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WEARABLE ANTENNA DESIGN FOR MICROPOWER GENERATION

SUMMARY

Electronic devices such as cell phone, Wi-Fi hardware and radio-TV receiver and
transmitters, which are frequently used, and have an important part in daily life,
continuously emit electromagnetic energy. Even though the power of this energy is
low, it can open a door to us to charge our mobile devices such as cell phones or
iPods without any need for a cable. It would be a pity to restrict the use of this
application with storing energy for cell phones and iPods. The concept of supplying
energy for electronic devices without cables or batteries may be applied to many
areas to be used as supportive devices.

In order to convert the electromagnetic energy in the environment to electrical
energy, a proper antenna and a rectifier are needed. Since the application does not
include particular information about the direction or the amount of the incoming
signal, the antenna-rectifier system should be designed very carefully. Considering
this, the antenna was designed to be a circularly polarized microstrip antenna with
multi-resonance, including GSM 900, GSM 1800 and W-LAN bands, in which the
electromagnetic energy is intensively found in the environment. For the rectifier
circuit which is supposed to convert the sinusoidal signal collected by the antenna
into direct current, Schottky diode, whose threshold voltage is lower than the others,
was preferred. The rectifier circuit, which consists of capacitors and Schottky diodes,
was chosen as simple as possible in order to minimize the loss occurring in the
circuit elements.

At the next step of the application, in order the antenna to be carried comfortably on
human body, it was redesigned using wearable, flexible, conducting and dielectric
fabric. It may seem awkward to imagine an antenna to be placed or integrated on a
dress as if it is an ordinary piece of cloth, but the studies on wearable conducting and
dielectric fabric in the last a few years let us know that electronic devices can be
carried on human body as comfortable as any normal fabric, without restricting the
mobility of the user. The flexible fabric also allows us to place it anywhere such as
arms or legs. Bending the antenna with an angle obviously changes the parameters of
the antenna. Therefore, the measurements should be carried out very sensitively and
carefully. The effect of human tissue to the antenna characteristics should be also
considered. In this study, researching the kinds of wearable fabric, different
alternatives were discussed. The simulations were carried out for two different kinds
of fabric. The antenna was bent considering the rib cage profile, and the effects of the
human body to the antenna parameters were investigated.
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COK DUSUK SEVIYELERDEKI GUC URETIMi iCIN GIiYILEBILIiR
ANTEN TASARIMI

OZET

Giinliik hayatta biiyiik bir onemi olan ve sik¢a kullanilan elektronik aletler, 6rnegin;
cep telefonu, Wi-Fi donanimlar ve radyo-televizyon alic1 vericileri, ortama devamli
olarak elektromanyetik enerji yaymaktadirlar. Bu enerji her ne kadar c¢ok diisiik
miktarlarda olsa da, bize kullanilabilir enerji ad1 altinda, cep telefonu ya da ipod gibi
taginabilir aletlerimizi, pil ya da kabloya ihtiya¢c duymadan sarj etmemize olanak
verebilir. Bu uygulamay1 sadece cep telefonu ve ipod i¢in enerji depolamakla
kisitlamak acimasizlik olur. Elektronik aygitlara kablosuz ve pilsiz enerji saglama
kavrami, ileride bir¢ok alanda uygulama bularak, kisisel yardimci cihazlar gibi
kullanilabilir.

Ortamdaki elektromanyetik enerjiyi kullanilabilir elektrik enerjisine doniistiirmek
icin anten ve dogrultucu devreye ihtiya¢ vardir. Uygulama, gelen sinyalin yonii ve
miktar1 hakkinda belirli bir bilgi icermediginden, anten ve dogrultucudan olusan
sistem ¢ok dikkatli tasarlanmalidir. Bu ama¢ dogrultusunda anten tasarimi ele
almirken; elektromanyetik enerjinin ortamda en yogun bulundugu GSM 900, GSM
1800 ve W-LAN bantlarmi kapsayan, cok rezonansl, dairesel polarizasyonlu
mikroserit anten tasarimi gerceklestirildi. Antenin topladig siniizoidal sinyali dogru
akima cevirecek dogrultucu devre icin, esik degeri diger diyotlara gore ¢ok diisiik,
Schottky diyot tercih edildi. Kapasiteler ve Schottky diyotlardan olusan dogrultucu
devre, devre elemanlarinda olusan kayiplar1 en aza indirgemek i¢in en basit sekilde
secildi.

Uygulamanin bir sonraki adiminda, antenin kolayca insan viicudu iizerinde
rahatsizlik vermeden tasinabilmesi i¢in; anten, giyilebilir, esnek, iletken ve iletken
olmayan kumaslarla yeniden tasarlandi. Antenin herhangi bir kumas gibi kiyafet
tizerine konulmasi yada kiyafete entegre edilmesi kulaga tuhaf gelebilir, ancak son
yiullarda, giyilebilir iletken ve iletken olmayan kumaslar iizerinde yapilan yogun
caligmalar, elektronik cihazlarin normal kumas rahatliginda, kullanicinin hareket
yetenegini kisitlamadan viicut iizerinde tasginmasma olanak vermektedir. Esnek
kumas ayn1 zamanda, antenin viicut iizerinde herhangi bir yere; kol veya bacak gibi,
yerlestirilmesine de olanak saglamaktadir. Antenin belirli bir a¢1 ile biikiilmesi, tabii
ki anten parametrelerini degistirmektedir. Bunun i¢in ¢ok dikkatli ve hassas dl¢timler
gerekmektedir. Ayn1 zamanda, insan dokusunun anten karakteristigine etkisi de goz
Ontine alinmalidir. Bu ¢alismada, giyilebilir kumaglar arastirilirken farkli secenekler
ele alindi. Olgiimler, iki farkli 6zellikte iki cesit kumas icin yapildi. Aym zamanda
anten, gogiis kafesi profili goz Oniine alinarak biikiildii ve insan viicudunun anten
parametrelerine etkisi arastirildi.
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1. INTRODUCTION

The trends in technology allow the decrease in both size and power consumption of
complex digital systems. This decrease in size and power gives rise to new models of
computing and use of electronics, with many small devices working collaboratively or at
least with strong communication capabilities. Examples of these new models are
wearable devices and wireless sensor networks. Currently, these devices are powered by
batteries. However, batteries present several disadvantages: the need to either replace or
recharge them periodically and their big size and weight compared to high technology
electronics. One possibility to overcome these power limitations is to extract (harvest)
energy from the environment to either recharge a battery, or even to directly power the

electronic device [1].

Energy is everywhere in the environment surrounding us — available in the form of
thermal energy, light (solar) energy, wind energy, and mechanical energy. However, the
energy from these sources is often found in such minute quantities that it cannot supply
adequate power for any viable purpose. In fact, until recently, it has not been possible to

capture such energy sufficiently to perform any useful work [2].
This scenario is about to change.

Energy harvesting (also known as power harvesting or energy scavenging) is the process
by which ambient energy is captured from one or more of these naturally-occurring
energy sources, converted into electricity and used to drive small autonomous electronic,
electrical and combined devices or storing them for later use. When compared with the
energy stored in ordinary storage elements, such as batteries and the like, the

environment represents a fairly infinite source [2-5].

This thesis will focus on Radio Frequency (RF) energy harvesting, whose magnitude of
the available energy is the least among all these energy sources. Figure 1.1 shows the

approximate amount of energy per unit available from harvesting sources [6].



Enengy Source Harvested Power

Vibration/Motion

Human 4 pWyem?

Industry 100 pWi'cm?

Human 25 pWrcm?

Industry 110 mW/cmé

Light

Indoor 10 pWiem®

Outdoor 10 mWcm?

GSM 0.1 pWicm?

WiFi 0.001 mW/om?

