and wearable antennas 

e-Textiles (also called smart textiles) are defined as conductive fabrics that can be integrated 

as a part of wearable electronics or enable digital components and electronics to be embedded 

in them. The idea of e-textile was firstly brought up in the 90’s when the penetration of 

electronics in our daily life was rapidly growing and introducing crossover research with 

other areas, and the textile industry was one of them [50]. Although integrating electronics 

with daily clothing can be achieved by employing conventional electronic circuits, it is 

limited by the maximum available substrate size, substrate rigidity and fragility [51]. Textile 

materials, on the other hand, as a fundamental and transformational component of people’s 

life for centuries, have been considered an attractive medium for electronic integration. Till 

this day, e-textile has been applied in numerous of areas for sensing, actuating, adopting, 

communicating, self-healing, self-powering, memorizing, learning, etc. [52]. 

In the past 20 years, e-textile integrated wearable antennas have been increasingly popular in 

both electronic and textile industry as a novel production from integrated smart textile. The 

most significant challenges in developing e-textile antennas are due to the soft and absorbent 

nature of the textile material, such as the orientation of the textile breaks the planar properties 

of the antenna circuit while encountering external forces and fibres absorbing moisture from 

the surrounding environment and changing its morphology properties [53]. In the state-of-art 

development, various types of textile antennas have been introduced in order to realize off-

body far-field communications [54]-[59], some of these devices are particularly designed for 

special professions, such as patch antennas applied in protective clothing for firefighters. 

Moreover, [60] presents an e-textile antenna array manufactured with non-woven conductive 

fabric, and [61] illustrates embroidered antennas based on metamaterial substrates. Typical 

fabrication methods for e-textile antennas are presented in Fig. 2-10.  
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                                    (a)                                                                           (b) 

 

                                      (c)                                                                       (d) 

Fig. 2-10. Various fabrication methods for clothing integrated antennas (a) e-fibre textiles 

embroidered antenna [57] (b) Antenna loaded with a 2.45 GHz patch fabricated with metal-

coated nylon RIPSTOP fabric as patch and ground plane and Cuming Microwave C-Foam 

PF-4 foam as substrate [58] (c) carbon nanotube coated e-textile printed on polymer-ceramic 

composites [59] (d) e-textile microstrip patch array with a conductive fabric affixed to a 

Nomex felt substrate [60]. 
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Wearable UHF RFID tags have also been developed based on smart textiles for various 

applications, such as body sensing and health care [62]-[64]. In [65], an epoxy-coated copper 

fabric textile UHF RFID tag is introduced, and the reading range of which is tested before 

and after washing. It has been found that although the textile tag maintains a reading range of 

7 m after 15 cycles of washing (8m before washing), the strong mechanical spinning still 

causes serious damage to the tag circuit and the microchip. Therefore, waterproofing and 

circuit protecting are considered as major objectives for future textile circuit design.  

The most significant factor that differs the performance of e-textile antennas from 

conventional ones is the textile substrate which is mostly deformable and porous. Electrical 

permittivity 𝜀  is the most basic parameter for dielectrics, which is characterized with the 

material dielectric constant ( 𝜀𝑟 ) and the loss tangent (tan 𝛿 ). Generally, the dielectric 

properties of textile material are affected by temperature, moisture, surface roughness and 

packing density of the fabrics [66] [67]. Most textiles possess fairly low dielectric constants 

and the fact that air fills up the gaps between fibres draws their permittivity closer to 1. For 

substrate materials, this property leads to less surface wave loss and therefore offers the 

antennas great potential to perform with high efficiency and gain [53]. The thickness of the 

textile substrate is also an essential factor for wearable antennas. As it reports in [55], the 

surface compression towards a textile patch antenna results in a working frequency shift in 

the return-loss characteristics. This raises another challenge that the performance of textile 

antennas could be unstable while facing substrate compression. 

For textile antenna circuits, physical bending is also considered as an essential factor for the 

power propagation. Among existing work, antenna bending tests have been carried out in a 

number of researches such as [60], [68] and [69], which aim to observe how the antenna gain 

would be affected under external forces. In these researches, the antenna circuits are 

measured while bent around a cylinder with a certain radius (U bend method) in order to 

simulate their performance on arms, legs and shoulders as it presents in Fig. 2-11. The results 

from these experiments have shown that the resonant frequencies of all tested antennas would 

increase with the degree of bending, and the input-match bandwidth would also become 

slightly different. According to the measurement comparison in [68], patch antennas take 

more influence from bending in comparison to EBG antennas and U-slot antennas since the 

patch structure is more substrate-dependent, which are considered less suitable to be 

implanted in wearables. 
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               (a)                                             (b)                                                       (c) 

Fig. 2-11. Antenna bending tests set up of (a) e-textile microstrip patch array [62] (b) patch 

antenna on fabric substrate [68] (c) EBG textile antenna [69]. 

2.4.2.   Conductive fibers and embroidery techniques 

In recent years, conductive fibres (conductive threads) have become widely popular as a type 

of fundamental material for e-textile fabrication. e-textile produced with conductive thread is 

considered particularly suitable for planar close-body electronics such as electromagnetic 

interference (EMI) shielding, wearable antennas and health-monitoring sensors due to its low 

cost, high precision in shaping and great fitness to daily clothing [70].  

The production of conductive threads can be easily achieved with a solid metal wire or 

common insulating threads with metal film coating up to 1µm thick. The downside of such 

methods is that the threads can be easily broken not only during the fabricating process but 

also under multiple bends and stretches [71]. Alternatively, conductive polymer and carbon 

nanotube have been applied as textile coatings in order to achieve high flexibility [72] [73]. 

However, the conductive polymer has been tested to be easily corroded in air and moisture. 

Moreover, due to the relatively high resistivity, none of these materials are considered the 

best choice for highly conductive wearable circuits.  

Since the most desirable properties of conductive threads are high conductivity for circuit 

performance, high flexibility and toughness to withstand the embroidering process, 

researchers have developed a method of producing conductive threads by coating polyamide 
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threads with metallic nanoparticles such as silver, gold and platinum, among which silver has 

been most commonly used due to its reasonable price, low resistivity and high resistance 

towards corrosion. Naturally, conductive threads produced with this method would never 

achieve the same conductivity level with pure metal since the nanoparticle size leads to 

numerous of inter-particle junctions [74]. Such junctions can be reduced by replacing the 

nanoparticles with metallic nanowires [71].  

 

Fig. 2-12. Digital images of conductive yarns with 500× magnification. 

Fig. 2-12 presents a magnified image of typical silver coated polymer conductive yarns. It 

can be seen that a single conductive thread is evenly constructed by numerous of extremely 

thin yarns, the purpose of which is to achieve stable resistance, strength and flexibility. On 

the other hand, it also gives the conductive threads a relatively loose structure that could be 

affected by stretching and compression. 

As listed in Fig. 2-13, e-textile devices can be fabricated with conductive threads using 

various techniques, each of which provides specific features for different circuit properties 

[75]. Among all these methods, machine embroidery is considered the most suitable for 

body-worn antennas fabrication for the following reasons: I. The antenna shape can be 

precisely controlled; II. According to [76], one of the essential requirements for the 
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conductive fabrics of textile antennas is the sheet resistance must be homogeneous over the 

antenna area, which can be more easily achieved using an embroidery machine with high 

resolution; III. A relatively low sheet resistance of the conductive textile can be achieved by 

increasing the packing density of the conductive threads using machine settings.  

Detailed fabrication and performance of machine embroidered e-textile antennas will be 

presented in Chapter 6 and Chapter 7. The average measured sheet resistance of the proposed 

antennas is 0.4 Ω/sq, which meets the standard of e-textile for antenna design [77]. 

 

                 (a)                             (b)                                 (c)                                      (d) 

 

                   (e)                             (f)                                  (g)                                     (h) 

 

                                                     (i)                                          (j) 

Fig. 2-13. Different kinds of textile/fabric manufacturing and treatment. (a) Machine 

embroidery; (b) sewing; (c) weaving; (d) non-woven; (e) knitting; (f) spinning; (g) breading; 

(h) coating/laminating; (i) printing and (j) chemical treatment [75]. 
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2.5.   RF Energy harvesting  

During recent years, the world has been facing a series of crucial energy-related issues 

mainly due to the high energy demand and enormous emission of carbon dioxide, such as 

climate change, ocean acidification, air pollution etc. In the meantime, RF energy harvesting 

has been raised as an alternative concept for solar converter since RF energy is widely 

available from numerous reliable electromagnetic resources. It is believed that collecting 

ambient RF power as DC power supply for low power consuming electronics would 

eventually reduce worldwide traditional electric energy consumption and environmental 

pollution [78]. 

Table 2-1. Peak ambient power level survey [79] 

Application  Frequency 

(MHz) 

Indoor Outdoor 

  Power level 

(dBm) 

Power 

Density 

(µW/m2 ) 

Power level 

(dBm) 

Power 

Density 

(µW/m2 ) 

Broadcasting 150–600  -54 0.005 -27.6 2.18 

GSM900 (MTx)  860–915 -28.41 34.5 -8.99 300 

GSM900 (BTs)  925–960 -37.5 5.91 -19.87 290 

GSM1800 (MTx)  1710–1785 -60.1 0.091 -43.3 4.37 

GSM1800 (BTx)  1805–1880 -45.4 3.15 -40.89 8.9 

3G (MTx)  1920–1980 -51.55 0.82 -31.07 91.9 

3G (BTx)  2110–2140  -49 1.7 -21.45 100 

Wi-Fi  2400–2500 -42.4 10.7 -47.75 3.15 

 

Rectifying antennas (rectennas) are the most essential parts in RF energy harvesting systems. 

A rectenna fundamentally consists of a receiving antenna and a rectifier that converts the 

collected RF energy into DC power. The peak ambient power level and power density of the 

most occupied RF generators in a semi-urban environment is summarized in Table 2-1 [79], 

where the frequency bands with the highest power density outdoor are GSM900 and 3G. Till 

now, most of the existing rectennas have been focusing on collecting GSM (850-900MHz, 

1710MHz-1930MHz) and ISM (2.45GHz and 5.8 GHz) signals. Some of the recenna designs 
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operate in single narrow band, such as the work reported in [80]-[82]. However, the available 

power to be harvested for a single band rectenna is rather limited. For the purpose of 

increasing the output power level, dual-band, multi-band and broadband rectennas have been 

developed in [83]-[85], where it is presented that the output power level of such rectennas are 

considerably higher than single band ones.  

 

Fig. 2-14. Rectenna structure with multiple rectifying circuits [86]. 

Since rectifiers possess strong nonlinearity, their impedance usually varies with the frequency 

over a large bandwidth, which can easily induce impedance mismatch and makes the design 

of multiband or broadband rectennas particularly challenging. In [86], a rectenna architecture 

has been proposed to solve this problem. As presented in Fig. 2-14, an RF bandpass filter is 

applied in each chosen frequency band of a single wide band antenna so that the rectifier 

impedance can be matched individually at the dedicated frequencies. Therefore, the 

availability of RF spectrum becomes less sensitive, and the RF-to-DC conversion efficiency 

is dramatically increased. At the end of each brunch, a low-pass filter is applied to block any 

additional RF signals and the DC outputs are summed up at the load. [87] has also illustrated 

a similar concept where an array of antennas with multiple working frequencies are 
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separately matched to rectifiers and the DC outputs of which are combined together to sum 

the harvested power, i.e. a DC combiner as it shows in Fig. 2-15. 

Another challenge exists in RF energy harvester designing is that the efficiency of the 

rectifier tends to get low at a low input power level while the ambient RF power is mostly 

below -15 dBm. In order to solve this problem, the Schottky diodes selected for the rectifier 

should possess a low barrier i.e. high saturation current, which performs more efficiently at 

low input power levels than externally biased detector diodes [88] [89]. Another suitable 

approach is to apply complementary metal–oxide–semiconductor (CMOS) technology in the 

rectifier design and reducing the threshold in standard CMOS circuits. As reported in [90] 

and [91], the CMOS rectifiers achieve conversion efficiency of 23% at -20 dBm and 42.8 % 

at -16 dBm, respectively. 

 

Fig. 2-15. A DC combining structure for energy harvesting [87]. 

For the purpose of personalized environmental friendly power supply for wearable electronic 

devices such as medical body sensors, RF energy harvesting devices designed to be 

integrated with daily wearables have been developed in recent years. In [92], a wearable UHF 
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patch rectenna made with non-woven conductive fabric and jean and pile substrate has been 

proposed, which works in frequency band of 860-918MHz with maximum efficiency of 50%. 

The rectenna model proposed in [93] and [94] operates in multi-frequency bands, including 

GSM900, GSM1800 and WIFI sources. In most recent works, the fully textile integrated 

rectenna reported in [95] is able to achieve power conversion efficiency of 41.8% at 820 

MHz at -20dBm. Textile rectenna designs for signals of super high frequencies are presented 

in [96] and [97]. Among the research reported so far, wearable rectennas fabricated with 

conductive thread embroidery have hardly been discussed. In Chapter 7, the development an 

e-textile integrated RF energy harvesting system based on e-textile embroidered antenna 

array will be presented in detail.  

2.6.   Summary 

In this chapter, some historic milestones, background theory and state-of-art development of 

RFID technology (UHF and NFC), wearable sensing, e-textile antennas and RF energy 

harvesting have been reviewed. It has been shown that wearable electronics based on e-textile 

applications has become significant to the field of modern communication, health care and 

even energy development. During the study of e-textile integrated antennas, it has been found 

that very few of the existing researches have been focused on NFC antennas and further 

applications based on wearable NFC antennas. Furthermore, the idea of developing e-textile 

integrated antennas as a part of advanced wearable systems, such as body sensing systems 

and RF harvesting systems, is still at an early stage with tremendous possibilities and 

potentials for further developments. The information presented in this chapter is essential for 

a better understanding of the existing achievements in wearable applications based on e-

textile antennas and body sensors and identifying the key research challenges to focus on in 

this work. 
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Chapter 3   Methodology  

This chapter explains the experiments discussed in subsequent chapters of this thesis, covers 

the contents that are not fully described in the papers and presents results and findings in a 

broader perspective. The design procedures of NFC antennas and UHF RFID antennas are 

presented. Detailed experiments of NFC performance under pressure, modification of the 

Dickson charge pump implanted in the NFC sensing device and rectifier development for the 

wearable RF energy harvesting system are also included.  