Figure 1.1: Energy harvesting estimates [6]

Most people do not realize that there is a plenty of energy all around us at all times. We
are being exposured with energy waves every second of the day. Radio and television
towers, satellites orbiting earth, and even the cellular phone antennas are continuously
transmitting energy. What if there was a way we could harvest the energy that is being
transmitted and employ it as a source of power? If it could be possible to collect the
energy and store it, we could potentially use it to power other circuits. The first type of
application of using wasted power is in cellular phone, this power could be used to
recharge a battery that is constantly being depleted. The potential exists for cellular
phones, and even more complicated devices - i.e. pocket organizers, person digital
assistants ( PDAs ), and even notebook computers - to become completely wireless [7].
The second type of application in using harvesting power, which in some cases can also
help decrease health hazards. For instance, the rooftops of buildings in city centers are
often rented to a number of wireless suppliers and technical workers have reported
healthiness problems when servicing a transmitter in the presence of other operating
transmitters. In this location, a variety of output powers, frequencies, and polarizations
are existing, and interference between a numbers of antennas in each other’s near fields
alters their radiation properties, accounting for more wasted power. This power can be
received, rectified, and stored for further use [8]. An example of another employable
application is wireless LAN (shortly WLAN) that links two or more computers or
devices using modulation technology based to enable communication between devices
in a limited area [9], where devices simultaneously connect each others by using radio
frequencies. This indoor area where in plenty of RF energy can find is very convenient

for harvesting applications. However, it is mentioned that use of existing



electromagnetic radiation, like the one generated by cell phones, radio transmitters, Wi-
Fi equipment is in principle possible, but this solution is not viable except in specific
locations. First the available energy density is low (typically pW/cm2), and second it is
not always desirable, or even legally allowed, to block radiation (e.g. for emergency

calls) [10].

In order to realize these applications, we need a concept named energy harvesting. The
concept needs an efficient antenna along with a circuit capable of converting alternating-
current (AC) voltage to direct-current (DC) voltage. The efficiency of an antenna is
related to the shape and impedance of the antenna and the impedance of the circuit. If
the two impedances are not matched then there is reflection of the power back into the
antenna meaning that the circuit was unable to receive all the available power. Matching
of the impedances means that the impedance of the antenna is the complex conjugate of
the impedance of the circuit [7]. These antenna and AC-DC rectifier circuit

characteristics will be discussed in detail further.

Another important aim of the thesis is to present the designed antenna as a part of
garment (piece of clothing), in this way making it mobile. As we know the existing
antennas can not operate effectively when they are used in the vicinity of a human body
due to the reduction of impedance characteristics [11], but nevertheless the development
of wearable intelligent textile systems offer very effective solutions. Wearable antennas
(also known as textile antenna) presented by Locher [12] and Ouyang [13] are designed
from the combination of the conductive threads and the non-conductive threads.
Integration of an antenna into a garment can be achieved by making the antenna itself
out of textile material. Textile antennas provide so many benefits with the availability of
conductive textile materials, known as electro-textiles, which are conductive fabrics
constructed by interpolating conductive metal/polymer threads with normal fabric
threads or conductive threads, enables the manufacturing of textile antennas and makes
them an unobtrusive part of the wearable textile system, and also these fabrics are
considered a strong candidate to be integrated into clothing for distributed body-worn
electronics because they are washable, durable and flexible [13,14]. Selection criteria for

conductive fabrics and methods of creating will be explained in details further.



In this thesis, the whole system consists of an antenna to pick up the power present in
the media, an impedance matching network to ensure the maximum power transfer in

the system, and the rectifier circuit to convert the RF signal to a DC voltage.

The antenna design is critical in the RF-DC power conversion system since it must
extract the power radiated by the radio waves. The antenna performs best when its
impedance matched to the rectifier circuit at the operating frequency to reduce
transmission losses [15]. Moreover, the antenna must have an area small enough to be
put on clothing, and also a bandwidth large enough to cover the frequency bands of
GSM, PCS and Wi-Fi protocols, which are the most intensive ones in the environment,

therefore, which promise more available energy when captured.

A matched network between the antenna and the rectifier is necessary in order to fine-
tune the impedance match between the antenna and the rectifier for further reduction of

the transmission loss, and to increase the voltage gain [15].

Due to the low incident power densities between10™ —10"'mW / cm”, the rectifier circuit

must be designed to reduce the threshold voltage (V,,) and the internal losses of the

devices as much as possible, simply to improve the efficiency of the RF-DC power

conversion system.

This thesis also presents textile antenna technology, which allows a wearable and a
mobile antenna. For our purpose, the most convenient model of such is a microstrip
antenna, with a microstrip feed line, for it yields many advantages such as lightweight
and have a small volume and a low-profile planar configuration, can be made conformal
to the host surface, their ease of mass production using printed-circuit technology leads
to a low fabrication cost, they allow both linear and circular polarization, can be made
compact for use in personal mobile communication, they allow for dual and triple
frequency operations. Microstrip antennas suffer from some disadvantages as compared
to conventional microwave antennas such as narrow bandwidth, and lower gain [16].
Increase the bandwidth can be achieved by a suitable choice of feeding technique and
impedance matching network. In this thesis, 90° broadband balun which is presented by
Guo [17] will be used in order to enhance the wideband circular polarization

performance. For further information, various models of broadband microstrip antennas



for different purposes are described in [16]. Moreover, for the proposed antenna,
microstrip antenna structures are generally favored in wearable applications since they
can easily be integrated in clothing due to its compact geometry and planar profile [12,

18].

Rectification of microwave signals for supplying dc power through wireless
transmission has been proposed and researched in the context of high-power beaming
since the 1950s, a good review of which is given [8]. Applications for this type of power
transfer have been proposed for power transmission and detection, long distance power
beaming [19], helicopter powering, intersatellite power transmission [8], and short-range
wireless power transfer, e.g., between two parts of satellite. In all of these cases, the
polarization, continuous wave frequency, and power of the incoming RF field were not
time varying, well defined, or known a priori. In this thesis, it is investigated that the
prospect of efficiently capturing power contained in fields with unknown and arbitrary

time varying spectral distribution and polarization [19].

1.1 Receiving Antenna

In order to capture electromagnetic waves and convert the energy into a current, the
proposed design will require an antenna. The goal of this thesis is to maximize the
harvested energy of time varying signals, with a very small power level and an arbitrary
polarization, in the environment. In order to achieve this, it is obvious that the circularly
polarized (CP) microstrip antennas, which compared to linear polarized antennas, allows
for greater flexibility in orientation angle between transmitter and receiver, better
mobility and weather penetration, and reduction in multi-path reflections and other kinds
of interferences [17]. An antenna is usually regarded to be CP when its axial ratio stays
below 3 dB for a given direction of propagation. CP is particularly useful for a number
of radar, communication, and navigation systems because the rotational orientations of
the transmitter and the receiver antennas are unimportant in relation to the received
signal strength. With linearly polarized signals, on the other hand, there will be only
very weak reception if the transmitter and receiver antennas are nearly orthogonal. Also,
the circularly polarized wave reverses its sense of polarization from right hand to left

hand CP and vice versa after reflection from regular objects [16]. Many designs of



single-feed, circularly polarized microstrip antennas with square or circular patches are
presented in [20]. Circular polarization can be obtained if two or more orthogonal
linearly modes, of equal amplitude and 90°time-phase difference, are independently
excited. This can be accomplished by adjusting the physical dimensions of the patch and
using either single, or two or more feeds. For microstrip antennas of the single-fed type,
circular polarization can be generated without the need of an external polarizer. For
microstrip antennas of the dual-fed type, circular polarization can be generated with the
use of an external polarizer, resulting in a larger footprint beneath the patch. However,
compared to the single-fed type, wider impedance and axial-ratio bandwidths can be
achieved, even with a single-element configuration. Feed network configurations
comprising Wilkinson power dividers, a log periodic balun, and a three-stub 90° hybrid
coupler, have been investigated in the open literature. The conventional two-stub
(~25% bandwidth) or three-stub (~ 40% bandwidth) branch-line hybrid couplers have
been commonly used to obtain circular polarization. A quadruple L-probe circular patch
antenna utilizing a pair of two-stub 90° hybrid couplers was shown to deliver a
measured impedance bandwidth (S§,, <-10dB) of 45% and axial ratio-bandwidth
(AR<3dB) of 45%. The conventional 90° hybrid coupler, commonly used as an external
polarizer for dual-fed type CP antennas. This symmetrical 3-dB directional coupler

rovides balanced power splitting and 90° phase shifting between its output ports [17].
p p p

A novel feed network configuration, namely the 90° broadband balun, which exhibits a

wide impedance bandwidth (S,, <—-10dB) of 187.6%, from 0.09 to 2.81 GHz, while

regular 90° hybrid coupler exhibits a much narrower impedance bandwidth
(S,,<-10dB) of 30.9% from 1.53 to 2.09 GHz, was accomplished by Guo [17]. In
order the performance of this new feed line over the entire antenna structure to be
observed, the circular patch fed by the L-probe, is combined into the structure. The

proposed antenna exhibits considerably wide simulated and measured impedance

bandwidth (S,, <—10dB) of 59.52 %, from 1.18 to 2.18 GHz, and 60.24%, from 1.16 to

2.16 GHz, respectively. It is also mentioned that the L-probe single-element rectangular

patch antenna has a typical impedance bandwidth (S, <—10dB ) of around 30%. The



simulated and measured axial ratio of the dual L-probe antenna exhibits rather wide 3dB
axial-ratio bandwidths of 39%, from 1.26 to 1.87 GHz, and 37.7%, from 1.25 to 1.83
GHz, respectively. In addition, geometry, radiation pattern, axial-ratio, and gain
simulations and measurements results of the circularly polarized quadruple L-probe
circular patch antenna can be seen at the same reference [17]. In this research [17], it
was shown that for the quadruple L-probe patch antennas, the use of the proposed 90°
broadband balun, in place of the conventional 90° hybrid coupler, allows for

significantly improved impedance and axial-ratio bandwidths. Figure 1.2 (a) and (b)

show the conventional 90° hybrid and the proposed 90° broadband balun.
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Figure 1.2: (a) The conventional 90° hybrid and (b) The proposed 90° broadband
balun [17]

An another significant study of reception and rectification of arbitrarily polarized
broadband time-varying low-power-density (between 107 —10"'mW /cm’®) microwave
radiation is presented in [8], which develops a 64-element dual circularly-polarized
spiral rectenna array over a frequency range of 2-18 GHz with single-tone and multitone
incident waves. The remarkable point in this study is that the integrated design of
antenna and rectifier, which eliminates the matching and the filtering circuits, allowing a
compact element design. In addition, the increase in rectenna efficiency for multitone

input waves is presented.



As it was previously mentioned, the difficulty in these kinds of low-power-density
research is that the nonlinear decrease in the efficiency due to the low input power levels
when compared to power-beaming applications. The research also indicates that at
microwave frequency band (1 GHz and higher), Schottky diodes (GaAs or Si) with
shorter transmit times is required as a rectifier. Moreover, it is particularly emphasized
that for low-power applications, there is generally not enough power to drive the diode
in a high-efficiency mode. Therefore, it is important to use a diode with low turn-on
voltage. Different kinds of Schottky diodes were tested, and the rectification
performance was seen to depend most significantly on saturation current, junction
capacitance, built-in potential, and series resistance. Measurement results for various
incident power levels show that the conversion efficiency is highly dependent on an
incident power levels, for instance the efficiency is 0.1% for an incident power density
of 5.10°mW /cm*, and 20% for an incident power density of 0.07mW /cm’.
Concluding the research, it should be highlighted that if one of the requirements, such as
high-power, narrow-band, linear polarization, and/or the transmission of time-constant

power, is relaxed, higher efficiencies up to 60% at the X-band can be expected [8].

The similar studies were done by Hagerty and Popovic, for in details info please see [19]

and [22].

Since the first aperture coupled microstrip antenna was proposed, a large number of
variations in geometry have been suggested by workers around the world. The fact that
the aperture coupled antenna geometry lends itself so well to such modifications is due
in part to the nature of printed antenna technology itself, but also to the multi-layer
structure of the antenna. The aperture coupled microstrip antenna involves over a dozen
material and dimensional parameters, and Pozar summarized in [23] the basic trends
with variation of these parameters. Researchers have been engaged in removing
bandwidth limitations of this kind of antennas for the past 20 years, and have been
successful in achieving an impedance bandwidth of up to 90% and gain bandwidth up to
70% in separate antennas. Most of these innovations utilize more than one mode, give
rise to increase in size, height, or volume, and are accompanied by degradation of the
other characteristics of the antenna. As mentioned above, increase the bandwidth can be

achieved by a suitable choice of feeding technique and impedance matching network.



A considerable part of the (open) literature shows interest in the broadbanding aspect of

microstrip antennas, which can be reviewed basically in [23].

In addition, analytical models for microstrip antennas can be used for simplification of
the microstrip antenna model to an equivalent circuit model in which the patch is

characterized by the admittance Y, and the aperture by Y, , since it shortens the

atch
duration of the antenna simulation. For further information, please see the book

Microstrip Antenna Design Handbook.

1.2 Advanced Rectification Circuitry

This component of the proposed design will principally be responsible for converting the
alternating current captured by the antenna into a useful direct current form. This direct
current will then be used to eventually recharge the wireless device’s battery as
mentioned above. Due to the incredible reduction in power requirements for electronic
devices, it has become possible to harvest electromagnetic energy for the purpose of
recharging a portable wireless device’s battery. In order to minimize, or even eliminate,
the energy needed to power this circuitry, passive circuit elements will be used
whenever possible. The design of this circuitry will be heavily dependent on the
frequencies that are harvested [24]. A highly efficient passive power conversion circuit
is needed in order to extract as possible as more power output gate of the rectifier. It is
also mentioned above; the circuit efficiency extremely depends on incident wave power
density. Rectification circuits for such systems must be optimized to improve on the
minimum power-threshold it takes for the system to operate. In order to overcome this
power-threshold, the system requires significantly more efficient circuit and system level
design [15]. It was shown that a Schottky diode can work with a 15 mV (1puWatt)
alternating voltage without an additional energy supply [25]. Schottky diodes are
preferable in such applications due to their low forward-voltage drop between
approximately 0.15V-0.45V, while a normal diode has between 0.7-1.7 volt drops. This
lower voltage drop translates into higher system efficiency. A Schottky diode uses a
metal-semiconductor junction as a Schottky barrier (instead of a semiconductor-

semiconductor junction as in conventional diodes). This Schottky barrier results in both



very fast switching times and low forward voltage drop [26]. An important invention
was presented by Siemens Semiconductor (now Infineon): a silicon carbide Schottky
diode, please see the reference [27] for more info. In addition to Schottky diodes,
alternative solutions are available. For example, CMOS technology is proposed as a

rectifier at very low-received power applications. As presented in [15], a 0.25 um

CMOS technology is used for reducing the threshold voltage of the rectifier circuit.
Simulations and the measurements were obtained using a rectifier with a single structure
and N cascade stages in order to boost the voltage gain by each stage. The results
demonstrate that a novel rectifier circuit works with signals as low as 5S0mV, and has a
maximum measured efficiency of 60%. However, since it allows high Quality factor,
this rectifier operates at narrowband, which is clearly out of our purpose of broadband
applications. The increased number of diodes in multistage rectifier will also vary the
input resistance of the rectifier, as well as the input capacitance; hence, mismatches can
occur between the antenna and the rectifier. In order to compensate circuit mismatches,
low cost impedance matching by using just strap inductor between the antenna and the
rectifier IC presented in [28], also, tradeoffs between device sizes and the number of
rectification stages were investigated. The number of stages is essentially directly
proportional to the amount of voltage obtained at the output of the system. Generally,

the voltage of the output increases as the number of stages increases [7].