3.1.   e-Textile embroidered wearable NFC antennas 

3.1.1.   NFC antenna design 

Fig. 3-1 presents equivalent circuit models for an NFC tag. In Fig. 3-1(a), it specifies three 

parts of the circuit: the antenna part (mainly inductive), the chip part (mainly capacitive) and 

the matching circuit (connection between the first two parts). For most designs in reality, the 

matching network is absorbed by the antenna, i.e. the antenna is designed to conjugate match 

the microchip as it shows in Fig. 3-1(b). The resonance frequency of the circuit can be 

calculated by (3-1)         

 

fr =
1

2π√CchipLant
                                                       (3-1) 

where 𝑪𝒄𝒉𝒊𝒑 stands for the chip capacitance and 𝑳𝒂𝒏𝒕 stands for the antenna coil inductance 

which can be derived from (3-1) as (3-2)  

 

Lant =
1

(2πfr)2Cchip
                                                     (3-2) 

The quality factor of the circuit can be obtained by (3-3) 

           

Q =
2πfLant

Req
                                                           (3-3) 
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(a) 

 

(b) 

Fig. 3-1. Equivalent circuit of an NFC RFID tag: (a) chip, matching antenna and connections 

between them (b) simplified equivalent circuit [1] 

The quality factor (Q) is affected by equivalent resistance value and antenna inductance. An 

ideal Q factor for NFC circuits is typically around 30-40 [2]. A high Q factor indicates high 

energy efficiency and low damping output but narrow bandwidth. The drawback of narrow 

bandwidth for a textile NFC circuit is that the tag becomes very sensitive to the geometrical 

change of the tag such as bending and stretching as well as the choice of substrate materials.   

The most common structures of NFC tag coils are spiral coils and square coils as it presents 

respectively in Fig. 3-2. The relationship between the coil inductance and its dimensions for 

spiral coils can be calculated by (3-4). 

𝐿𝑎𝑛𝑡 = 31.33𝜇0𝑁2 𝑎2

8𝑎+11𝑐
                                                  (3-4) 

Where a = (𝒓𝒊𝒏 + 𝒓𝒐𝒖𝒕)/2  which is the mean coil radius in meter; c = 𝒓𝒐𝒖𝒕 − 𝒓𝒊𝒏 in meter; N 

is the number of turns and 𝝁𝟎 is the free space permeability (4𝜋 × 10−7H/m). 
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As for square coils, the coil inductance can be obtained by (3-5). 

𝐿𝑎𝑛𝑡 = 𝐾1𝜇0𝑁2 𝑑

1+𝐾2𝑝
                                                     (3-5) 

where d is the coil diameter which is the mean value of the outer and inner diameters of the 

coil (𝑑𝑜𝑢𝑡 and 𝑑𝑖𝑛); N is the number of turns; K1 and K2 are parameters that depend on the 

layout, which in this case are respectively 2.34 and 2.75 for a squire coli; 𝝁𝟎 is the free space 

permeability which is 4𝜋 × 10−7H/m and p=(𝒅𝒐𝒖𝒕 − 𝒅𝒊𝒏)/(𝒅𝒐𝒖𝒕 + 𝒅𝒊𝒏). 

 

                                    (a)                                                                           (b) 

Fig. 3-2. (a) spiral coil (b) square coil [1] 

For textile material selection, as it is shown in Fig. 3-3, 30 textile NFC antennas woven with 

different conductive materials, including silver, aluminium, stainless steel, copper and 

assorted alloys are produced on cotton substrate, and the approximate resistance value of the 

antennas are measured with a Multimeter. As presented in Fig. 3-3, the resistance range of 

these NFC circuits is between 11.6 Ω and 410 Ω. 

According to (3-3), a larger equivalent resistance leads to significant reduction of Q factor 

and affects the operational efficiency of an NFC circuit. Therefore, In order to minimize the 

loss in the antenna circuit, the type of conductive threads with the lowest DC resistance is 

selected for further testing, which is silver coated nylon threads with resistance of 17.2 Ω/m. 
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(a) 

 

(b) 

Fig. 3-3. NFC antennas weaved with conductive threads made in different types of metals 

(a) multiple cord threads (b) single cord threads 
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3.1.2.   Pressure test of NFC antennas 

In order to observe the S-parameter performance of an NFC circuit under increasing pressure 

applying upon its surface, weights in a range from 10 g to 3.2 kg are orderly placed onto a 

matched NFC tag as it demonstrates in Fig. 3-4. The circuit is tested between two pieces of 

low loss poly-foam plate which are used for blocking the EM influence from the metal 

weights. 

 

Fig. 3-4. 1600g weights applied on the textile NFC tag measured by a VNA. 

As it presents in Fig. 3-5, in general, the NFC resonant frequency shifts from 13.75 MHz to 

14.3 MHz as the weight increases from 0 to 3.2 Kg. The most rapid frequency shift lies in the 

weight range from 0 to 20 g, and the resonant frequency basically stays stable as the weight 

reaches 1.6 Kg. 

Referring to (3-1), an increment in the circuit working frequency indicates reduction of 

antenna inductance. Since the conductive threads are constructed with hundreds of micro-thin 

fibres, this might be due to short circuit induced between threads as the circuit is getting 

increasingly compressed. Furthermore, recalling (3-5), the pressure might slightly decrease 

the antenna diameter which leads to a reduction in the coil inductance.  
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                                                                               (a) 

 

               (b) 

Fig. 3-5. Resonant frequency of the NFC tag against applied weight: (a) 0 - 3.2 Kg, (b) 0 - 

500 g. 
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3.2.   Dickson charge pump modification  

 

Fig. 3-6. Dickson Charge Pump diagram [3]. 

Dickson charge pump is a high efficiency voltage multiplier that was first introduced in 1976 

[4]. The basic layout of a Dickson charge pump is shown in Fig. 3-6. The charge pump circuit 

is composed of a number of identical stages (N), each containing a diode and a capacitor, 

where the bottom plates of the capacitors in consecutive stages are driven by 2 clock signals 

in anti-phase. Charge is transferred from one capacitor to the next during each half a clock 

cycle, resulting in an output voltage that can be ideally N+1 times higher than the input 

voltage. This structure is also called N-stage voltage multiplier [4]. 

The purpose of implanting a voltage multiplier in this work is to boost up the voltage of an 

NFC tag in order to power a humidity sensor that operates at a higher voltage level. As it 

presents in Fig. 3-7, a modified layout of a Dickson Charge Pump is proposed to meet this 

requirement. Since the output voltage of an NFC is an AC voltage at a single frequency 

(13.56 MHz), by connecting adjacent capacitors to the voltage input and ground separately, 
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the two complementary clock cycles are automatically generated by the circuit. The output 

voltage of such circuits can be calculated as (3-6) [3],  

𝑉𝑜𝑢𝑡 = (𝑁 + 1) ∙ (𝑉𝑐𝑐 − 𝑉𝑇) −
𝑁∙𝐼𝑜𝑢𝑡

𝑓∙𝐶
                                    (3-6) 

where 𝑽𝒄𝒄 represents the input voltage, 𝑽𝑻  is the forward voltage of each diode, N is the 

number of stages, 𝑰𝒐𝒖𝒕 is the charge pump output current,  f  is the signal frequency and C is 

the capacitance applied at each node. 

 

Fig. 3-7. Modified Dickson Charge Pump. 

 

Fig. 3-8. I-V characteristic of Schottky diode SMS7630. 



64 

 

 

Fig. 3-9. Sensing circuit. 

The maximum output voltage delivered by the charge pump is limited by the break out 

voltage of the diodes. Fig. 3-8 shows the measured I-V characteristic of the selected diode 

model in this circuit (SMS7630), where the reverse current starts to flow as the reverse 

voltage reaches around -4 V. Therefore, the output voltage cannot exceed 16 V. 

The fabricated Dickson Charge Pump implanted in the sensing circuit is presented in Fig. 3-9. 

As a result, the circuit delivers DC voltage from 5V to 14.5 V corresponding to the NFC read 

distance from 6cm to 1cm. 

3.3.   e-Textile embroidered UHF RFID antenna design 

The proposed RFID antenna layout with detailed dimensions is presented in Fig. 3-10, where 

the 2 mm gap in the middle is designed for the connection of a RFID IC chip (Monza R6) 

with capacitance of 1.45 pF. The antenna structure is a bowtie integrated with an inductive 

matching loop. The size of the antenna is designed in typical dimensions of RFID tags, and 

the slots highlighted in Fig. 3-10 are optimised using CST for better impedance matching. 

The total power collected by the tag (𝑃𝑡𝑎𝑔) and received by the chip (𝑃𝑐ℎ𝑖𝑝) is expressed in 

(3-7), where τ is the power transmission coefficient that can be expressed in terms of the 

antenna and chip impedance (𝑍𝐴 and 𝑍𝐶) as it derives in (3-8) and (3-9) [5].   
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Fig. 3-10. Proposed RFID antenna layout.  

𝑃𝑐ℎ𝑖𝑝 = 𝜏𝑃𝑡𝑎𝑔                                                     (3-7) 

𝜏 = 1 − |𝛤𝑡𝑎𝑔|2                                                   (3-8) 

𝛤𝑡𝑎𝑔 =
𝑍𝐶−𝑍𝐴

∗

𝑍𝐶+𝑍𝐴
                                                      (3-9) 

In order to increase the value of τ, the reflection coefficient of the tag (𝛤𝑡𝑎𝑔) should be 

minimized by conjugate matching the antenna and chip impedance. Fig. 3-11 presents the 

simulated resistance (R) and reactance (X) of the optimized antenna and chip in the frequency 

range from 100 MHz to 2500 MHz. The results indicate the antenna and chip reactance is 

completely cancelled out at 870 and 952 MHz, which matched the desired frequency band for 

UHF RFID (860-960 MHz). 
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Fig. 3-11. Antenna and chip impedance. 

 

Fig. 3-12. CST Antenna simulation model 

The antenna simulation model in CST is presented in Fig. 3-12, where the antenna is set up as 

an ohmic sheet with sheet resistance of 0.4 Ω/sq, corresponding to the conductive yarn 

resistance. A 0.5 mm thick cotton sheet (𝜀𝑟 = 1.4) with the size of 150 mm×50 mm is placed 
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below the antenna as substrate. Fig. 3-13 shows the simulated antenna S-parameter before 

and after it is matched with the chip capacitor and with and without the cotton sheet. The self-

resonant frequency of the antenna before matching is around 1058 MHz within the given 

range. After matching, the -10 dB operating bandwidth of the antenna is 503 MHz (from 840 

MHz to 1343 MHz). The results also indicate that the integration of cotton substrate barely 

affects the antenna operation bandwidth. 

 

Fig. 3-13. Simulated antenna S-parameters. 

The simulated antenna gain over frequency is presented in Fig. 3-14. Maximum gain is 

defined as the antenna gain disregarding any loss due to impedance mismatch [6]. The 

maximum and realized gain of the antenna increases from -1.28 dB to 1.63 dB and from -3.22 

dB to 0.96 dB, respectively. Furthermore, the realized gain achieves maximum gain between 

880 MHz and 910 MHz, which indicates the losses due to the mismatch are minimized in this 

frequency range. 
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Fig. 3-14. Simulated gain over frequency. 

 

3.4.   Six band Rectifier development  

In order to harvest maximum possible RF energy from the available frequency bands, the 

rectennas proposed in this thesis are structured with a broadband receiving antenna and a 

mutiband rectifier. Firstly, a mutiband rectifier structure is developed according to the 

topology proposed in [7] and [8]. 

As it presents in Fig. 3-15, the rectifier is constructed with three branches connected in 

parallel, each branch contains an RF filter (bandpass filter) and a diode rectifier. The purpose 

of the filters is to match the rectifers to different operating frequency bands, and then the 

rectifiers pass on the DC power to the load resistor.  
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Fig. 3-15. Multiband RF rectifier layout 

Table 3-1. Simulated Lump component parameters of the bandpass filters. 

 Branch 1 Branch 2 Branch 3 

𝐿𝑅 (nH) 44.3 19.2 12.9 

𝐶𝐿 (pF) 2.9 2.7 0.5 

𝐿𝐿 (nH) 0.2 4.4 0.1 

𝐶𝑅 (pF) 6.6 2.9 0.2 

𝐿𝑠ℎ (nH) 12 15.2 18.6 

𝐿𝑠𝑒 (nH) 24.6 2.3 25.5 

 

The simulation model of the rectifier is developed using ADS. Schottky diodes (SMS7630, 

Skyworks) are selected due to its low barrier and low forward voltage, and the capacitance of 

the coupling capacitors is 100 nF. The load resistance is set at 6.2 kΩ as a tested value for the 

highest conversion efficiency. 
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Fig. 3-16. Rematched simulation and measured S11 results for the six-band rectifier 

The RF to DC conversion efficiency can be calculated with (3-10) 

η =
𝑃𝐷𝐶

𝑃𝑖𝑛
                                                            (3-10) 

where 𝑃𝐷𝐶 is the output DC power, and 𝑃𝑖𝑛 is the input power.  

For a multiband RF rectifier, there are three main factors that could induce mismatch between 

simulation and measured results. Firstly, the SPICE parameters for the simulation models of 

Schottky diodes are measured in a short range of frequencies, which could induce serious 

inconsistency between the simulated and measured S11 over a wide frequency range. 

Secondly, the metal track connections in the circuit can act as microstrip transmission lines 

that possess various impedances at different input frequencies. Furthermore, mismatch can 

also be caused by the unknown behavior of the lump components at various frequencies. To 

solve this problem, the matching networks for the rectifier are calculated using the measured 
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input impedance of the diode circuits. Afterwards, the simulated matching networks are 

adjusted to match up with the measured S11, and transmission lines with width of 10 mils 

(track line width) are added to each matching branch. As presented in Fig. 3-16, the S11 of 

the adjusted simulation circuit covers all resonant frequencies of the measurements under -10 

dB, which ensures a better correspondence of conversion efficiency between simulation and 

measurements. The lump component parameters for the simulated matching networks are 

presented in Table 3-1. 

 

Fig. 3-17. Simulated conversion efficiency over frequency 

The simulated conversion efficiency of the rectifier with input power level from -20dBm to 

10 dBm is presented in Fig. 3-17. Within the frequency range between 0.3 to 3 GHz, the 

higher efficiencies mostly exist in the frequency bands corresponding to the S11 pattern. 

From -20 to 5 dBm, the average efficiency increases as the input power goes up. The 

efficiency achieves peak value at 0.9 and 2 GHz with input power level of 5 dBm. As the 

input power further increases to 10 dBm, the output voltage of the rectifier is limited by the 
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reverse breakdown voltage of the diodes, which results in a rapid decrement of the 

conversion efficiency. 

The development of the six-band rectifier as a part of body worn energy harvesting system 

will be presented in detail in Chapter 7. 
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Abstract 

Wearable e-textile Near Field Communication (NFC) RFID antennas fully integrated with 

garments using embroidery techniques, which enables everyday clothing to become 

connective to wireless communication systems, is presented. The e-textile wearable antennas 

have been designed through full electromagnetic wave simulation based on the electrical 

properties of conductive treads and textile substrates at the High Frequency (HF) band, 

allocated for NFC wireless communications. The e-textile wearable NFC antenna 

performance under mechanical bending as well as human body effects have been 

experimentally studied and evaluated; the antennas can operate under significantly bending 

angle and body effects attributed to its broad operating bandwidth. This is highly desirable 

and distinguished to conventional NFC antennas; the proposed e-textile wearable NFC 

antennas can be placed almost any place on clothes and still capable to communicate at 

desired operating frequency of 13.56 MHz. The maximum read range of the e-textile 

wearable NFC tags are measured to be around 5.6 cm, being compatible to typical 

commercially available metallic NFC tags. The e-textile wearable NFC tags can lead to 

numerous potential applications such as information exchange, personal security, health 

monitoring and IoTs. 
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4.1.    Introduction 

In recent years, Near Field Communication (NFC) has become increasingly popular in 

commodity market and believed to be one of the technologies that would realize the 

ubiquitous connectivity between the virtual internet world and the physical world for internet 

of things (IoTs) applications. The main function of an NFC system is contactless 

communication between NFC tag and reader without the requirement of any external battery. 

The first development of NFC tags can be traced back to 1970 when it was called “Short-

Range Radio-Telemetry for Electronic Identification Using Modulated Backscatter” [1]. Till 

this day, NFC technology has been applied in numerous fields such as, ID cards, debit/credit 

cards, itemized commodities and hotel room keys [2].  

The operating frequency of an NFC antenna is typically set at 13.56 MHz. A passive NFC tag 

operates by the transmitted power from the reader [3]. Magnetic induction coupling is applied 

between the tag antenna and the reader antenna within a short distance to draw its necessary 

operating power for the IC chip on the tag from the reader’s electromagnetic field. NFC 

antennas possess a working distance that is typically around a couple of cm to a few tens of 

cm and a data transfer rate around 424 kbits/s for which the maximum value is up to 848 

kbits/s [4]. 

The application of NFC tags for wearable wireless communications has been challenging 

since existing antenna fabrication methods, including chemical etching and screen printing, 

are not particularly suitable for close-fitting wearables [5]. Recently, researchers have 

developed various types of textile antennas that realize off-body communications, such as 

patch antennas applied in protective clothing for firefighters and basic attachments for normal 

garments [6], [7]. Wearable UHF RFID antennas have also been developed and implemented 

on smart textiles for various applications, such as body centric sensing and apnea detection 

and the maximum read range is up to 16 meters for patch UHF RFID antenna circuits with 

microchip connections [8]-[11]. Very different from UHF RFIDs, NFC RFIDs have limited 

read range usually within a few centimetres, which are preferred in more personal 

applications that require high security levels. Moreover, NFC RFIDs can be read by NFC-

enabled smartphones while the reading of UHF RFIDs requires specific receiving antenna 

with relatively large sizes [12].   
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Among existing NFC tag antenna research, [13] has analysed metal NFC circuit performance 

regarding to varies resonant frequencies and return loss presented with simulation results only, 

and [14] has mainly discussed how textile based NFC circuits measurements respond to 

different types of substrate material. In this paper, NFC RFID antennas integrated with 

garment using embroidery technology are proposed, designed, fabricated, measured and 

characterized. Different from previous research, our work focuses on design and performance 

of purely textile based NFC tags regarding to specific requirements for daily wearables, for 

instance, when an NFC tag is bent from body movements, the resonant frequency shifts away 

from 13.56 MHz, which could easily result in communication failure. To prevent this, the 

NFC structure in this work is designed to achieve an operating bandwidth that is considerably 

wider than commercial ones. In fabrication, conductive treads with fairly low resistivity are 

integrated seamlessly with skin-friendly textile material, such as cotton, which possesses the 

flexibility to be easily applied on everyday garments. Microchips are bonded on the NFC 

antennas, which contain the information to be accessed by an NFC reader wirelessly. The 

novel e-textile wearable NFC tags are expected to lead to numerous potential applications 

within the fields such as information exchange, personal security, health monitoring and IoTs 

[15]-[16]. 

This paper is structured as follows. Section II will discuss the design methodology of e-textile 

wearable NFC antennas, material selections and embroidery technique. In Section III, 

measurements of the fabricated NFC tags are presented together with their RF performance 

evaluation (S-parameters) under various degrees of bending. Furthermore, the wireless 

reading measurements of the NFC tags including the effects of bending and human body 

contact are provided.  Section IV summarizes the key results and findings. 

4.2.   Design methods and procedures 

4.2.1. NFC Design and Simulation 

For a passive NFC tag, the read range depends on the minimum transmitted power needed to 

operate the tag circuitry. Therefore, the main challenges in the design process are (a) to 

minimize the power dissipated by the antenna and (b) to maximize the conversion efficiency 

between the electromagnetic power from the reader and the DC power consumed by the tag 

[3]. 
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Fig. 4-1. Equivalent circuit model of an NFC-microchip matching network 

Fig. 4-1 presents a simplified equivalent circuit for the microchip and antenna, where the 

antenna is designed to conjugately match the microchip. The antenna inductance 𝑳𝒂𝒏𝒕 which 

can be derived from (4-1) [17], 

 

                                                   𝐿𝑎𝑛𝑡 =
1

(2𝜋𝑓𝑟)2𝐶𝑐ℎ𝑖𝑝
                                                     (4-1)   

 

where 𝒇𝒓 stands for the circuit resonant frequency and Cchip stands for the chip capacitance   

 

Commercially available metallic NFC tags are usually designed with narrow bandwidth and 

Q factor around 30-40 in order to achieve high transmitting efficiency [18]. However, textile 

based NFC tags especially require relatively wide operating bandwidth to be able to tolerate 

clothing shape change and human body effects. The proposed NFC structure is designed and 

optimized to meet this requirement.  

 

The NFC antennas in this work have been designed in a shape of rectangular spiral coil. The 

antenna dimensions are optimized with the antenna inductance according to (4-2) [17], based 

on which the preliminary layout of the NFC antenna is built for full wave simulation. 

 

                                                 𝐿𝑎𝑛𝑡 = 𝐾1𝜇0𝑁2 𝑑

1+𝐾2𝑝
                                                  (4-2) 
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where d is the coil diameter which is the mean value of the outer and inner diameters of the 

coil (dout and din); Note: for a square shaped coil, dout and din respectively represent the outer 

and inner lengths of the edges which are highlighted in Fig. 2. N is the number of turns; K1 

and K2 are parameters that depend on the layout, which are respectively 2.34 and 2.75 for 

square line inductors [12]; µ0 is the free space permeability and p=( dout - din )/( dout + din). 

Fig. 4-2(a) and (b) present the NFC antenna layout created with CST Microwave Studio [19]. 

The antenna is fed by a discrete port that connects both ends of the NFC coil. The cross 

section of the thread is assumed to be circle with radius of 0.25mm. The choice of threads 

and yarns for these NFC RFID antennas is a trade-off between their electrical and mechanical 

properties. In other words, they are selected to be not only conductive but also structurally 

stable under possible bending [20]. In order to meet these requirements, threads used to 

construct NFC antennas are chosen as polyamide threads coated with silver. Although metal 

wire threads have also been considered in the design process due to their relatively low 

resistivity, their toughness and electrical stability are rather low and less suitable for textile 

circuits. The thread used in this work has a resistivity of 17.2 Ω/m, which is an order higher 

than aluminium used for commercial metallic NFC antennas. Cotton (𝜀𝑟  = 1.4) has been 

chosen as substrate material due to its comfort level to human skin. NXP SL2S2102FTB 

microchip has been chosen in this work. The chip input capacitance is 97 pF at 13.56 MHz. 

Fig. 4-2(c) illustrates simulated reflection coefficient (S11) of the optimized NFC antenna in 

the Smith chart. The NFC antenna model has impedance of 16.71+j120.32 Ω at 13.56 MHz, 

which indicates an antenna inductance of 1.41 µH. The imaginary part conjugately matches 

the microchip (SL2S2102FTB) input reactance -j121 Ω, and the chip resistance is large 

enough to be considered as an open circuit and therefore to be ignored in the connection with 

tag coil [21]. 
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                                                                          (a)                                                                                                

 

                          (b)                                                                                  (c)                

Fig. 4-2. CST model of designed NFC RFID antenna and simulated results:  

(a) Model front view, (b) Cross-section cutting plane, (c) Simulated reflection coefficient 

(S11) from the CST model  
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4.2.2. Fabrication 

 

Fig. 4-3. Selected NFC antenna samples 

Thirty NFC antenna prototypes embroidered on cotton substrate, made with conductive yarns 

coated with several types of metals, including silver, stainless steel and aluminium, have been 

designed and fabricated on cotton. Four samples of these circuits are shown in Fig. 4-3. 

Among all the coating materials, silver and stainless steel are believed to be the best choices 

for such conductive yarns to apply on wearables [22], [23]. Because of the high inertness of 

these two types of metal, they would not be much affected by sweat or moisture from the user. 

Moreover, silver and stainless steel have a high resistance against water and low concentrated 

acid so that the textile circuit would be applicable to dry cleaning and even mild water 

cleaning. 



82 

 

 

                                     (a)                                                                      (b)                   

Fig. 4-4. Stainless steel coated NFC antennas observed under a microscope corresponding to 

two different fabrication techniques: (a) Back stitch technique, (b) Satin stitch technique  

Fig. 4-4 illustrates two embroidery techniques, back stitch and satin stitch, in fabricating NFC 

antennas respectively. Both antennas were constructed using stainless steel coated nylon 

threads. From the perspective of the stability of the structure, satin stitch is better than back 

stitch since it is more difficult to be snapped or ripped off. However, due to the fact that the 

satin stitch requires much longer threads for the same antenna size, the DC resistance of the 

antenna in Fig. 4-4(b) is measured as 70 Ω, which is much higher than the one in Fig. 4-4(a) 

that is 11.6Ω. For this very reason, back stitch is used in this work. 

4.3.   Results and discussion 

4.3.1. DC characteristics 

In Fig. 4-5, three NFC RFID antennas with the same structure are presented, where Fig. 4-5(a) 

is the proposed circuit and Fig. 4-5(b) and (c) are fabricated for the purpose of performance 

comparison. The antenna dimensions are listed in Table 4-1. Fig. 4-5(a) and (b) show antenna 

coils made with silver coated nylon conductive threads with 0.5mm thickness (Arduino Flux 

Workshop) and stainless steel coated conductive threads with 0.3mm thickness (BEKAERT) 
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by back stitch embroidery technique. The DC resistance of the antenna is measured as 9.9 Ω 

and 21.6 Ω respectively. A copper NFC tag with on FR4 substrate (𝜀𝑟=4.7) with a line width 

of 0.5mm and a thickness of 17.5 mm is presented in Fig. 4-5(c) as copper is one of the most 

common material in commercial NFC manufacture, the DC resistance of which is only 2.2 Ω. 

 

                                   (a)                                                                           (b) 

 

 (c) 

Fig. 4-5. NFC antenna prototypes: 

(a) Silver coated conductive threads embroidered with cotton, (b) Stainless steel coated 

conductive threads embroidered with cotton, (c) Copper on PCB 
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The antenna is designed to be matched up with an NXP microchip SL2S2102FTB which can 

be regarded as purely capacitive. Referring to Fig. 4-1, only the imaginary parts between the 

microchip and antenna can be matched conjugately as the coil antenna can’t be lossless. To 

realize the best power transmitting efficiency the microchip series resistance (approximately 

zero) and antenna resistance need to be as close as possible [24]. Therefore, silver coated 

conductive threads are preferred rather than those with stainless steel coatings due to a lower 

resistivity. 

Table 4-1. NFC antenna parameters 

Length 

(mm) 

Width 

(mm) 

Spacing 

between 

turns 

(mm) 

Number 

of turns 

    

49.5 49.5 1.9 4 

 

4.3.2. Bandwidth  

In order to verify the resonant frequency and bandwidth of the NFC tag antennas, S-

parameters of the antenna were measured using Keysight Fieldfox VNA N9918A. Fig. 4-6(a) 

shows the S11 of the silver coated textile antenna coil in the Smith chart, the antenna has 

measured impedance of 13.5+j119.5 Ω at 13.56 MHz, which is fairly close to the designed 

value (16.7+j120.3 Ω). The coil inductance calculated from this measurement is 1.4 H. 

The quality factor of the antenna can be calculated from the measured resistance and 

inductance using (4-3) [25],  

 

                                                         𝑄 =
2𝜋𝑓𝑟𝐿𝑎𝑛𝑡

𝑅
                                                         (4-3)             

 

where 𝒇𝒓   is the antenna resonant frequency and 𝑳𝒂𝒏𝒕  and R are the coil inductance and 

resistance respectively. The Q factor of the proposed textile NFC tag is 8.85. 
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                                      (a)                                                                      (b) 

Fig. 4-6. Measured reflection coefficient S11 in Smith Chart format: 

(a) Antenna coil measurements, (b) Antenna connected with matching circuit 

In order to test the tag performance at the operating frequency, a matching circuit consisted 

with a resistor (36 Ω) and a capacitor (97 pF) is connected in series with the antenna coil. The 

capacitor value is chosen as the input capacitance of the microchip so that the imaginary part 

is matched to zero, and the purpose of the series resistor is to match the circuit impedance 

with the VNA input impedance (50 Ω) in order to minimize reflected power at the resonant 

point. The circuit impedance after matching is presented in Fig. 4-6(b), where the admittance 

is almost entirely cancelled out and the resistance is matched to approximated 50 Ω. 

Fig. 4-7 depicts the measured S11 magnitude of the three NFC antennas shown in Fig. 4-5. 

The detailed comparison results are listed in Table 4-2. All three antennas resonate around 

13.56 MHz as designed with return loss of -32.52 dB, -32.03 dB and -38.09 dB, respectively. 

The 10 dB bandwidth results of the textile antennas coated with silver (3.787 MHz) and 

stainless steel (3.794MHz) are slightly wider than the one of copper antenna (3.61 MHz), 

which is also considerably wider than that of commercial NFC tag antennas [26]. The wide 

bandwidth is a critical parameter for wearable applications as the resonant frequency of the 
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antenna shifts when the garment bends. For a narrow band antenna, the shift of the resonance 

frequency will cause the tag unreadable by NFC readers. 