A set of criteria is successfully presented by De Vita and lannaccone [29], for the
optimization of the voltage multiplier, the power-matching network. Furthermore, they
have shown that radio frequency identification (RFID) transponders, which require a dc

power of 1uW , can operate larger than 4 and 11m at the 2.45 GHz and 868 MHz ISM
frequency bands, respectively.

Electronic technology will continue its evolution of decreasing energy consumption
thanks to continuing scaling down of devices, nanotechnology and eventually, molecular

electronics. New processing and communication techniques will also help reducing

power consumption [1].

10



1.3 Textile Antenna Design

Wearable computing is a fast growing field in application- oriented research. Steadily
progressing miniaturization in microelectronics along with other new technologies
enables integration of functionality in clothing allowing entirely new applications. The
vision of wearable computing describes future electronic systems as an integral part of
our everyday clothing serving as intelligent personal assistants [12]. Electro-textiles are
conductive fabrics constructed by interpolating conductive metal/polymer threads with
normal fabric threads or conductive threads. There are three methods of creating

conductive fibers:

1) The filling of fibers with carbon or metal particles;

2) The coating of fibers with conductive polymers or metal;

3) The use of fibers that are completely made of conductive material.

The state-of-the-art conductive fibers are highly conductive metal wires and plated
fibers, which are superior to other alternatives in terms of conductivity. Many
alternatives in the construction of the fibers exist; however, silver plated nylon fibers
and thin silver plated copper fibers are the ones preferred [13]. The choice criteria of
thread were investigated in the references [12] and [13]. In addition, requirements from
conductive threads are listed in [12], mainly; low electrical resistance (<1Q /o), the
resistance must be homogeneous over the antenna area, the fabric should be flexible, and
a stretchable. Furthermore, it is mentioned that an electrically conductive fabrics are
needed for the ground planes as well as for the antenna patches, while a fabric substrate,
which provides the dielectric between the antenna patch and the ground plane, is
required with constant thickness and stable permittivity. From an electrical point of
view, they recommended using copper foils. However, such foils lack of drapability and
elasticity that limits their use in clothing. Moreover, three kinds of fabrics are proposed;
1) no-name nickel-platted fabric, 2) a silver- platted knitted fabric, and 3) a silver-
copper-nickel-platted woven fabric, in order to simulations results, third fabric was
chosen as the most appropriate one among of others. Nickel-platted woven fabric was

not chosen due to the sheet resistance of about
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5Q/o. Additionally, measurements showed that the sheet resistance is inhomogeneous
over the area. On the other hand, Silver-Plated Knitted Fabric is bendable and, therefore,
it can comfortably be integrated into clothing since the fabric elongates where necessary.
Regarding the affects of bending were presented that the warpage and bending have, of

course, influence on the antenna characteristics, i.e., S;;. Second, they affect the sheet

resistance due to strain stress. The conclusion statement regarding this material is that it
satisfies all the stated requirements but homogeneity in resistance when bent. Regarding
3) a silver-copper-nickel-platted woven fabric: Compared to the knitted fabric 2), fabric
3) features low elasticity due to its woven structure. In contrast to fabric 1), the fibers of
fabric 3) are plated before weaving resulting in a low electrical resistance. Its shape can
be manufactured precisely, but bending of such an antenna is then limited. Additionally,
the edges of this fabric tend to fray easily due to the nature of woven fabric. This effect
can be minimized by using manufacturing techniques explained in same research. In
conclusion, the woven fabric possesses the best electrical properties among the three
fabrics to build well-behaved antennas with geometrical accuracies. As a textile
substrate they chose a woolen felt with a thickness of 3.5mm and a polyamide spacer

fabric with a thickness of 6mm. The felt with a density of 1050 g/m” is dimensionally

more stable and harder to bend, whereas the spacer fabric with 530 g/m” is lighter and
elastic due to its knitting-based structure. Furthermore, the spacer fabric can easily be
compressed. Nevertheless, the fabric totally recovers after release of the load. Such a
fabric can be integrated in jackets and function as thermal insulation simultaneously.
Finally, the permittivity and the loss tangent values are measured; a permittivity

€,=1.45%0.02 for the felt and €, =1.14%0.025 for the spacer fabric was extracted at a

frequency of 2.4GHz, and the loss tangent of the felt istan o =0.02, whereas the loss
tangent of the spacer is negligible. In contrast, flexible substrates such as polyamide and
liquid crystalline polymers (LCP) are foils. Therefore, they lack drapabilty and are only
bendable in one direction at a time. This textile-atypical behavior of foils is a major
drawback for integration into clothing. In the section V. of the research, antenna
manufacturing process is investigated. It is expressed that the critical points of the
composition of the conductive antenna patch with the dielectric substrate are that; firstly

the dimensions of the patch must be retained while being attached to the substrate, and
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secondly, the attachment procedure must not affect the electrical properties of the patch,

e.g., the sheet resistance. For composition, they evaluated the following four methods:

1) Liquid textile adhesive (brand: Golden Fix), 2) Point-wise application of conductive

adhesives, 3) Sewing, 4) Adhesive sheets, which are activated by ironing.

The adhesive sheets 4) show the best results. It evenly deposits as a thin layer on the
conductive textile by ironing. Moreover, the adhesive only penetrates the surface of the
conductive textile such that patch sheet resistance and substrate permittivity are not
changed. Finally, simulations were conducted with using the woven fabric for both the
antenna patch and the ground plane in the case of the circularly polarized antenna with
spacer fabric substrate by utilization of adhesive sheets for composition. The results;
however, not surprising concerning circularly polarized antenna. Bending of the antenna
changes the amplitude and the phase relations between the two orthogonal current
modes present in the circularly polarized antenna. Bending pushes the axial ratio curve
towards lower frequencies by about 80 MHz in the situation of antenna bent around its
x-axis and abolishes circular polarization in the situation of antenna bent around its y-

axis [12].

It is also emphasized on circular polarized rectangular patch antennas; the antenna
bending can destroy the antenna's circular polarization characteristics. This happens with
patch antennas, since they commonly employ structures, where both the antenna's length
and width are in resonance with +90° phase shift. One possible solution to this problem
1s that one should design the antenna having an elliptical polarization. When this kind of
antenna is bent along its longer dimensions, the result would be circular polarized
characteristics. Of course, the extra length in one dimension should have a relation with

the bending radius [30].

The organization of the thesis is as follows: In section 2, the antenna design with
conventional materials and simulation results are presented. After, the matching network
and the rectifier circuit with simulation results are given in the section 3, detailed
explanation of wearable textile is presented in section 4, redesign of the antenna with
wearable materials and the antenna performance are given in section 5, and a conclusion

1s presented in section 6.
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2. ANTENNA DESIGN with CONVENTIONAL MATERIALS and
SIMULATION RESULTS

2.1 The Aperture Coupled Microstrip Antenna (ACMSA)

A typical aperture coupled patch antenna is shown in Figure 2.1. The radiating
microstrip patch element is etched on the top of the antenna substrate, and the microstrip
feed line is etched on the bottom of the feed substrate. The thickness and dielectric
constants of these two substrates may thus be chosen independently to optimize the

distinct electrical functions of radiation and circuitry [23].
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»— antenna substrate

_—~— coupling aperture
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microstrip feed line

Figure 2.1: Geometry of the basic aperture coupled microstrip antenna [23]

Although the original prototype antenna used a circular coupling aperture, it was quickly
realized that the use of a rectangular slot would improve the coupling, for a given
aperture area, due to its increased magnetic polarizability. Most aperture coupled

microstrip antennas now use rectangular slots, or variations thereof. The aperture
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coupled microstrip antenna involves over a dozen material and dimensional parameters,

and the basic trends with variation of these parameters are summarized below:
Antenna substrate dielectric constant:

This primarily affects the bandwidth and radiation efficiency of the antenna, with lower

permittivity giving wider impedance bandwidth and reduced surface wave excitation.
Antenna substrate thickness:

Substrate thickness affects bandwidth and coupling level. A thicker substrate results in

wider bandwidth, but less coupling for a given aperture size.