 

 

Fig. 4-7. S11 results of NFC circuits made of e-textile and copper in magnitude (dB) against 

frequency 

 

In Table 4-2, the Q factor of copper NFC circuit is considerably higher than the ones made 

with metal coated conductive threads since the power transmitting efficiency is directly 

related to the antenna resistance. Considering a trade-off between the working efficiency and 

operating bandwidth required for textile integrated circuits, the proposed silver coated e-

textile based NFC antenna is fairly applicable. 
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Table 4-2. Experimental result comparison between NFC tags manufactured with e-textile 

and copper 

 

Material Silver 

coated 

Stainless 

steel 

coated 

Copper 

    

DC resistance (Ω) 9.9 21.6 2.2 

Network impedance at 

13.56MHz (Ω) 

 

13.5+ 

j119.5 

 

26.2+ 

j124.5 

 

2.5+ 

j119.2 

Q factor 8.85 4.75 47.7 

S11 (dB) -32.52 -32.03 -38.09 

10dB bandwidth 

(MHz) 

 

3.787 

 

3.794 

 

3.610 

 

4.3.3. Bending tests 

To integrate e-textile NFC RFID antennas into close-fitting garments, it is essential to ensure 

it has stable electrical properties, such as operating efficiency and read range, when the 

antenna is under natural human body movements. Since the antenna is applied to a cotton 

substrate which can be easily bent out of shape, natural bending seems to be the factor that 

would most likely affect the antenna operation. Therefore, it is necessary to determine how 

the antenna performance would change with different bending. 

Fig. 4-8 illustrates bending tests of the NFC antenna using U bend method [27] where four 

plastic cylinders with different diameters are applied for the NFC antenna to be bent around. 

The measured S11 magnitude and impedance with and without bending are shown in Fig. 4-9 

and Table 4-3, respectively. 

As presented in Fig. 4-9, the resonance frequency and operational bandwidth of the NFC 

antenna change slightly as the bending increases. However, due to the broad bandwidth of the 
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antenna, the shift of resonant frequency would not affect the RFID reading as long as 13.56 

MHz still falls within the 10 dB bandwidth.   

 

                    (a)                                  (b)                               (c)                                  (d)                                                          

Fig. 4-8. Antenna bent around four cylinders with decreasing diameters of: 

(a) 35 mm, (b) 28 mm, (c) 23 mm, (d) 17 mm 

 

Fig. 4-9. Measured S11 magnitudes for 4 different bending cases shown in Fig. 4-8 and 

without bending 
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Table 4-3. Results for bending tests 

Bending 

diameter 

/mm 

N/A 35 28 23 17 

      

fc /MHZ 13.56 13.82 14.10 14.23 14.64 

S(1,1)/dB -32.52 -29.91 -31.1 -30.54 -32.42 

Z(fc)/Ω 49.6-

j3.5 

51.9- 

j8.9 

50.5-

j11.8 

50.9- 

j14.6 

50.4-

j20.2 

 

 In Table 4-3, Z(fc) represents the matched antenna impedance at each central frequency for 

different bending. The imaginary part of the antenna impedance decreases as the bending 

increases, which indicates gradual decrements of the antenna inductance. This is due to the 

fact that when the antenna is no longer planar but bent around the cylinder, the current 

flowing in the opposing sides of the antenna is drawn closer to each other, thus the 

electromagnetic field exists on both sides of the circuit tend to introduce extra electrical 

coupling that cancels out the inductance of the antenna. Consequently, the NFC resonance 

frequency goes up as the antenna inductance decreases. 

4.3.4. Power transmission and Wireless reading 

After the NFC antenna is connected with a microchip, the contactless antenna verification 

method described in [17] is performed to determine the NFC antenna power transmission 

pattern during wireless measurements as presented in Fig. 4-10(a). 

From the measurements shown in Fig. 4-10(b), the detected voltage levels with an 

oscilloscope are higher than the source voltage (0.25 V), which means the magnetic field 

produced by the generator coil induces a current flow in the NFC tag, and the magnetic field 

generated from this current is captured by the oscilloscope coil. At tag resonant frequency, 

the current flowing into the tag antenna is maximized. As a result, the proposed NFC antenna 

is able to achieve the maximum transmitted power at 13.6 MHz, showing the antenna is well 

tuned. 
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(a) 

 

 (b) 

Fig. 4-10. Contactless antenna verification: 

(a) Measurement set up, (b) Detected voltage level vs frequency 
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                               (a)                                                                       (b)    

 

                                 (c)                                                                               (d)                         

Fig. 4-11. Read distance measurements: 

(a) Fabricated e-textile wearable NFC RFID tag, (b) Tag reading experimental set up, (c) 

NFC tag detected by the RFID reader (facing forward), (d) NFC tag detected by the RFID 

reader (facing backward) 
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                                    (a)                                                                        (b) 

 

 (c) 

Fig. 4-12. Wirless bending test: 

(a) 120 degree V-bend set up, (b) Tag read with 120 degree bend angle, (c) NFC tag read 

range decreases with increasing degree of bending 
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In order to measure the NFC tag read range, a microchip (NXP SL2S2102FTB) has been 

connected to the NFC antenna as shown in Fig. 4-11(a). A USB-connected Texas Instruments 

reader, (TRF7970A) is used for the read range measurement.  The experimental set up for tag 

reading is presented in Fig. 4-11(b), where the reader is held horizontally above the tag with a 

laboratory stand and the distance between is measured with an electrical vernier caliper. It is 

crucial that no metal surface is near the tag or the reader, otherwise the read distance would 

be affected. Once an NFC tag is held within a certain range of the reader, the red LED on the 

reader goes on as shown in Fig. 4-11(c) and (d), meaning the RFID data has been received by 

the reader.   

Both forward and backward facing directions were tested in the measurements, between 

which hardly any difference has been observed. The best read range of the NFC RFID tag is 

5.57 cm. Comparing to the read distance of a commercial aluminium NFC tag (ST25TA64K) 

tested with the same reader which is 8.17 cm; such results are satisfying for an NFC tag that 

aims for short range reading. 

A simple bending test has also been applied in order to observe the read range limits of the 

tag, where a V-bend method has been carried out [27] as shown in Fig. 4-12(a) and (b). The 

bending angles are set up with an electrical angle meter and maintained with scotch tapes and 

plastic tweezers during measurements. The results are presented in Fig. 4-12(c), showing how 

the read range is affected by increasing degree of bending.  

As the antenna working frequency shifts further from its original point with increasing 

degrees of bending, the reflected power from the NFC tag gradually decreases. Consequently, 

the read range of the tag is shortened since there is less magnetic flux going through the 

antenna coil. Nonetheless, due to the wide bandwidth of the antenna, the NFC tag is able to 

be read within 0.5cm even though the tag is almost completely folded (180° bending angle). 

4.3.5. Effect of Human Body 

In order to ensure the e-textile wearable NFC RFID tag is fully functional in daily use, it is 

necessary to take measurements with human skin contact. In existing research, [28] has 

presented that how vicinity of skin affects the performance of wearable patch antennas. Since 

the NFC coil in this paper is seamlessly integrated with very light substrate, direct skin 

contact can easily occur. 
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Among all conditions listed in Table 4-4, the tag is mostly reduced by direct skin contact. 

This is due to the fact that transmitted EM energy is partially absorbed by body tissue layers, 

which leads to a slight reduction in the tag current [29]. 

 

Table 4-4. NFC read range with different levels of skin contact 

Condition Read range (cm) 

  

Direct skin contact 5.3 

Vicinity of skin without 

touching (1mm) 

 

5.5 

A thin cotton layer (0.5mm 

thickness) between skin 

and tag 

 

5.5 

Without skin contact 5.6 

 

4.4.   Conclusion 

This paper has presented the design and fabrication process of novel e-textile wearable NFC 

antennas which are fully integrated with garment, enabling truly ubiquitous wireless 

connectivity to everyday clothing. The NFC tags perform well under bending and human 

body effects. The 10 dB bandwidth of the fabricated NFC antenna is 3.787 MHz and the 

quality factor is 8.85. The broad operation bandwidth of the e-textile NFC RFID  tags 

proposed in this work is highly desirable for smart textile due to its flexibility towards 

bending and can potentially lead to numerous applications, such as personal security, health 

and wellbeing monitoring, big data and IoTs. 

4.5.   References 

[1] Landt, J. (2005). The history of RFID. IEEE Potentials, 24(4), pp.8-11. 

[2] Coskun, V., Ok, K. and Ozdenizci, B. (2011). Near Field Communication (NFC). 1st ed. 

Somerset: Wiley. 



95 

 

[3] Roselli, L. (2014). Green RFID systems. 1st ed. Cambridge, United Kingdom: Cambridge 

University Press, p.8. 

[4] Curran, K., Millar, A. and Mc Garvey, C. (2012). Near Field Communication. 

International Journal of Electrical and Computer Engineering (IJECE), 2(3). 

[5] Choi, E., Park, J., Kim, B. and Lee, D. (2015). Fabrication of electrodes and near-field 

communication tags based on screen printing of silver seed patterns and copper electroless 

plating. International Journal of Precision Engineering and Manufacturing, 16(10), pp.2199-

2204. 

[6] Hertleer, C., Rogier, H., Vallozzi, L. and Van Langenhove, L. (2009). A Textile Antenna 

for Off-Body Communication Integrated Into Protective Clothing for Firefighters. IEEE 

Transactions on Antennas and Propagation, 57(4), pp.919-925. 

[7] Chen, S., Kaufmann, T., Ranasinghe, D. and Fumeaux, C. (2016). A Modular Textile 

Antenna Design Using Snap-on Buttons for Wearable Applications. IEEE Transactions on 

Antennas and Propagation, 64(3), pp.894-903. 

[8] K. Koski, L. Sydänheimo, Y. Rahmat-Samii and L. Ukkonen, "Fundamental 

Characteristics of Electro-Textiles in Wearable UHF RFID Patch Antennas for Body-Centric 

Sensing Systems," in IEEE Transactions on Antennas and Propagation, vol. 62, no. 12, pp. 

6454-6462, Dec. 2014. 

[9] W. M. Mongan, I. Rasheed, K. Ved, A. Levitt, E. Anday, K. Dandekar, G. Dion, T. 

Kurzweg, and A. Fontecchio, "Real-time detection of apnea via signal processing of time-

series properties of RFID-based smart garments," in 2016 IEEE Signal Processing in 

Medicine and Biology Symposium (SPMB), 2016, pp. 1-6. 

[10] Virkki, J., Wei, Z., Liu, A., Ukkonen, L. and Björninen, T. (2017). Wearable Passive E-

Textile UHF RFID Tag Based on a Slotted Patch Antenna with Sewn Ground and Microchip 

Interconnections. International Journal of Antennas and Propagation, 2017, pp.1-8. 

[11] Ginestet, G., Brechet, N., Torres, J., Moradi, E., Ukkonen, L., Bjorninen, T. and Virkki, 

J. (2017). Embroidered Antenna-Microchip Interconnections and Contour Antennas in 

Passive UHF RFID Textile Tags. IEEE Antennas and Wireless Propagation Letters, 16, 

pp.1205-1208. 



96 

 

[12] Nikitin, P. and Rao, K. (2006). Theory and measurement of backscattering from RFID 

tags. IEEE Antennas and Propagation Magazine, 48(6), pp.212-218.  

[13] Iqbal, R. and Saeed, M. (2014). Wearable Near Field Communication Ring Antenna for 

Mobile Communication. International Conference on Open Source Systems and 

Technologies. 

[14] Del-Rio-Ruiz, R. and Lopez-Garde, J. (2017). Design and Performance Analysis of a 

Purely Textile Spiral Antenna for On-Body NFC Applications. IEEE MTT-S International 

Microwave Workshop Series on Advanced Materials and Processes. 

[15]Shaikh, F., Zeadally, S. and Exposito, E. (2017). Enabling Technologies for Green 

Internet of Things. IEEE Systems Journal, 11(2), pp.983-994. 

[16] Atzori, L., Iera, A. and Morabito, G. (2010). The Internet of Things: A survey. Computer 

Networks, 54(15), pp.2787-2805. 

[17] How to design a 13.56 MHz customized tag antenna. (2009). AN2866 Application note. 

[online] Available at: http://www.ebvnews.ru/doc/AN15284.pdf [Accessed 10 Mar. 2017]. 

[18] RF430CL330H Practical Antenna Design Guide. (2014). TEXAS INSTRUMRNTS, 

(SLOA197). 

[19] Cst.com. (2017). CST MICROWAVE STUDIO® - 3D EM Simulation Software. [online] 

Available at: https://www.cst.com/products/cstmws [Accessed 26 Nov. 2017]. 

[20] Post, E., Orth, M., Russo, P. and Gershenfeld, N. (2000). E-broidery: Design and 

fabrication of textile-based computing. IBM Systems Journal, 39(3.4), pp.840-860. 

[21] Farnell.com. (2017). [online] Available at: 

http://www.farnell.com/datasheets/1683422.pdf?_ga=2.61107945.41218670.1493817437-

1811059628.1491485357 [Accessed 26 Nov. 2017]. 

[22] Atwa, Y., Maheshwari, N. and Goldthorpe, I. (2015). Silver nanowire coated threads for 

electrically conductive textiles. J. Mater. Chem. C, 3(16), pp.3908-3912. 

[23] JOSEPH, S., MCCLURE, J., CHIANELLI, R., PICH, P. and SEBASTIAN, P. (2005). 

Conducting polymer-coated stainless steel bipolar plates for proton exchange membrane fuel 

cells (PEMFC). International Journal of Hydrogen Energy, 30(12), pp.1339-1344. 



97 

 

[24] Rahola, J. (2008). Power Waves and Conjugate Matching. IEEE Transactions on 

Circuits and Systems II: Express Briefs, 55(1), pp.92-96. 

[25] Measurement and tuning of a NFC and Reader IC antenna with a MiniVNA. (2014). 

AN11535, (291991). 

[26] Lee, Y. (1998). RFID coil design. Microchip Technol. Inc. Appl. Note. 

[27] ASTM E290-14 Standard Test Methods for Bend Testing of Material for Ductility, 

ASTM International, West Conshohocken, PA, 2014, https://doi.org/10.1520/E0290-14 

[28] P. Salonen, Y. Rahmnat-Sarnii, and M. Kivikoski (2004), "Wearable Antennas in the 

Vicinity of Human Body," IEEE International Symposium on Antennas and Propagation 

Digest, 1, June 20-25, 2004, pp. 467-470. 

[29] Klemm, M. and Troester, G. (2006). EM ENERGY ABSORPTION IN THE HUMAN 

BODY TISSUES DUE TO UWB ANTENNAS. Progress In Electromagnetics Research, 62, 

pp.261-280. 

 

 

 

 

 

 

 

 

 

 

 

 



98 

 

 

 

 

 

 

Smart Textile Integrated Wireless Powered 

Near Field Communication (NFC) Body 

Temperature and Sweat Sensing System 

 

IEEE Journal of Electromagnetics, RF and Microwaves in Medicine and Biology, vol. 4, 

no. 3, 2019, pp. 164-170  

My contributions: 

I have designed and fabricated the proposed devices, participated in the program writing for 

device measurements, performed all of the measurements and data analyzation, and prepared 

all the graphs. 