Microstrip patch length:

The length of the patch radiator determines the resonant frequency of the antenna.
Microstrip patch width:

The width of the patch affects the resonant resistance of the antenna, with a wider patch
giving a lower resistance. Square patches may result in the generation of high cross
polarization levels, and thus should be avoided unless dual or circular polarization is

required.
Feed substrate dielectric constant:

This should be selected for good microstrip circuit qualities, typically in the range of 2

to 10.
Feed substrate thickness:

Thinner microstrip substrates result in less spurious radiation from feed lines, but higher

loss. A compromise of 0.01 A to 0.02 4 is usually good.
Slot length:

The coupling level is primarily determined by the length of the coupling slot, as well as
the back radiation level. The slot should therefore be made no larger than is required for

impedance matching.
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Slot width:

The width of the slot also affects the coupling level, but to a much less degree than the

slot width. The ratio of slot length to width is typically 1/10.
Feed line width:

Besides controlling the characteristic impedance of the feed line, the width of the feed
line affects the coupling to the slot. To a certain degree, thinner feed lines couple more

strongly to the slot.
Feed line position relative to slot:

For maximum coupling, the feed line should be positioned at right angles to the center of
the slot. Skewing the feed line from the slot will reduce the coupling, as will positioning

the feed line towards the edge of the slot.
Position of the patch relative to the slot:

For maximum coupling, the patch should be centered over the slot. Moving the patch
relative to the slot in the H-plane direction has little effect, while moving the patch

relative to the slot in the E-plane (resonant) direction will decrease the coupling level.
Length of tuning stub:

The tuning stub is used to tune the excess reactance of the slot coupled antenna. The stub
is typically slightly less than Ag/4 in length; shortening the stub will move the

impedance locus in the capacitive direction on the Smith chart [23].
The ACMSA has several advantages:

+ The top patch could be fabricated on a thick low dielectric substrate to enhance the
bandwidth, and the feed network on the other side of the ground plane could be on a thin

high dielectric substrate to reduce radiation losses.

- Radiation from the feed network does not interfere with the main radiation pattern,

since the ground plane separates the two substrates.

- The excess reactance of the antenna can be compensated for by varying the length of

the feed line of the open-circuited microstrip stub.
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- The input impedance is easily controlled by the size, shape, and position of the

aperture.

The ACMSA also has certain disadvantages. The total thickness of the antenna is large
as compared to a probe-fed microstrip antenna. Also, the back radiation occurs more
through the coupling aperture in the ground plane, which can be reduced by using a

small aperture [16].

Several techniques have been used to analyze the ACMSA. These techniques include the
transmission line model, the cavity model, and the integral equation method. All these

techniques predict the performance of the antenna reasonably well [16].

A typical radiation pattern plot for an ACMSA can be seen in Figure 2.2, the forward
radiation patterns are typical obtained with microstrip antenna elements, while the back

radiation lobe is caused by radiation from the coupling slot [23].

Figure 2.2: Principal plane patterns for an aperture coupled microstrip antenna [23]

Since the first aperture coupled microstrip antenna was proposed, a large number of
variations in geometry have been suggested by workers around the world. The fact that
the aperture coupled antenna geometry lends itself so well to such modifications is due

in part to the nature of printed antenna technology itself, but also to the multi-layer
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structure of the antenna. Below some of the modified designs that have evolved from the

basic aperture coupled antenna geometry are categorized:
Radiating elements:

The original aperture coupled antenna used a single rectangular patch. Since then,
workers have successfully demonstrated the use of circular patches, stacked patches,
parasitically coupled patches, patches with loading slots, and radiating elements
consisting of multiple thin printed dipoles. Most of these modifications are intended to

yield improved bandwidth.
Slot shape:

The shape of the coupling aperture has a significant impact on the strength of coupling
between the feed line and patch. Thin rectangular coupling slots have been used in the
majority of aperture coupled microstrip antennas, as these give better coupling than
round apertures. Slots with enlarged ends, such as “dogbone”, bow-tie, or H-shaped

apertures can further improve coupling.
Type of feed line:

The microstrip feed line can be replaced with other planar lines, such as stripline,
coplanar waveguide, dielectric waveguide, and similar. The coupling level may be
reduced with such lines, however. It is also possible to invert the feed substrate, inserting
an additional dielectric layer so that the feed line is between the ground plane and the

patch element.
Polarization:

Besides linear polarization, it has been demonstrated that dual polarization and circular

polarization can be obtained with aperture coupled elements.
Dielectric layers:

As with other types of microstrip antennas, it is easy to add a radome layer to an
aperture coupled antenna, either directly over the radiating element, or spaced above the
element. It is also possible to form the antenna and feed substrates from multiple layers,

such as foam with thin dielectric skins for the etched conductors [23].
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Losses:

The antenna is a resonant circuit therefore; energy will be stored in the system. This
energy stored is inversely proportional to the dielectric height h. We can also describe
the energy stored by the parameter Q (known as Quality Factor). Losses in the antenna

will allow energy to leak away and such an antenna will have a lower Q factor.

The Q factor can be calculated from the following equation:

szﬁu(lj
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f, =resonant frequency
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(ZJ =stored energy in the cavity

P =energy lost through radiation
P, =dielectric loss

P. =conductor loss

P, =surface wave loss (very small)

The antenna efficiency is given by;

P
Ty=—r 9100 2.2
o= prp ? 2.2)

d c r

Typically n can be between 80 to 90% for a patch antenna with a dielectric constant of
2.3 at 10GHz. Losses reduce the Q factor, which results in an increased bandwidth and

reduced efficiency.

Typical Q factors are in the range 20-200 and the band-width is given by:

100(s—1)
BW=—2"_" (2.3)
Ovs
s=VSWR [31]
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2.1.1 Circularly polarized antenna

A circularly polarized (CP) microstrip antenna (MSA) can be realized by exciting two
orthogonal modes with equal magnitudes, which are in phase quadrature. The sign of the
relative phase determines the sense of polarization (LHCP or RHCP). The simplest way
to obtain CP is to use two feeds at orthogonal positions that are fed by 0° and 90° as
shown in Figure 2.3. For a square or circular patch operating in the fundamental mode,
when the two feeds are placed orthogonal to each other, the input impedance and
resonance frequency of the antenna remain unaffected as the two feeds are at the null
location of the orthogonal mode. Equal power with 90° phase difference to the feeds can
be obtained either by using an external two-way 0° and 90° power divider or it can be

integrated along with the antenna itself [16].
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Figure 2.3: (a) Dual-feed square MSA and (b) circular MSA [16]

The CP operation of microstrip antennas can be achieved by using either single-feed or
two-feed designs. The single-feed design has the advantage of a simple feed structure,
and in addition, no external phase shifter is required. However, single-feed designs
usually have a narrow CP bandwidth (3-dB axial ratio) of about 1% for a microstrip
antenna with a dielectric substrate. For two-feed designs, single-layer, broadband CP
microstrip antennas with a large CP bandwidth greater than 20% have been reported by
some researches. These broadband CP designs mainly have a thick foam or air substrate;
to achieve good impedance matching, feed methods using two three-dimensional
microstrip transition feed lines and two aperture-coupled feeds have been used.

Recently, two-feed designs using two gap-coupled probe feeds and two capacitively
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coupled feeds have been presented. To achieve a much larger CP bandwidth, one should
use a two-feed design incorporating a thick air substrate and an external phase shifter or
power divider. It has been reported that, by using two gap-coupled or capacitively
coupled feeds with a Wilkinson power divider to provide good equal-power splitting for
the two feeds, the obtained 3-dB axial-ratio bandwidths can be as large as about 46%
and 34%, respectively. One can also use a branch-line coupler as the external phase
shifter, and the obtained 3-dB axial-ratio bandwidth can reach 60% referenced to a
center frequency at 2.2 GHz. A four-feed design with 0° — 90° — 180° — 270° phase
shifts for a single-patch microstrip antenna has also been implemented, and very good
CP quality has been obtained. The 2-dB axial-ratio bandwidth is 38%, and the 3-dB
axial-ratio beam width for frequencies within the obtained CP bandwidth can be greater
than100°. Relatively very slow degradation of the axial ratio from the antenna’s
broadside direction to large angles can be obtained compared to a corresponding

broadband circularly polarized microstrip antenna with two-feed design [20].

2.1.2 Feed network configuration

Feed network configurations comprising Wilkinson power dividers, a log periodic balun,
and a three-stub 90° hybrid coupler, have been investigated in the open literature. The
conventional two-stub (~ 25% bandwidth) or three-stub (~40% bandwidth) branch-
line hybrid couplers have been commonly used to obtain circular polarization. A
quadruple L-probe circular patch antenna utilizing a pair of two-stub 90° hybrid
couplers was shown to deliver a measured impedance bandwidth (S,, <—10dB ) of 45%
and axial ratio-bandwidth (AR<3dB) of 45%. The conventional 90° hybrid coupler,
commonly used as an external polarizer for dual-fed type CP antennas. This symmetrical

3-dB directional coupler provides balanced power splitting and 90° phase shifting
between its output ports [17].

A novel feed network configuration, namely the 90° broadband balun, which exhibits a

wide impedance bandwidth (S, <-10dB ) of 187.6%, as it can be seen in Figure 2.4,

from 0.09 to 2.81 GHz, while regular 90° hybrid coupler exhibits a much narrower
impedance bandwidth (S, <-10dB) of 30.9% from 1.53 to 2.09 GHz, was
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accomplished by Guo [17]. This new balun comprises, as shown in Figure 2.5, a cascade

of a 3-dB Wilkinson power divider, for wideband impedance matching and balanced
power splitting, and a novel broadband 90° Schiffman phase shifter, for wideband

consistent 90° phase shifting. The characteristic impedances are given by Z, =70.71,

Z,=50,and Z, =50.
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Figure 2.4: Simulated return loss comparison between the conventional 90° hybrid
coupler and the proposed 90° broadband balun [17]

R e L e LT i

L, Port2
2 ; (Output)
(Input) :
Portd

(Output)

Wilkinson Power Divider Widehand 20* Schillman Fhase Shifter

SRR R B T P e ]

Figure 2.5: Schematics of the proposed 90° broadband balun [17]
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2.2 Design

2.2.1 Phase shifter

4

L.

Figure 2.6: 90° broadband balun configuration [32]

Figure 2.6 shows the 90° broadband balun which comprises a cascade of a 3-dB

Wilkinson power divider, for wideband impedance matching and balanced power
splitting, and a novel broadband 90° Schiffman phase shifter, which is proposed by Guo

[17], for wideband consistent 90° phase shifting. In order to generate circular
polarization, this phase shifter was added before feed line ports. The characteristic

impedances are 50 Q for primary strip, 70.7 Q for Wilkinson power divider strip which
seems thinner in the same figure, and 50 Q for 90° Schiffman phase shifter strip. As it
can be seen in Figure 2.7, 90° broadband balun exhibits a wide impedance bandwidth

(S,,<-10dB) from 0.6 GHz to 3GHz, which covers targeted bandwidth. Figure 2.8

shows the simulated output ports phase difference of wideband external polarizer.
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Figure 2.7: Simulated return loss ( S,,) in the frequency range of 0-3 GHz [32]
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Figure 2.8: Simulated output ports phase difference [32]

The 90° broadband balun exhibits consistent 90 (£5") output ports phase difference
over a considerably wide band of from 1.6 to 2.7 GHz [32].
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2.2.2 Multi resonant circularly polarized patch antenna

Figure 2.9: Back view of the antenna [32]

The proposed antenna, illustrated in Figure 2.9 and 2.10, consists of 6 apertures in the
ground plane fed by a microstrip line and three radiated patches, one being inner circular
patch and two annular rings. The 6 apertures are located in group of two for each
particular patch, the dimension of each group being the same within each particular
patch. This antenna is printed on a substrate, polyhuretanic foam, of 4mm thickness with

relative dielectric constant €, =1.25, and the apertures in the ground plane and the feed

line under the ground plane were printed on the same dielectric substrate, taconic, of

height 4 =0.635mm, and relative permittivity €,=6.15. By changing the radius of the

inner patch and annular rings, resonant frequencies can be controlled.

This structure can excite three resonant frequencies by using the outer annular-ring, the
inner annular-ring, and the circular patch, which decreases the Q-factor and increases

bandwidth of the antenna, also the structural size becomes larger.

The resonant frequency of the lower band (890-915 MHz), which covers GSM-900
uplink band, is mainly determined by the larger outer ring radius. On the other hand,
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inner circular patch excites the higher band (2410-2485 MHz), which covers W-LAN
band while the resonant frequency of the middle mode (1710-1785 MHz), which covers
GSM-1800 uplink band, is dependent on the inner-annular ring radius [32].

L

x

Figure 2.10: Perspective view of the antenna [32]
Return Loss

The return loss is defined as the ratio between the power reflected back from the antenna
at the feed point and the power fed to the antenna. If the entire power is reflected back,

S,, will be 0 dB. If the power is completely absorbed by the antenna, the value will be

—oo dB. A low return loss value corresponds to a good matching at a specific frequency.

Figure 2.11 shows the simulated S,, characteristic of the proposed antenna in the

frequency range of O to 15 GHz. It is clearly observed that wideband operation is
achieved. Figures 2.12, 2.13, and 2.14 show the return loss of the antenna at purposed

bandwidths in detail [32].
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Figure 2.12: Simulated return loss (S,,) at the GSM-900 band [32]
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Figure 2.13: Simulated return loss ( S,,) at the GSM-1800 band [32]
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Figure 2.14: Simulated return loss ( S,,) at the W-LAN band [32]
Axial Ratio

The axial ratio is a parameter to describe either elliptical or circular polarization. It is
defined as the ratio of the major to the minor axis of the polarizations ellipse of an
antenna. To achieve circular polarization, the field vector (electric or magnetic) must

fulfill the following conditions:
1) The field must have two orthogonal linear components;
2) The two components must have the same magnitude;

3) The two components must have a time-phase difference of odd multiples of 90 [12].
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In our case, simulated result of the axial ratio below 6 is purposed rate for effective

circular polarization [32].
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Figure 2.15: Simulated axial ratio of the antenna [32]

Radiation pattern

A radiation pattern characterizes the variation of the radiated far-field intensity of an
antenna as an angular function at a specific frequency. Figures 2.16, 2.17, and 2.18 show
the simulated radiation patterns in the E-plane for the proposed antenna at 900, 1760,
and 2400 MHz, respectively. Very good broadside radiation patterns are observed for
each three bands [32].
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Figure 2.16: Simulated radiation pattern in the E-plane of the antenna at 900 MHz [32]
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Figure 2.17: Simulated radiation pattern in the E-plane of the antenna at 1760 MHz [32]
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Figure 2.18: Simulated radiation pattern in the E-plane of the antenna at 2400 MHz [32]
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3. RECTIFIER CIRCUIT and MATCHING NETWORK

In a far field RF energy harvesting system, RF energy must be extracted from the air at
very low power density since the propagation energy drops off rapidly as distance from
the source is increased. In free space, the electric field and power density drop off at the
rate of 1/d”, where is the distance from the radiating source. The available power to the
receiver decreases by 6 dB for every doubling of distance from the transmitter. With
multi-path fading, the power density drops off at a much faster rate than 1/d°, it is
therefore critical that the power conversion circuit operate at very low receive power to
achieve longer operating distance. Rectification circuits for such systems must be
optimized to improve on the minimum power-threshold it takes for the system to
operate. To overcome this power-threshold, the system requires significantly more
efficient circuit and system level design. One of the major challenges to achieving this
goal is the relatively high voltage requirement of rectifying circuits currently employed.
When the available RF power to the receiver is under 100uW, the available voltage for
rectification in the RF to DC conversion system falls below 0.3V, much too low to

overcome the threshold voltage (V, ) of conventional rectifier circuits. Alternative

solutions must be found to circumvent or diminish the “dead-zone” in voltage
rectification and otherwise reduce the effective threshold voltage in standard CMOS
rectifier designs [15]. Some remarks on the solution of the highly sensitive and efficient
rectifier circuit techniques as well as system level design issues for RF to DC power
conversion can be found in [15]. In this research, fully passive rectifier circuits are
designed in a 0.25um CMOS technology optimized to operate at very low received
power. A receive antenna is designed in a 4-layer FR4 board to maximize power transfer
in the system. Furthermore, the system overview of the far-field RF power conversion

system and the importance of each of the major blocks and design issues in the system
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are described in detailed. The circuit level design of the far-field RF-DC power

conversion system where the different rectifier designs are also shown.