 

 

 



99 

 

Chapter 5   Smart Textile Integrated Wireless 

Powered Near Field Communication (NFC) 
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Abstract  

Near Field Communication (NFC) is a short-range wireless communication technique that 

has become attractive devices for healthcare and wellbeing monitoring. The work reported 

here demonstrates the development of a battery free wearable sensing system with 

temperature and sweat sensors embedded into and powered by a smart textile NFC antenna. 

The NFC antenna is seamlessly integrated with closed-body garments, and sensor data can be 

easily acquired by NFC readers and smart phones in order to achieve real time and wireless 

monitor of health status in a convenient and non-intrusive way. A Dickson charge pump 

circuit has been designed and implemented in order to pump up the voltage and ensure a 

steady voltage supply for the sweat sensor. The maximum read range for accessing sensor 

data is 6 cm. The on-body measurement accuracy of the temperature sensor and sweat sensor 

are able to achieve ±0.14°C and ±0.2%, respectively. The presented system can provide 

wearable battery-free ubiquitous wireless connectivity for point-of-care and any time 

healthcare and wellbeing monitoring.  

5.1.   Introduction 

In recent years, great interest has been raised in integrating electronic devices, such as 

antennas, electrodes and sensors with daily wearables to form e-textiles [1], [2]. Since clothes 

are the most elemental and necessary wearables in our daily life, e-textile sensing devices for 

personal health care have taken part in various medical applications and internet of things 

(IoT) [3], [4]. The significance of close-body sensors is also highlighted in their contribution 

to preventive healthcare by constantly raising the users’ awareness of their health status [5].  
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The main advantage of e-textile integrated sensors is that they are easy and comfortable to 

wear while providing a convenient and spontaneous way for real-time monitoring one’s 

health status without affecting one’s daily life [6], [7]. Among current researches of textile 

based sensors for health care, most applications have been limited to textile properties, such 

as pressure sensors for posture monitoring [8]-[10], stretching sensors for ionic species loss 

[11], bending sensors for heartbeat and respiration [12], and wetness sensors for  salinized 

liquids [13]. In [14] and [15], body temperature and humidity sensors fabricated with 

conductive textile have been reported. However, all of these sensors are powered by batteries, 

and the sensing data are acquired through wires and analyzed with data centers such as PCs. 

The extra work in sensor charging and data processing makes it less desirable in daily 

personalized healthcare. In this work, e-textile NFC antennas have been developed to be 

integrated with external temperature and humidity sensors in order to enable battery-free 

wireless sensing. NFC antennas can be considered as small energy harvesting devices that 

contribute to green electronic technology since they only rely on the RF power emissions 

from the reader [16]. Over the past decade, NFC has become one of the potential solutions in 

wireless health and wellbeing monitoring applications for its low cost, low power 

consumption, easy access and ability of integration with multiple types of smart sensors [17], 

[18]. In [19], interfacing external sensors (temperature, humidity, light, pressure etc.) with 

smart phones through NFC was proposed. In wearable developments, NFC enabled skin-

mounted sensing device for heart rate and blood flow has been presented in [20]. However, 

the development of integrating body-worn textile NFC embedded with sensors for real-time 

healthcare and wellbeing monitoring has yet to be reported. Based on the characteristics and 

performance of e-textile NFC antennas discussed in [21] and [22], the contribution and 

novelty in this work are by applying textile NFC as a communication interface as well as a 

wireless power harvester, battery-free  real-time body temperature and sweat monitoring has 

been  realized simultaneously.  

In this paper, we propose a battery-free smart textile NFC enabled sensing device for body 

temperature and sweat loss monitoring. The NFC antenna is fabricated with silver coated 

conductive threads and cotton substrate, which is enabled by an NFC sensor transponder 

(RF430FRL152H, Texas Instruments) connected to an external humidity sensor. In order to 

achieve battery-free operation, a voltage-boosting rectifier has been applied to provide the 

DC power required by the humidity sensor wirelessly. An App has also been developed on 

Android system for the sensor data to be accessed by smart phones. This development aims 
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for real-time monitoring personal body temperature and sweat loss associated with systemic 

hyperthermia from fever and sweating symptoms which are often caused by various kinds of 

infection, inflammation and trauma [23]. It can also be applied in monitoring wound healing 

progress, daily healthcare and wellbeing.  

The main challenge faced by the proposed design is that the conformal structure of textile can 

easily affect sensor performance under body movements such as bending and stretching. As a 

solution, the material influence is reduced by minimizing the circuit size and selecting a 

relatively less influential body location to place the device. 

This paper is structured as follows. Section II will demonstrate the overall structure of the 

textile sensing circuit as well as the design, fabrication and testing of each constituent part of 

the system including textile NFC circuits, voltage boosting rectifiers and sensors. In Section 

III, the experiments and measurement results of temperature and humidity sensors are 

presented. In Section IV, potential applications of this device both for daily use and medical 

employment are proposed. Section V summarizes the key results and overall circuit 

performance. 

5.2.   Sensing system architecture  

5.2.1.   On body circuit design    

The sensing system architecture shown in Fig. 5-1 presents the overall operation 

methodology of the proposed textile sensing device. A transponder microchip with a build-in 

temperature sensor is connected to the textile NFC antenna with conjugate impedance 

matching for maximum power efficiency. When an NFC reader detects the antenna within a 

read range, the antenna wirelessly receives power to supply the sensor transponder. The 

maximum output power of the reader (TRF7970A, Texas Instruments) is 23 dBm (200 mW), 

and the operating power of the transponder (RF430FRL152H, Texas Instruments) at 13.56 

MHz and the sweat sensor (HIH-5031, Honeywell) are around 2.85 mW and 600 uW, 

respectively. 

Since almost all commercial humidity sensors operate with external DC voltage source, a 

Dickson charge pump and a voltage regulator is developed as a voltage boosting rectifier 

connected between the NFC antenna and the sweat sensor. Meanwhile, the output voltage of 
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the sweat sensor is connected to an ADC input pin of the NFC transponder so that the reader 

is able to collect data from both sensors (temperature and sweat) simultaneously.  

 

Fig. 5-1. The sensing system architecture. 

5.2.2.   Smart textile NFC antennas 

Smart textile NFC antennas are NFC antennas fabricated by integrating conductive threads 

with nonconductive textile substrate, which are enabled by conjugate matching with 

capacitive microchips. 

In [21], we have presented the fabrication process and choices of conductive threads, 

substrate material and embroidery technique of textile NFC antennas. To further investigate 

the antenna properties and select the best antenna structure for the sensing device, three 

textile NFC prototypes of different sizes and inductances presented in Fig. 5-2 are studied. 

The prototypes are fabricated with cotton substrate and silver coated nylon threads (Arduino 
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Flux Workshop) with resistance of 17.2 Ω/m. 

 

 
                                                                                      (a) 

 

                                       (b)                                                                         (c) 

Fig. 5-2. Textile NFC prototypes with inductance of (a) 5.86 µH (Antenna A), (b) 1.84 µH 

(Antenna B) and (c) 1.42 µH (Antenna C) 

The inductance, resistance at 13.56 MHz and Q factors for the NFC antennas are listed in 

Table 5-1, where the quality factors of NFC antennas are calculated using (5-1). As the 

relative difference between antenna inductances is much greater than resistances, antenna A 

possesses the best transmission efficiency due to its large inductance and receiving surface 

for magnetic flux. In reality, however, the relatively large sized and densely packed 

conductive threads might make it less practical.  



104 

 

𝑄 =
2𝜋𝑓𝑟𝐿𝑎𝑛𝑡

𝑅𝑒𝑞
                                                           (5-1) 

where 𝐿𝑎𝑛𝑡  represents the antenna inductance, fr represents the operating frequency (13.56 

MHz) and 𝑅𝑒𝑞 represents the antenna resistance at 13.56 MHz. 

 

Table 5-1. NFC antenna parameters 

NFC 

antenna 

A B C 

𝐋𝐚𝐧𝐭/µH 5.86 1.84 1.42 

𝐑𝐞𝐪/Ω 24.8 15.9 13.5 

Q factor 20.13 9.86 8.96 

 

Since the textile based circuits are so flexible that they can be easily bent from body 

movements of the user, the bending test demonstrated in [21] has been applied to observe 

how the electrical properties of the antenna A and C (antennas with highest and lowest Q 

factors) respond to bending. The measurements are taken using Keysight Fieldfox VNA 

N9918A, and the test results are presented in Fig. 5-3. Fig. 5-3(a) shows how the inductances 

of the two antennas vary with increasing bending angles. As each antenna is gradually bent 

from 0° to 180°  with its midcourt line being the axis, the inductance of antenna A and C 

drops from 5.86 µH to 4.73 µH and from 1.42 µH to 1.04 µH, respectively. The decrement is 

particularly rapid at the bend range between 120° and 180°.  

𝑓𝑟 =
1

2𝜋√𝐶𝑐ℎ𝑖𝑝𝐿𝑎𝑛𝑡
                                                    (5-2) 

where Cchip stands for the transponder capacitance, 𝐿𝑎𝑛𝑡 for the antenna inductance and 𝑓𝑟 the 

resonant frequency. 
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 (a) 

 

 (b) 

Fig. 5-3. (a) Inductance variation of NFC antennas at 13.56MHz with bend angle and (b) 

Measured magnitudes of S11 of Antennas A and C in Fig. 5-2, where the textile antennas are 

bent with angles:  90° and 150°. 
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                               (a)                                                                         (b) 

Fig. 5-4. (a) NFC tag read range measurement set up (b) NFC tag reading with 150 degree 

bend angle. 

It can be deduced from (5-2) that decreasing antenna inductance would lead to small 

increments in the antenna resonant frequency. In Fig. 5-3(b), where the S11 (magnitude) of 

antenna A and C are measured with increasing bending angles, the measured operating 

frequency of the antennas indeed increases with the degree of bending. Corresponding to the 

trend in Fig. 5-3(a), the central frequency shift between the bend angles of  90° and 150° 

appears as the greatest. Since antenna A possesses a much narrower bandwidth, the 10 dB 

frequency band of antenna A shifts further away from 13.56 MHz than antenna C under 

bending, which means it would take more influence in wireless reading performance. 

Therefore, considering a wearable sensing circuit comes under inevitable bending caused by 

natural body movements, antenna C has been selected as the NFC interface for its stable 

performance and relatively small size that is more desirable for on-body placement. 

As presented in Fig. 5-4(a), an NFC transponder (RF430FRL152H, Texas Instruments) is 

connected to antenna C. The read range measured with a TRF7970A (Texas Instruments) 

reader is 6.09 cm. As it shows in Fig. 5-4(b), the tag is able to be detected under a maximum 

bent angle of 150°, where the angle is maintained using scotch tape and plastic tweezers. The 

read distance under this condition is 1.73 cm. 

5.2.3.   Voltage boosting rectifiers 

In this work the selected humidity sensor (HIH-5031, Honeywell) (used as sweat sensor) 

operates at DC voltage of 3 V and input current of 200 μA. The main challenge for an NFC 

tag to perform as a wireless power supply for external sensors lies in the low AC voltage it 
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provides. To overcome this, a voltage multiplier is developed within the circuit in order to 

raise the supply voltage level for the sensors as well as smooth up the current [24].  

 

Fig. 5-5. Modified Dickson charge pump circuit layout. 

Fig. 5-5 presents a modified structure of a Dickson charge pump, which can be regarded as a 

half-wave N-stage voltage multiplier [25]. The circuit operates by gaining packets of charge 

from coupling capacitors charged and discharged at two anti-phased clock cycles, and 

pushing them along the diode chain [26]. Since each coupling capacitor is approximately 

charged to the input drive voltage, ideally, the charge pump would generate an output voltage 

at the end of the chain N+1 times higher than the supply [27] and the output voltage of such 

circuits can be calculated as (5-3) [28],  

𝑉𝑜𝑢𝑡 = (𝑁 + 1) ∙ (𝑉𝑐𝑐 − 𝑉𝑇) −
𝑁∙𝐼𝑜𝑢𝑡

𝑓∙𝐶
                                     (5-3) 

where 𝑉𝑐𝑐  represents the input voltage, 𝑉𝑇  is the forward voltage of each diode, N is the 

number of stages, 𝐼𝑜𝑢𝑡 is the charge pump output current,  f  is the signal frequency and C is 

the capacitance applied at each node. 

The diodes in this circuit are selected as Schottky diodes (SMS7630, Skyworks), and each 

coupling capacitor is 15 nF. The minimum voltage to operate the transponder (i.e. charge 

pump input voltage) is 1.5 V, the maximum diode forward bias current (i.e. charge pump 
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output current) is 50 mA and the maximum forward voltage of each diode is 0.24 V. At 13.56 

MHz, the minimum output voltage of the 4-stage charge pump is calculated at 5.32 V. 

5.2.4.   Sweat sensor implantation and testing 

Fig. 5-6 illustrates the charging circuit for the humidity sensor (HIH-5031, Honeywell), 

where V1, V2 and V3 represent the input voltage obtained from the NFC antenna, the voltage 

output of the Dickson charge pump which goes into a voltage regulator (LP2985-N, Texas 

Instruments) and the regulator output that supplies the sensor, respectively. As the NFC tag is 

activated by a reader, V2 and V3 are measured with an oscilloscope (Agilent DSO1014A). 

 

Fig. 5-6. Sweat Sensor circuit layout 
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(b) 

 Fig. 5-7. V2 and V3 (highlighted in Fig. 5-6) vs NFC read distance. 

Fig. 5-7 presents how V2 and V3 vary with increasing tag read distance. V2 decreases in 

direct proportion with the read distance. As the read distance is raised from 1 cm to 6 cm, V2 

is reduced from 14.5 V to 5 V which corresponds to the calculated minimum output voltage 

(5.32 V). Meanwhile, the regulator output voltage (V3) only fluctuates slightly between 3.35 

V and 3.38 V, implying that as long as the reader stays within the NFC read range (6cm in 

our case), the sweat sensor will operate properly. 

The complete smart textile NFC enabled temperature and sweat sensing device is presented 

in Fig. 5-8. The sensing circuit is fabricated on Rogers RO3006 high frequency substrate with 

thickness of 0.25 mm. The ground plane of the sensing circuit is covered by a thin layer of 

insulating adhesive to prevent short circuits due to contact between the circuit board and the 

NFC antenna. 
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Fig. 5-8. Top view of the complete smart textile NFC enabled sensing system. 

 

5.3. Wireless smart textile NFC enabled temperature and sweat 

sensing system 

5.3.1.   Temperature sensor 

The transponder (RF430FRL152H, Texas Instruments) has a built-in temperature sensor, and 

the operating range of which is 0°C -70°C. In this work, the sensor is calibrated with two 

point calibration method. After calibration, the internal sensor accuracy is able to achieve 

±0.14°C, which is better than most medical body thermometers on the market (±0.3°C) [29]. 

During measurements, the sensor data is collected with a TRF7970A reader and displayed on 

a PC.  

The effect of human body towards read range has been investigated in [21], revealing that the 

influence of skin contact is slight enough to be neglected. As shown in Fig. 5-9(a), the 

proposed sensing system is placed slightly below the arm pit since not only axillary 
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temperature is one of the most accurate measurements for body temperature, but the arm pit 

also generates great percentage of body sweat [30]. Other than general health conditions, the 

proposed system is also applicable during exercise to monitor body temperature rise and 

increment of sweat as the oxygen intake (exercise intensity) increases [31]. The sensing 

device is positioned to make the sensors face towards human body. In this case, the sensors 

are protected by the cotton substrate and ensured for more accurate measurements. 

 

                (a)                               (b)                                  (c)                                  (d) 

Fig. 5-9. (a) Overview of the smart textile NFC sensing system integrated with a shirt, and 

NFC sensing system read with (b) 15°, (c) 60° and (d) 90°angle between arm and body 

In order to investigate how the temperature measurements are affected by body movements, 

Fig. 5-9(b), (c) and (d) demonstrate three different arm positions for the temperature sensor to 

be read (labelled as 1, 2 and 3), where the arm is lifted from the body by 15°, 60°and 90°. 

The read temperature results are presented in Fig. 5-10, and the average measured 

temperature is 36.8°C, 34.4°C and 33.4°C, respectively. Naturally, the closer the textile NFC 

sensing system stays to the body, the higher and more accurate the measured temperature is. 

Since the sensor is placed most closely to the body for position 1, it tends to introduce small 

fluctuation to the results due to inevitable breathing action. On the other hand, the 

measurements from position 2 and 3 have fluctuation since there is less and less direct 

contact between the sensor and skin surface. However, these results are much less reliable 

and tend to vary with small changes of body position. In comparison, position 1 is considered 

the most suitable way for measurements since all the ripples shown in the test are less than 

±0.5°C.  
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Fig. 5-10. Body temperature measured with three arm positions in Fig. 5-9 (b), (c) and (d) 

5.3.2.   Sweat sensor 

The NFC transponder (RF430FRL152H, Texas Instruments) has two ADC ports, including 

ADC1 (reference resistor) and ADC2 (thermistor), mainly for determining an external 

thermistor value. In the resistive bias mode, a current source is sent to both reference pin and 

thermistor pin in order to obtain their resistance. Since the humidity sensor (HIH-5031, 

Honeywell) (used as sweat sensor) now connected to ADC2 operates on voltage bias, the 

current source is terminated for the data obtained from the transponder to completely depend 

on the voltage variation. Fig. 5-11 shows the results of how the sweat sensor voltage output 

varies with detected moisture level. The change rate of humidity factor calculated from this 

trend is 91.3%/V, which is applied into the coding of the ADC input data of the NFC 

transponder.  
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Fig. 5-11. Sweat sensor test results 

The real time humidity was measured wirelessly by a reader for three different conditions: 

room environment, normal body humidity and body after workout humidity (under the armpit 

area) as presented in Fig. 5-12. Different from body temperature results, the humidity 

measurements are hardly affected by slight variation of arm positions since the humidity level 

around the armpit area is much more stable than temperature. The measured data indicates 

that for measuring environments where the humidity level is relatively steady, the sensor 

works smoothly in a ten-minute period with ripples less than ±0.2%. In the cool down 

process of a body workout, although the basic trend gradually drops from 77.9% to 38.1% as 

expected, some fluctuations still occur during this time period possibly due to slight body 

movements. 
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Fig. 5-12. Wireless measured humidity at room environment (32.1% moisture level), normal 

body (36.9% moisture level) and body after work out (77.9% moisture level) 

5.4.   Applications  

5.4.1   Mobile handset reading 

For the sensor data to be accessed by smart phones, we have developed an Android program 

that reads and displays body temperature and sweat continuously from RF430FRL152H, 

enabling the data to be transferred into cloud storage in order to keep a record of the user’s 

health status. As it presents in Fig. 5-13(a), the App uses “start” and “stop” buttons that 

launch and terminate the reading progress, respectively. The software interface displays four 

types of messages showing the tag connection status, including “Place phone on tag”, “Tag 

connected”, “Reintroducing the phone” and “Tag disconnected”. It is also able to save 

readings by time and date. 
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                         (a)                                                                          (b) 

Fig. 5-13. NFC reader software on Android (a) Basic functions (b) Verification of the 

accuracy of the mobile temperature reading. 

Fig. 5-13(b) presents our App works on an NFC enabled Huawei Mate 7 mobile phone. The 

measured room temperature (24.44°C) shown on screen agrees with the one measured with a 

Fisher Scientific thermometer (24°C).  

5.4.2.   Wound Healing Monitoring 

It has been stated in [32] and [33] that once wound tissue temperature falls below 33°C, the 

activity of fibroblast and epithelial cells decreases, which might lead to a delay in the healing 

progress. Research about how dressing methods can affect wound healing rate has been 

reported [32]. However, monitoring the healing always requires multiple measurements taken 

before and after the clothing is changed. On the other hand, if the wound temperature goes 

higher than normal body temperature for certain duration, it might indicate an infection has 

occurred [34]. Furthermore, a high moisture environment also prevents wounds from healing 

[35]. For all these conditions, the proposed smart textile NFC sensing system can be a 

suitable tool to wirelessly detect the temperature and humidity of trauma such as wounds 

caused by surgical debridement and accidental injury, in order to maintain normothermia as 

well as prevent and detect infections.  
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Fig. 5-14. Comparison between wrist (‘wound’) temperatures by wireless NFC sensor and 

Testo surface thermometer. 

In Fig. 5-14, the temperature of a ‘wound’ on a wrist is measured with the NFC sensing 

system. The proposed smart textile NFC enabled sensing device is embedded between layers 

of gauze that are tightly wrapped around a wrist. The measured wrist (‘wound’) temperature 

(25.96°C) is compared with the temperature measured by Testo surface thermometer for 

validation. As a result, the accuracy of the wrist temperature measurements is ±0.14°C. 

5.5.   Conclusion 

This paper has presented design, fabrication implementation and measurements of smart 

textile NFC antennas and a battery-free wireless NFC body temperature and sweat sensing 

device. The textile antenna is integrated with daily garments and the sensing system is 

wirelessly powered, aiming for truly ubiquitous wireless health and wellbeing monitoring. 

The measurement results have shown that the textile NFC antennas can still perform properly 

under bending up to 150
o
. Both temperature and sweat sensors powered wirelessly by the 

reader are able to provide accurate and reliable results. Potential real-life applications relating 
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to this smart textile sensing device, including mobile application and wound healing 

monitoring, have also been proposed. It is believed that the wireless powered smart textile 

sensing system reported here possesses potential to be widely applied into daily health care 

system and wellbeing monitoring. 
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Chapter 6   Machine Embroidered Antenna 

Designs for On-Body Data Communications 

and RF Energy Harvesting  

This chapter includes two conference papers in the same category which presents the design 

and performance of two types of machine embroidered e-textile antennas: a wideband UHF 

RFID tag antenna and a novel wideband monopole antenna, which aim to realize on-body 

data communication and wearable RF energy harvesting, respectively. 
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I have simulated and fabricated the proposed device, performed all of the measurements, 

analysed data, and prepared all the graphs. 
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Abstract 

The design and fabrication of a novel e-textile wideband UHF RFID tag antenna is presented. 

The proposed antenna is verified by simulation and measurements. The RFID tag read range 

is over 6.5 m in the frequency band between 860 and 960 MHz. The maximum read range is 

measured at 7.23 m in air and 4.71 m on body. 

6.1.1.   Introduction 

In the past decade, conductive fabric integrated UHF RFID tags are highly desirable due to 

their wearability and flexibility and have been applied into body area communication 

networks and body sensing systems [1-3]. Most recently, the conductive threads fabricated 

contour RFID tag presented in [4] is able to achieve a read range of 7 m. 

mailto:z.hu@manchester.ac.uk
mailto:Lulu.xu@postgrad.manchester.ac.uk
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In this work, we propose a novel RFID antenna structure fabricated with silver coated 

conductive threads and cotton substrate, which achieves a steady read range over 6.5 m from 

860 to 960 MHz. Due to the wideband operation, the proposed tag is able to applied for the 

two main RFID frequency bands: EU (865-868 MHz) and US (902-928 MHz).  

This paper will present the antenna design, matching and simulation in Section II and read 

range measurements in Section III. The conclusions are drawn in Section IV. 

6.1.2.   RFID antenna design 

The antenna layout is presented in Fig. 1. The proposed structure is a dipole integrated with 

an inductive matching loop. The gaps on each side are designed for the tag inductance to be 

conjugately matched to the chip capacitance. 

 

Fig. 6-1. RFID tag antenna layout 

The read rage of the tag can be calculated with (6-1) 

𝑟 =
𝜆

4𝜋
√

𝑃𝑡𝐺𝑡𝐺𝑟𝜏

𝑃𝑡ℎ
                                                     (6-1) 

where 𝜆 is the wavelength, 𝑃𝑡  is the power transmitted by the reader, 𝐺𝑡 is the gain of the 

transmitting antenna, 𝐺𝑟 is the gain of the receiving tag antenna, 𝑃𝑡ℎ  is the minimum 

threshold power necessary to provide enough power to the RFID tag chip, and 𝜏 is the power 

transmission coefficient that is expressed by (6-2) 

 



125 

 

𝜏 =
4𝑅𝑐𝑅𝑎

|𝑍𝑐+𝑍𝑎|2 ,    0 ≤ 𝜏 ≤ 1                                         (6-2) 

where 𝑧𝑐 = 𝑅𝑐 + 𝑗𝑋𝑐 is chip impedance and 𝑧𝑎 = 𝑅𝑎 + 𝑗𝑋𝑎 is antenna impedance. 

The tag resonant frequency is determined by 𝜏 as the imaginary impedance of the antenna and 

chip are conjugated matched. The measured chip capacitance is 1.45 pF. As it shows in Fig. 

6-2, the reactance of the antenna (XA) and chip (Xc) are matched at 870 and 952 MHz, which 

indicates a relatively wideband behavior of the RFID tag. 

 

Fig. 6-2. Antenna and chip reactance 

The simulated power transmission coefficient and antenna realized gain are presented in Fig. 

6-3. 𝜏 achieves peak value (0.86) at 846 MHz instead of the resonant frequencies since the 

antenna resistance at higher frequencies simulated with conductive yarns are higher than 

conventional metal antennas. However, the simulated realized gain achieves 0.7 dB at 900 

MHz, showing a desirable efficiency of the antenna. 
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(a) 

 

(b) 

Fig. 6-3. Simulated results of (a) power transmission coefficient and (b) realized gain 
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6.1.3.   Antenna measurements 

 

Fig. 6-4. Fabricated RFID tag 

Fig. 6-4 presents the fabricated RFID antenna prototype. The antenna is embroidered with 

silver coated conductive threads (Silverpam 250 from TIBTECH Innovation) on cotton 

substrate using embroidery machine (JCZA 0109-550, ZSK). An IC chip (Monza R6) is 

connected to the antenna using conductive epoxy. The measured sheet resistance of the 

conductive yarn is 0.4 Ω/sq.  

The read range of the RFID antenna is measured with Tagformance Lite RFID measurement 

unit from Voyantic and the results for the tag placed in air, 1 cm from human body and on 

body (sleeve) are presented in Fig. 6-5. When the tag is placed in air, the read range varies 

between 6.5 and 7.23 m from 860 to 960 MHz and achieves the peak value at 895 MHz. As 

the tag is placed closer to human body, a part of the transmitted power is absorbed by the skin, 

which results in decrements of read range. When the tag is placed 1 cm away from body and 

directly on body, the read range is between 5 to 6.4 m with the maximum value at 870 MHz 

and between 3.73 and 4.71 m with the maximum value at 885 MHz, respectively. Such 

results show that the proposed antenna is suitable for wearable applications. 
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Fig. 6-5. Measured read range 

6.1.4.   Conclusion 

 A wearable wideband UHF RFID tag antenna fabricated with conductive textile has been 

proposed. Simulation results and measured read rage have been presented and discussed. As 

an antenna fabricated with relatively less conductive material, it possesses a high and steady 

read range (6.5-7.23m) over the RFID band (860-960MHz) and performs well while placed 

on human body with the best read range of 4.71m. 
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Abstract 

A novel e-textile integrated wideband monopole antenna designed for body-worn energy 

harvesting systems is presented. The proposed antenna is constructed with silver coated 

conductive threads woven into cotton substrate, and the operation bandwidth of which covers 

GSM bands (range 870.4-915 MHz and 1.7-1.9 GHz), LTE bands (range 0.79–0.96 GHz; 

1.71–2.17 GHz; and 2.5–2.69 GHz) and Wi-Fi frequencies (2.4 and 3.6 GHz).   

6.2.1.   Introduction 

In recent years, with the increasing popularity of body worn electronics such as sensors, e-

textile based electrodes and antennas, a demand for wearable energy sources has arisen in 

order to power these devices continuously and complete a self-supplying personal 

communication network. RF energy harvesters are considered an excellent power source 

since ambient energy is available in an increasing number of frequency bands [5-6]. 

Therefore a well-designed energy harvesting device can be both effective and environmental 

friendly. 

The receiving antenna for a wearable RF energy harvesting system is expected to be light 

weight, conformable and effective for a wide range of frequencies [7]. To meet these 

expectations, we present a monopole antenna fabricated with textile materials including silver 

coated conductive threads for the antenna body and cotton for the substrate, which is flexible 

and provides high comfort level for human body. 
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Due to the large available on-body area, the size of wearable textile antennas is not strictly 

limited. The proposed antenna possesses an active area of 20×16 cm, which is constructed in 

circular shape in order to achieve wide operation bandwidth [8-11]. The operation bandwidth 

of this antenna is designed to cover some of the most occupied frequency band in RF 

communication including GSM bands (range 870.4-915 MHz and 1.7-1.9 GHz), LTE bands 

(range 0.79–0.96 GHz; 1.71–2.17 GHz; and 2.5–2.69 GHz) and Wi-Fi frequencies (2.4 and 

3.6 GHz).   

This paper will present the antenna design and S11 performance in Section II and far-field 

radiation measurements in Section III. The conclusions are drawn in Section IV. 