High efficiency, low cost impedance match between the antenna and the rectifier, low
output resistance for the rectifier and low input capacitance for the rectifier are all
important goals in the design of the rectifier circuit. In order to fine tune the impedance
match between the antenna and the rectifier to further reduce transmission loss and
increase the voltage gain, a matching network between the receive antenna and rectifier
is necessary [15]. It is mentioned in the research [28] that three methods of impedance
matching can be used achieve high RF to DC conversion efficiency; they are transformer
matching, L-matching and shunt inductor tuning. Transformer matching is cost
prohibitive for the retail RFID tag targeted for only a few cents. L-matching uses a series
inductor, and possibly additional elements, to resonate out the input capacitance of the
IC. This type of match may provide Q voltage boosting if the antenna impedance is low
and the rectifier impedance is relatively high. The shunt inductance tuning method only
requires a simple strap inductor and is the least costly in terms of components. However,
this requires an accurate estimation of the rectifier input shunt resistance. For RFID
applications, a multistage rectifier is generally required to achieve a reasonable DC
output voltage level. The increased number of diodes in multistage rectifier will also
vary the input resistance of the rectifier, as well as the input capacitance. In same
research, using the linear region model, the input resistance of both diode doublers and
multi-stage rectifiers were derived. In addition, the input capacitance and output
resistance of rectifiers were analyzed. These analyses make it possible to achieve higher
efficiency in RF to DC conversion with low cost impedance matching by using just a

strap inductor between the antenna and the rectifier IC [28].

The system, shown in Figure 3.1, consists of an antenna to pick up the power radiated by
the RF waves, an impedance matching network to ensure maximum power transfer in
the system, and a rectifier circuit to convert the RF signal to a DC voltage. The passive
amplification of voltage is done by matching the impedances between the receive

antenna and the rectifier circuit [15].
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Antenna Rectifier

impedance
matching

Figure 3.1: Passive RF-DC conversion circuit showing the equivalent circuit
representation for the antenna and rectifier [15]

Power convertors that are used for many electronic devices today typically are much
more complex than the rectifier used in this thesis. Power converter circuits have a lot of
protective circuitry along with circuitry to reduce noise. In fact, it is a safety regulation
that any power-conversion circuits use a transformer to isolate the input from the output.
This prevents overload of the circuit and user injury by isolating the components from
any spikes on the input line [7]. For this thesis, however, such a low power level is being
used that a circuit this complex would require more power than is available, and it would
therefore be very inefficient and possibly not function. In that case, it is necessary to use

a simple design.

The simplest design that can be used is a half wave peak rectifier. This circuit requires
only a capacitor and a diode to function. The schematic is shown in Figure 3.2. The
explanation of how this circuit works is quite simple. The AC wave has two halves, one
positive and one negative. On the positive half, the diode turns on and current flows,
charging the capacitor. On the negative half of the wave, the diode is off such that no
current is flowing in either direction. Now, the capacitor has voltage built up which is
equal to the peak of the AC signal, hence the name. Without the load on the circuit, the
voltage would hold indefinitely on the capacitor and look like a DC signal, assuming
ideal components. With the load, however, the output voltage decreases during the
negative cycle of the AC input, shown in Figure 3.3. This figure shows the voltage
decreases exponentially. This is due to the RC time constant. The voltage decreases in

relation to the inverse of the resistance of the load, R, multiplied by the capacitance C.
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This circuit produces a lot of ripple, or noise, on the output DC of the signal. With more

circuitry, that ripple can be reduced [7].
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Figure 3.2: Half wave peak rectifier [7]
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Figure 3.3: Half-wave Peak Rectifier Output Waveform [7]

The circuit that was chosen to be used is presented in Figure 3.4. This circuit is called a
voltage doubler because in theory, the voltage that is received on the output is twice that
at the input. The RF wave is rectified by D2 and C2 in the positive half of the cycle, and
then by D1 and C1 in the negative cycle. But, during the positive half-cycle, the voltage
stored on C1 from the negative half-cycle is transferred to C2. Thus, the voltage on C2 is

roughly two times the peak voltage of the RF source minus the turn-on voltage of the
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diode, hence the name voltage doubler. Therefore, the voltage at the output V  is

2Vamp _‘/ch _‘/thl [7]
|
I % :
Ar;@ 2 —— e
]

Figure 3.4: Voltage Double Schematic [7]

The output and the input waveforms of voltage doubler can be seen in Figure 3.5.
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Figure 3.5: Voltage Doubler Waveform [7]
The most interesting feature of this circuit is that by connecting these stages in series, we
can essentially stack them, like stacking batteries to get more voltage at the output. In

order to further increase the supply voltage, an N-stage voltage multiplier is typically

used, providing a DC output voltage, at constant input power, roughly N times larger
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than that achievable with a single stage. The number of stages, as shown in Figure 3.6,
in the system has the greatest effect on the output voltage. The capacitance, both in the
stages and at the end of the circuit, affects the speed of the transient response and the
stability of the output signal. The number of stages is essentially directly proportional to
the amount of voltage obtained at the output of the system. Generally, the voltage of the
output increases as the number of stages increases. This is due to how the voltage

doubler works as explained previously [7, 29].
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Figure 3.6: Rectifier with N gain stages in cascade [15]

A set of criteria is successfully presented by De Vita and Iannaccone [29], for the
optimization of the voltage multiplier, the power-matching network. It is worth to
mention that one significant result in this research is that the maximum power efficiency

is obtained by using the minimum number of stages as can be seen in Figure 3.7.
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Figure 3.7: Required input power versus the number of stages for an output power of
5uW, for an I of 10" A [29]

3.1 Matching Network and Rectifier Design

In order to obtain a high power at the output ports of the rectifier, the impedance
mismatch between the antenna and rectifier must be minimized. Figure 3.8 shows the
matching network attached to the antenna’s feed line port. This matching network
comprises microstrip transmission lines which is the most straightforward approach for
matching between two complex impedances. Attaching of matching network on the

antenna feed substrate layer enables us to use the antenna surface effectively [32].
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Material Copper 95 H

Type Lossy metal
Hue 1

El. cond. 5.8e+887 [$/m]
Therm.cond. 461 [W/K/m]

Figure 3.8: Picture of the attached matching network to the feed line [32]

Conventional design strategies of micro-power rectifiers are based on two assumptions.
First, maximum output voltage yields maximum efficiency. Second, fewer stages, and
thus fewer power-dissipating devices, give higher efficiency. This assumption does not
take transistor sizing, parasitic, and leakage into consideration. Consider one rectifier
stage with the capacitor values fixed. To achieve a higher voltage, the resistances of the
transistors have to be small, and large transistors have to be used, leading to larger
parasitic loss and leakage. On the other hand, if the transistors are too small, then the
charge transfer is incomplete, leading to a low output voltage and, thus, low efficiency.
Hence, an optimal size of transistors is considered to achieve the maximum efficiency
[33]. From the system point of view, the rectifier circuit must be designed to reduce
threshold voltage loss as much as possible to improve the efficiency of the RF-DC
power conversion system. In this research, one stage conventional voltage doubler
rectifier, which comprises Schottky diodes and capacitors, is used, thus, increased losses
due to increased stages were reduced. Schottky diodes are employed due to their shorter
transmit times, low turn-on voltage, and low cost. The antenna, the circuit equivalent of

matching network and the rectifier are shown in Figure 3.9.
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Figure 3.9: The equivalent circuit representation for the antenna, the matching network
and the rectifier