6.2.2.   Design and procedures 

A. Antenna structure 

In Fig. 6-6(a) and (b), the layout of the proposed antenna is presented. The designed 

monopole antenna consists of a slotted circular patch with a radius of 71 mm and a smaller 

circular patch with a radius of 25.2 mm. The antenna body is fed by a micro-strip 

transmission line matched to 50 Ω. In simulation, the antenna performance highly depends on 

the smaller patch radius 𝑅2  and the slot angle θ labelled in Fig. 1(a), and the operation 

frequency bands are optimized by tuning these two parameters. 

Fig. 6-7 presents the fabricated antenna prototype. The silver coated conductive threads 

selected for the embroidered antenna is Silverpam 250 silver coated conductive threads from 

TIBTECH Innovation, which possesses line resistivity of 3 Ω/cm and thickness of 0.2 mm. 

The antenna is fabricated with embroidery machine (JCZA 0109-550, ZSK). The substrate 

consists three layers of cotton (𝜀𝑟=1.4) including the front plane, ground plane and a middle 

layer for isolation. In order to minimize the effect towards surface current flow caused by 

single weaving direction, the gap between parallel threads is set at 0.1mm so that threads are 

weaved together tightly enough to be considered as a metal patch. All three layers are sewed 

together with cotton threads and the overall thickness is about 1.2 mm. An SMA connector is 

connected to the antenna using conductive epoxy for measurements.  
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(a) 

 

(b) 

Fig. 6-6. Layout of the antenna prototype (a) Front view: θ=𝟗𝟎𝒐, 𝑹𝟏=71 mm, 𝑹𝟐=25.2 mm, 

𝑾𝟏=200 mm, 𝑾𝟐=3.2 mm, 𝑾𝟑=8.12 mm, 𝑳𝟏=30 mm, 𝑳𝟐=57.96 mm. (b) Side view: 𝒉𝟏= 0.8 

mm, 𝒉𝟐=0.2 mm 
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(a) 

 

(b) 

Fig. 6-7. Antenna embroidered with SILVERPAM 250 on cotton substrate (a) Front view. (b) 

Back view. 
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B.   Return loss characteristics 

 

Fig. 6-8. Simulated and measured 𝑺𝟏𝟏 magnitude for the fabricated antenna prototype. 

Fig. 6-8 presents the simulated and measured magnitude of reflection coefficient (𝑆11) for the 

fabricated antenna. The simulated antenna operates at a first frequency band from 0.59 GHz 

to 1.37 GHz with resonant frequency of 0.7 GHz and a second band from 1.46 GHz to 5 GHz 

with resonant frequencies of 1.7 GHz, 2.45 GHz and 3.79 GHz. Due to the relatively high 

power loss in conductive threads and the inevitable misshape of the antenna, it can be seen 

that the measured results do not match well at higher frequencies around 3.79 GHz. However, 

since the antenna operates at a wide bandwidth between 0.5 GHz and 5 GHz, all the desired 

frequency bands are covered under -10 dB bandwidth.   
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6.2.3.   Far field radiation characteristics 

 

Fig. 6-9. Fabricated textile antenna being measured in the anechoic chamber. 

The far-field radiation characteristics of the antenna prototype were measured in an anechoic 

chamber with a fully calibrated ENA E5071B as presented in Fig. 6-9. The transmitting 

antenna applied in the measuring process is the same proposed structure fabricated with FR4 

substrate and copper film. The simulated and measured radiation patterns for both E-plane (y-

z plane) and H-plane (x-z plane) are presented in Fig. 6-10 at four selected frequencies: 0.7 

GHz, 1.7 GHz, 2.4 GHz and 3.6 GHz. The patterns of simulation and measurements for both 

planes correspond better between 0° and 180°. At lower frequencies, the radiation pattern on 

E-plane appears directive towards between 0°  and  180°  while the H-plane is perfectly 

omnidirectional as it shows in Fig. 6-10(a). As the frequency increases, the H-plane patterns 

become increasingly directive to 90° and 270° and the main lobe direction of E-plane patterns 

moves gradually towards  90° . Such results indicate that the antenna becomes more 

directional as the frequency increased within the selected range. The measured gains at the 
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four selected frequencies are 2.73 dBi, 3.56 dBi, 2.17 dBi and 5.64 dBi at 0.7 GHz, 1.7 GHz, 

2.4 GHz and 3.6 GHz, respectively.  

 

                                  (a)                                                                          (b) 

 

                                      (c)                                                                           (d) 

                     Measured E-plane                        Simulated E-plane 

                     Measured H-plane                        Simulated H-plane 

Fig. 6-10.  Simulated and measured textile antenna radiation patterns for E-plane and H-plane 

at four different frequencies (a) 0.7 GHz, (b) 1.7 GHz, (c) 2.4 GHz, (d) 3.6 GHz. 

6.2.4.   Conclusion 

A wideband circular structured monopole antenna fabricated with e-textile has been proposed. 

Results for reflection coefficient and radiation patterns have been presented and discussed. 
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The proposed antenna operates for 0.78 GHz from 0.59 GHz to 1.37 GHz and 3.54 GHz from 

1.46 GHz to 5 GHz. The measured and simulated radiation patterns agree well for a 

conformal antenna made with relatively lossy material. Furthermore, the antenna achieves 

steady gain along a wide range of frequencies. The performance of the proposed structure 

makes it promising to be applied in effective power harvesting systems. 
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Abstract  

Ambient energy harvesting is a rising technology that converts EM energy in air into 

electricity, which has become a great solution for replacing batteries and providing steady 

and lasting power source for electronic devices. The work reported here demonstrates the 

development of a novel wearable energy harvesting system constructed with a pure e-textile 

broadband dual-antenna array and a compact six-band rectifier. The textile antennas are 

seamlessly integrated with skin friendly cotton substrate, which is wearable for relatively 

large body area in order to harvest ambient RF energy. The operating bandwidth of the 

proposed device covers the most occupied RF power generating frequency bands, including 

digital TV bands (470–610 MHz), GSM bands (range 870.4–915 MHz and 1.7–1.9 GHz), 

LTE bands (range 0.79–0.96 GHz; 1.71–2.17 GHz; and 2.5–2.69 GHz), 3G bands (1.92–1.98 

GHz and 2.11–2.17 GHz) and Wi-Fi frequency (2.4 GHz). This system aims for providing 

constant DC power for body sensors, which has the potential to be applied in various fields as 

a part of body area network. 

7.1.   Introduction 

During the past decade, wearable e-textile technology has become increasingly popular for 

the market. E-textile produced with various fabrication techniques has been developed with 

functionalities such as heat regulation, luminescent and most of all, sensor embedded [1]. 

With the rapid development of body sensor networks (BSN), wearable sensors have made 
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tremendous contribution in a variety of fields, such as physiological signals real-time 

monitoring in healthcare [2-4] and human surveillance for personal safety [5]. Since most of 

the wearable sensors require a stable power source, integration of energy harvesting 

technology has been considered a great solution to replace batteries and prolong the life time 

of wearable devices as well as reduce chemical waste by acquiring energy from ambient 

environment constantly.  

Wearable energy harvesting techniques can take many forms, such as transferring electrical 

energy from body movements and human motions by employing triboelectric e-textile [6-8], 

light energy harvesting [9] and RF energy harvesting [10]. The ambient RF energy harvesting 

technique operates by converting energy from electromagnetic waves into DC power, the 

state-of-art development of which is stated in [11]. This technique has attracted tremendous 

attention due to the intense density of wireless communication. The average power density of 

the largest RF contributors in London is summarized in [12], which shows that the most 

intense density of ambient RF power lies in the operation bands of GSM1800 (base station 

transmitter) and GSM900 (base station transmitter) with 84 nW/ cm2 and 36 nW/ cm2 , 

respectively. 

 

Fig. 7-1.  The overall architect of an RF energy rectifier  

As it presents in Fig. 7-1, RF energy harvesters are usually constructed with receiving 

antennas, matching circuits and RF rectifiers, which are also called rectennas. The latest 

researches of wearable RF energy harvesters designed for powering wearable sensors are 

listed in [13-18]. Most of the existing wearable rectennas are designed for single and dual 
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band operation, for which the received RF power can be limited and the device would require 

a closed-by power source.  

In this paper, we propose a six-band operating body worn RF energy harvester composed 

with an e-textile broadband dual monopole antenna array and a six-band rectifier. The 

antenna array is constructed with two identical monopole antennas designed in a plier shape 

with thin outlines, which aims to achieve high realized gain and broad operating bandwidth 

with minimal cost. The antenna circuit is light weight and skin friendly for it is fabricated 

with silver coated conductive threads (0.3 mm cross-section diameter) and cotton substrate. 

In order to maximize the RF to DC conversion from ambient sources, the rectifier is 

constructed with three parallel dual-band matching branches [19]. For the interest of reducing 

effect from natural body movements due to the deformable structure and relatively large size 

of the textile antenna array, the proposed device is designed to be implanted on the back body 

area, where the clothing takes less distorting forces. 

This paper is structured as follows. Section II will demonstrate the design, fabrication and 

performance of the e-textile dual antenna array. In Section III, the design and performance of 

the six-band rectifier are presented. Section IV will demonstrate the ambient harvesting 

performance of the rectenna and propose potential applications of the proposed device. 

Section V summarizes the key results and overall circuit performance.  

7.2.   e-textile duo antenna array 

7.2.1.   Antenna design 

Fig. 7-2 presents the layout of the antenna designed for the wearable energy harvesting 

system, which is a dual-antenna array composed of two identical monopole antennas. The 

antennas are designed in the shape of slotted elliptical rings in order to achieve broadband 

operation as well as to minimize the usage of conductive textile. The slots at the top of the 

antennas are optimized for the desired operation frequencies, and the distance between the 

two antennas are designed as 200mm for a trade-off between minimizing the crosstalk and 

the overall antenna size. The substrate material is selected as cotton (𝜀𝑟=1.4) with 0.4mm 

thickness. The antennas are feed with transmission lines matched to 50 Ω. The separating 

distance between the antenna elements is set to 0.25λ at 750 MHz (the lowest expected 

operating frequency). 
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Fig. 7-2.  The antenna array layout: Rout1=71 mm, Rout2=51 mm, Rin1=64 mm, Rin2=46 

mm, slotwidth=64 mm, s=9.31 mm, lf1=25 mm, lf2= 20 mm, wf= 3.1mm, dis=200mm, 

ground plane =350 mm×45 mm 

As presented in Fig. 7-3, the array antenna prototype is fabricated using embroidery machine 

(JCZA 0109-550, ZSK), integrating silver coated conductive threads (Silverpam 250 from 

TIBTECH Innovation) with cotton substrate. A cotton layer is placed between the antenna 

and the ground plane for electrical isolation. The e-textile feedline is connected to an SMA 

port using conductive epoxy. 

The S-parameters of the antenna is measured with Keysight Fieldfox VNA N9918A. Fig. 7-4 

presents the simulated and measured S11 results of the antenna array from 0 to 5 GHz. In 

simulation, the antenna shows a multiband behaviour within the frequency bands of 560-725 

MHz, 880-1020 MHz, 1.42-1.58 GHz, 1.74-2.03 GHz, 2.44-3.03 GHz, 3.59-4.04 GHz, 4.4-

4.54 GHz and 4.81-5 GHz. In the measurements, the magnitude of reflection coefficient is 

generally lower than the simulation results and the antenna presents a broad operation 

bandwidth from 0.56 GHz to 5 GHz, covering most of the frequency bands required for 

ambient RF energy harvesting. The simulated gain trend of the antenna array is presented in 

Fig. 7-5. The maximum gain achieves 7.68 dBi at 1.45 GHz, and the average gain from 0.5 
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GHz to 5 GHz is 5.55 dBi. This trend shows a high and stable gain pattern over the broad 

operating band, which is considered suitable for the multiband rectifier implantation that will 

be discussed in Section III. 

 

(a) 

 

(b) 

Fig. 7-3.  Fabricated textile dual-array monopole antenna: (a) front (b) back 
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Fig. 7-4.  Simulated and measured S11 results for textile antenna array 

 

Fig. 7-5.  Simulated antenna gain over frequency  
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7.2.2.   Far field radiation 

The far-field radiation patterns of the antenna array were measured in an anechoic chamber 

with a fully calibrated ENA E5071B as it shows in Fig. 7-6. A broadband monopole antenna 

fabricated with FR4 substrate and copper film is applied as the transmitting antenna in the 

measuring process. The simulated and measured radiation patterns for both E-plane (y-z 

plane) and H-plane (x-z plane) are presented in Fig. 7-7 at six selected frequencies: 0.6 GHz, 

1.5 GHz, 1.9 GHz, 2.45 GHz, 2.9 GHz and 3.6 GHz. The maximum gain measured at these 

frequency points are 3.99 dBi, 7.51 dBi, 5.04 dBi, 7.36 dBi, 4.56 dBi and 2.64 dBi, 

respectively. The discrepancy between the measured and simulated results is mainly due to 

instability induced by the flexible structure of the e-textile antenna. As the operation 

frequency increases, the angular width of the main lobe narrows down gradually for both E-

plane and H-plane patterns, which indicates antenna becomes more directional over the 

selected frequency range. 

 

Fig. 7-6.  Measurement setup for far field radiation 
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                                       (a)                                                                    (b) 

 
                                        (c)                                                                    (d) 

 
                                        (e)                                                                     (f) 

                     Measured E-plane                        Simulated E-plane 

                     Measured H-plane                        Simulated H-plane 

Fig. 7-7.  Simulated and measured textile antenna array radiation patterns for E-plane and H-

plane at six different frequencies (a) 0.6 GHz, (b) 1.5 GHz, (c) 1.9 GHz, (d) 2.45 GHz, (e) 2.9 

GHz and (f) 3.6 GHz 
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The simulated antenna total efficiency is presented in Fig. 7-8. The trend possesses a periodic 

pattern at the selected frequency range with peak efficiencies at 0.65 GHz, 1.8 GHz, 2.95 

GHz and 3.9 GHz. At the selected frequencies for radiation pattern measurements, the 

radiation efficiencies are 86.9%, 85.7%, 84.5%, 72.1%, 91.5% and 74.1%, respectively. 

 

Fig. 7-8.  Simulated antenna efficiency over frequency 

 

7.3.   Multiband RF rectifier 

7.3.1.   Rectifier design 

In order to coordinate the broad operating bandwidth of the textile antenna and increase the 

efficiency in harvesting ambient energy, a multiband rectifier structure is chosen for the 

design. The proposed rectifier aims to cover 6 frequency bands that include UHF TV bands 

(470–806 MHz), GSM bands (870.4-915 MHz and 1.7-1.9 GHz), LTE bands (0.79–0.96 GHz; 
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1.71–2.17 GHz; and 2.5–2.69 GHz) and Wi-Fi frequency (2.4 GHz).  The six-band matching 

technique is discussed in [19].  

The rectifier circuit consists three branches. A dual band matching circuit is connected to a 

four-stage diode rectifier at each branch as it presents in the designed circuit schematic shown 

in Fig 7-9. The value of the lumped components at each branch is calculated based on CRLH 

(composite right/left-handed) dual-band principle [20] and dual-band impedance matching 

theory described in [21]. The optimized value of lump components in the matching network 

is listed in Table 7-1. 

 

Fig. 7-9. Six-band rectifier layout 

Fig. 7-10 presents the fabricated rectifier with FR4 substrate and copper film. The diodes in 

this circuit are selected as Schottky diodes (SMS7630, Skyworks) for a low barrier, and the 

coupling capacitance and load resistance are selected as 100 nF and 6.2 kΩ, respectively. 
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Table 7-1. Lump Component Parameters for the Fabricated Multiband Rectifier 

 Branch 1 Branch 2 Branch 3 

𝐿𝑅 (nH) 6.3 2.3 30 

𝐶𝐿 (pF) 4.8 1.6 1 

𝐿𝐿 (nH) 1 1 4 

𝐶𝑅 (pF) 2.5 4.5 1.1 

𝐿𝑠ℎ (nH) 12.8 2.8 1 

𝐿𝑠𝑒 (nH) 32.4 7.8 1.6 

 

 

Fig. 7-10. Fabricated six-band rectifier 

7.3.2.   Rectifier performance 

The simulated and measured reflection coefficient (S11) results are presented in Fig. 7-11, 

where the simulation results are calculated using the measured input impedance of the diode 

circuits. In simulation, the rectifier operates at 6 frequency bands around 0.62 GHz, 0.86 GHz, 

1.46 GHz, 1.92 GHz, 2.22 GHz and 2.45 GHz. The measured operating frequencies are 0.53 
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GHz, 0.9 GHz, 1.61 GHz, 1.96 GHz, 2.11 GHz and 2.45 GHz. The results matches better at 

the higher three frequencies than the lower ones. Due to the non-linear properties of the 

rectifier circuit, the reflection coefficient is dependent on the input power level. However the 

S-parameter simulation in ADS generates constant results disregarding the input power level 

while in actual measurements the input power level of VNA measuring is fixed at -15 dBm. 

This might be the main reason for the mismatch between the simulation and measurement 

results. 

 

Fig. 7-11. Simulated and measured S11 results of the proposed rectifier 

The RF to DC conversion efficiency can be calculated with (7-1) 

η =
𝑃𝐷𝐶

𝑃𝑖𝑛
                                                            (7-1) 

where 𝑃𝐷𝐶 is the output DC power, and 𝑃𝑖𝑛 is the input power.  
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Fig. 7-12. Simulated and measured RF to DC conversion efficiency verses input power level 

at 6 selected frequencies 

The simulated and measured conversion efficiencies at the measured resonant frequencies are 

presented in Fig. 7-12. The simulated efficiencies are obtained using the equivalent circuit 

model designed in ADS, and the actual efficiencies are obtained by measurements taken with 

an RF signal generator (Marconi Instruments 6200) and a DC-mode multi-meter. It shows 

that the rectifier works well over the wide range of frequencies with the input power level 

from -20 dBm to 10 dBm. It has been noticed that some of the measured efficiencies are 

considerably higher than the simulated ones, which might be due to the errors existing in the 

configuration between the actual and ADS SPICE models of Schottky diodes (SMS7630, 

Skyworks). The efficiencies approach peak values as the input power is 5 dBm with 

maximum value of 85.7% at 0.9 GHz. As the input power is between -20 and -10 dBm, the 

measured conversion efficiencies are 19.52%-41.95%, 23.23%-60.02%, 13.06%-25.81%, 

16.13%-38.73%, 10.32%-29.82% and 13.06%-34.13% at the selected frequencies, 

respectively. 
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7.4.   Ambient RF Energy Harvesting 

The completed energy harvester is presented in Fig. 7-13(a), where the rectifier is connected 

to the antenna array through an SMA connector. In order to examine performance of device 

harvesting energy in air, a wireless power transfer experiment is performed as it presents in 

Fig. 7-13(b). A broadband antenna is connected to RF power generator (Marconi Instruments 

6200) as a power source, and the proposed device is positioned 50 cm away from the source. 

The input power generated is set at 5 dBm, and the output DC voltage is measured with a 

multimeter (Fluke 87 III). 

Table 7-2. Measured DC Output 

Frequency 

(GHz) 

Output DC 

voltage 

(mV) 

Output 

Power 

(dBm) 

0.53 168 -23.42 

0.9 650 -11.67 

1.61 83 -29.55 

1.96 120 -26.32 

2.11 66 -31.53 

2.45 140 -25 

 

The measured output DC voltage and DC power at each operating frequency are listed in 

Table 7-2. It shows that the greatest DC power harvested is -11.67 dBm at 0.9 GHz. The 

power acquired from the rectenna is able to power a variety of wearable low power sensors, 

such as ECG sensors [22] [23], spirometers [24], gas sensors [25] and GPS sensors. In future 

developments, the proposed energy harvesting system can be applied as a power source for 

wireless body sensing networks in various fields, such as real-time health monitoring and 

personnel locating for special professions. 
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(a) 

  

(b) 

Fig. 7-13.  Experimental setup of wireless power transfer  
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7.5.   Conclusion 

This paper has presented design, fabrication and measurements of a six-band operating e-

textile integrated RF energy harvester. The reported device is integrated with daily garments, 

aiming for an environmental-friendly and steady power source for wearable sensors.  

The measurement results have shown that the e-textile antenna array has a broadband 

operation that cover most of the ambient RF generators, and the six-band rectifier connected 

to the antenna operates at corresponding frequency bands, which has a tested maximum 

conversion efficiency of 60.02% and 23.23% at -10 dBm and -20 dBm input power, 

respectively. The harvester is able to generate highest DC power of -11.67 dBm with an 

ambient power source at a single frequency (0.9 GHz). It is believed that the wearable energy 

harvesting system reported here would make great contribution to BSN and personal health 

care.  
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Chapter 8   Conclusions and Future Work 

8.1.   Conclusions 

This thesis focuses on the development of e-textile antennas and antenna integrated electronic 

devices. The design, fabrication, electronic properties and performance of e-textile integrated 

antennas including NFC antennas, a UHF RFID antenna, a wideband monopole antenna and 

a broadband dual antenna array have been under research. Based on the e-textile NFC tag, a 

wireless body temperature and humidity sensing device has been developed, and the sensing 

performance under various circumstances and potential application of the device have been 

investigated. A body-worn RF energy harvesting system has been proposed based on the e-

textile dual antenna array with integration of a six-band RF rectifier, and the RF-to-DC 

conversion performance at 6 frequency bands has been presented. Detailed conclusions and 

key findings are shown in the following sections. 

8.1.1.   e-Textile embroidered wearable NFC antennas and wireless 

powered NFC body temperature and sweat sensing system 

Since an e-textile NFC antenna for everyday wear might be constantly under external forces 

such as bending, it requires a wider operation bandwidth than conventional NFC tags to 

maintain a stable read range. It has been found that a lower inductance of an NFC coil results 

in a lower antenna quality factor (Q) and therefore a wider bandwidth. Moreover, a lower 

inductance value of an NFC tags usually means a smaller size, which makes the tags easier to 

wear and affected less from bending and stretching. The proposed e-textile NFC tag in this 

thesis has a 10 dB bandwidth of 3.787 MHz and a Q factor of 8.85. The best read range of the 

tag is 5.57 cm and 6.09 cm while matched to an NXP diode (NXP SL2S2102FTB) and an 

NFC transponder (RF430FRL152H), respectively, and tag is able to be read within 0.5cm 

when it is completely folded (180° bending angle). 

The sensing device based on an e-textile antenna proposed in this thesis has applied two 

sensors: a built-in temperature sensor within the NFC transponder (RF430FRL152H) and an 

external humidity sensor (HIH-5031, Honeywell). Since the humidity sensor operates at a 

higher voltage level (3 V) than the minimum antenna voltage (1.5 V), a voltage booster 

(modifies 4-time Dickson charge pump) is modified and applied to increase the antenna 
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output voltage at the longest read distance up to 5.32 V. As a result, both temperature and 

sweat sensors powered wirelessly by the reader are able to realize real-time reading and to 

provide accurate results. Potential real-life applications relating to this smart textile sensing 

device, including mobile application and wound healing monitoring, have also been proposed. 

8.1.2.   e-Textile embroidered UHF RFID antenna 

A machine embroidered UHF RFID antenna has been proposed. The RFID antenna is 

designed to be conjugate matched with the microchip over a wide bandwidth (840-1343 

MHz). Comparing to conventional metal material, e-textile material possesses relatively 

higher sheet resistance which leads to a lower expected efficiency. Therefore, in order to 

reach a maximum read distance, a high embroidery density is applied in the fabrication 

process, and the obtained average sheet resistance of the antenna is 0.4 Ω/sq. In 

measurements, the proposed antenna achieves a long and steady read range (6.5-7.23 m) over 

the RFID band (860-960 MHz) and performs well while placed on human body with the best 

read distance of 4.71 m. 

8.1.3.   e-Textile Integrated Wideband Monopole Antenna for Body-worn 

Energy Harvesting Systems 

A receiving antenna working in a wide bandwidth is desirable in a wearable RF energy 

harvesting system so that it can harvest power from multiple ambient RF frequency bands 

and obtain relatively high output power. An e-textile monopole antenna, designed in a slotted 

circular patch structure which achieves a working bandwidth from 0.51 GHz to 5 GHz, is 

proposed in this thesis. Despite the material loss, the antenna is able to achieve high 

efficiency over the wide operating bandwidth. The measured gains at four selected 

frequencies (0.7 GHz, 1.7 GHz, 2.4 GHz and 3.6 GHz) are 2.73 dBi, 3.56 dBi, 2.17 dBi and 

5.64 dBi, respectively. The realized gain tends to increase at higher frequencies from 3 GHz 

to 5 GHz, which makes it particularly suitable to be applied in an RF energy harvester to 

compensate the higher loss of rectifiers at higher frequencies. 

8.1.4.   A Novel Body-worn Energy Harvesting System based on e-textile 

Antenna Array and compact Multiband Rectifier 

To further investigate in the application of wearable RF energy harvesting, a novel e-textile 

integrated rectenna is proposed. The receiving antenna is designed as a dual monopole 
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antenna array in order to achieve a higher gain for higher energy harvesting efficiency. The 

proposed antenna structure is in a slotted plier shape, which restricts the usage of e-textile 

material while obtaining a broad operating bandwidth (0.56-5 GHz) within the frequency 

range up to 5 GHz. A modified six-band RF rectifier is designed for RF-to-DC power 

conversion for the most occupied ambient RF frequency bands, the performance of which is 

steady over the wide frequency range. The rectifier is tested to be most efficient at 900 MHz 

with maximum conversion efficiency of 60.02% and 23.23% at -10 dBm and -20 dBm input 

power, respectively. With an ambient power source at this frequency, the integrated harvester 

is able to generate a highest DC power of -11.67 dBm. 

8.2.   Key contributions 

 Development of various novel e-textile antenna structures (NFC, UHF RFID, 

monopole, and array). 

 Detailed study of e-textile characteristics: electrical properties, performance under 

bending, pressure and skin contact. 

 Optimizing antenna performance by fully considering the unique properties of textile 

material in the design process: all proposed antennas possess relatively wide 

bandwidth, which stabilizes the performance when the antenna circuit is under 

external forces.  

 Development of sensing and wireless powering devices based on e-textile antennas, 

including wireless power NFC sensing device and wearable RF energy harvester. 

 Modification of the Dickson Charge Pump structure for high frequency AC voltage 

boosting. 

8.3.   Limitations and future work 

Although the far field wearable antennas proposed in Chapter 6 and 7 have performed 

decently in measurements, in on-body applications, the radiated signal from the antennas 

could be easily absorbed by human body, which would affect the antenna performance on 

different levels. In future research, it would be necessary to develop an RF blocking layer 

between the antenna and body in order to ensure the functionality of the wearable circuitry. 

Metasurface is considered a desirable choice for this layer, which is a two-dimensional 

arrangement of subwavelength scatterers that controls the propagation of optical waves. The 
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planar structure of metasurface is significantly more suitable for integration with wearable 

antennas than traditional L-C RF signal blocking devices. In recent research, metasurface has 

been applied to reduce mutual coupling between antenna elements in [1], and applied as a 

retroreflector in [2]. 

So far, the e-textile antennas proposed in this work have mainly focused on HF (high 

frequency) (13.56 MHz), UHF (ultra-high frequency) band from 860 MHz to 960 MHz and 

microwave frequencies up to 5 GHz. However, with the vast development of 5G technology, 

it can be predicted that most of the future wireless communication will operate in higher 

frequency bands such as EHF (extremely high frequency) band from 30 GHz to 300 GHz. 

Therefore, it would be constructive to expand the research of e-textile antenna design in this 

work to higher frequency bands. Due to the compact structure of antennas working at such 

frequencies, the precision of embroidery in the fabrication process would require a higher 

standard. 

There are limitations existing in the research of RF energy harvesting system proposed in 

Chapter 7. First of all, the ambient RF power is unstable regarding different locations which 

cannot ensure the constant functionality of the harvesting device. To solve this problem, a 

small-sized supercapacitor [3] can be integrated at the load of the harvesting system as a 

power collecting battery, which ensures wearable electronics powered by this device to work 

stably and constantly. This method would greatly benefit future integration of low power 

body sensors in this system and how the sensors perform while powered by the harvester. 

Secondly, the simulation and experimental results of the rectifier efficiency are not consistent 

with each other as well as expected. This is because the SPICE parameter and packaging 

parasitic elements of the ADS diode model were created for small signals with a limited 

frequency range, which are not perfectly suitable for the case where the frequency and power 

of the signals vary significantly. In future research, real-data based diode model loaded with 

the voltage over current (I/V) and electric charge over voltage (Q/V) functions can be 

developed in order to obtain more accurate simulation results. 

Furthermore, due to low power level of ambient sources, the energy harvested by an e-textile 

rectenna is limited and only able to supply electronics with low input power requirements. 

For future improvements, the RF energy harvester could be combined with other types of e-

textile powering devices, such as the e-textile triboelectric energy harvesting system proposed 

in [4]. Finally, the rectifier currently proposed for the RF harvester is a conventional PCB 
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circuit. In further research, an e-textile rectifier is expected to be developed where the 

electrical components are interconnected using seamlessly embroidered conductive threads 

on textile substrate, which would realize full textile applications. The main challenge exists in 

this idea is that such e-textile circuits can be easily broken in the connection points.  
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