The voltage doubler rectifier structure is considered for the design of the RF-DC power
conversion system because it rectifies the full-wave peak-to-peak voltage of the
incoming RF signal. The voltage doubler rectifier in Figure 3.10 consists of a peak
rectifier formed by D, and C, and a voltage clamp formed by D, and C,. The voltage
clamp and the peak rectifier are arranged in cascade configuration to provide a passive
level shift in voltage before rectification. In the negative phase of the input, current

flows through D, diode while D, is cutoff. The voltage across diode D, stays constant
around its threshold voltage and the voltage at node is charged to -V, . At the negative

peak, the voltage across capacitor C, is V,, -V, (where V is the amplitude of the

amp amp

input signal.) In the positive phase of the input, current flows through diode D, while
D, is in cutoff. The voltage across capacitor C, remains the same as the previous phase
because it has no way to discharge. At the positive peak, the voltage across D, is

2v, -V, .Since D, is conducting current to charge C,, the voltage at the output is a

amp

threshold voltage below that across D

1°

ie., the voltage at the output V _ is

2V

amp

V., =V, [15]. The parasitic components that affect performance of the RF-DC

power conversion also can be seen in same figure (Figure 3.10).
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Figure 3.10: Conventional voltage doubler rectifier and parasitic components of diodes

Figure 3.11 (a)-(b) show the simulated real and imaginary of impedances of the antenna
without matching network, the antenna with matching network and the rectifier around
the operating frequency band. From the simulation data, the impedance of the antenna
with matching network and rectifier match well in comparison to the antenna without
matching network at the intended bandwidth. In order to maximize the power transfer
from antenna to rectifier, the antenna and the rectifier input impedances should be

complex conjugates of each other.
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Figure 3.11: (a) Real and (b) Imaginary parts of the impedances of the antenna, the
antenna with matching network, and the rectifier
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In figure 3.12 (a)-(b)-(c), simulated results are shown for RF received power at the
rectifier input ports versus DC power at the rectifier output ports for the intended
frequency bands of 0.9GHz, 1.76GHz, and 2.45GHz. In same figure, incident power
density in the environment also presented. As it can be seen in the same figure, DC
power conversion is more efficient at lower frequency band since the antenna effective

area, which is increased by longer wavelength, is related to antenna gain.

——(0.9GHz

500

= 400 -
5 300 A
2
2 .

‘:E: 200 i
U100 4
2 100 1

() L i L L L i
0 200 400 600 800
RF-Received Power [pW]
—+—
0.280.58 1.15
Incident power density [uW/cm”]
(@
-—1.76GHz

500 -

= 400 -
= 300 -
2 i
M0 4

':f 200 i
O 100 4
= 100 ]
0

0 200 400 600 800
RF-Received Power [pW]

097195 3091 )
Incident power density [pW/cm”]

(b)

Figure 3.12: Output DC power as function of the input power (a) at 0.9GHz (b)
1.76GHz and (¢) 2.45GHz
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Figure 3.12: (continued) Output DC power as function of the input power (a) at 0.9GHz
(b) 1.76GHz and (c) 2.45GHz

The global rectifier efficiency defined as;

_ DC Output Power 3.1)
Incident RF Power )

Figure 3.13 shows a simulated result of the conversion efficiency with respect to the RF
received power. In Figure 3.13, the maximum conversion efficiency 62% is achieved at
1.8mW at 0.9GHz and 1.76GHz and it increases rapidly with the input microwave
power up to a maximum value. Conversion efficiency higher than 50% is obtained from
0.8 to 1.8mW REF received power at the rectifier input ports. When received power
exceeds 2mW, the conversion efficiency decreases gradually with increasing input
power. It is clear that more than 40% of the microwave input power is consumed in the
diodes. Consequently, for achieving higher conversion efficiency, it is necessary to

obtain diodes with reduced power consumption.
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46



4. WEARABLE TEXTILES

In order to design an Aperture Coupled Patch Antenna with textiles, a selection of
suitable textile materials are required. Conductive textiles are applied for the microstrip
patch, the ground plane, and the feed line while non-conductive textiles are needed for
the antenna substrate and feed substrate layers. Moreover, this two-layer antenna
structure allows an independent selection of antenna substrate and feed substrate

material in order to optimize the antenna characteristics [14].

4.1 Electro-textiles
In order to obtain better performance of the antenna, a conductive fabric needs to satisfy
the requirements listed below.

* A low and stable electrical resistance (<1€Q /o) of the fabric is desired to minimize

losses.

* The (sheet) resistance must be homogeneous over the antenna area. In other words, the

variance of the resistance must be small.

* The fabric should be flexible such that the antenna can be deformed [12].

In our research, we established that an electrical resistance of (<0.1Q2/0) is a reasonable
choice for conductive fabrics.

4.1.1 Conductive fibers

There are three methods of creating conductive fibers:

1) The filling of fibers with carbon or metal particles;

2) The coating of fibers with conductive polymers or metal;

3) The use of fibers that are completely made of conductive material [13].
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The state-of-the-art conductive fibers are highly conductive metal wires and plated
fibers, which are superior to other alternatives in terms of conductivity. Many
alternatives in the construction of the fibers exist, however Nickel, Copper and Cobalt
plated nylon fibers are the main selected fabric models in this research. The detailed

picture of fabric antenna is shown in Figure 4.1.

r ]

_ Conductive
Fabric antenna Electro-textile thread

Figure 4.1: Fully fabric antenna constructed from electro-textiles [13]
4.1.2 Conductive threads

Conductive threads are created from single or multiple strands of conductive and
nonconductive fibers. As shown in Figure 4.2, there are two categories of conductive
threads: multifilament threads (see Figure 4.2 (a)—(d)) and monofilament threads (see
Figure 4.2 (e)). Each has different electrical properties as well as wearability and
reliability characteristics. The monofilament conductive thread shown in Figure 4.2 (e)
is composed of single silver plated copper fiber (diameter 40pm ). The X-static thread
(see Figure 4.2 (a)) is formed by twisting many thin elastic silver plated nylon fibers
together. The Litz wire (see Figure 4.2 (b)) contains 60 copper fibers, each of which has
a diameter of 40um. The threads in Figure 4.2 (c¢) and (d) are composite threads of
insulating and metallic fibers. Both composite threads are created by spinning 40pum

silver plated copper fibers around a nonconductive core which is composed of multiple
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nonconductive fibers. The strong nonconductive fibers can protect the thin fragile
conductive fibers from external tension, which makes the conductive threads more
mechanically robust and still maintaining the electrical functionality. When elastic
nonconductive core is used as in Fig 4.2 (d), the conductive thread becomes stretchable
which is a desirable feature for wearability and the fabric takes on the feel of a

traditional material [13].

Multifilament Monofilament

C

Figure 4.2: Various conductive threads [13]
4.1.3 Conductive Fabrics

Electro-textiles are mostly created by incorporating conductive threads into fabrics by
means of weaving and knitting. The selection of the conductive threads and of the textile
structure specifies the efficiency of the textile as an equivalent electro conductive
material and guarantees its durability. In knitted fabrics, the threads meander through
and create interlocking loops, while in woven fabrics the threads are straight in two
orthogonal directions (see Figure 4.3 (a)-(b)). Traditionally, conductive threads are used
in both directions in conductive woven fabrics. It is also mentioned in the research [13]
that the application of woven fabrics which have conductive threads in only one
direction and nonconductive threads in the other direction, this arrangement adds to the

wearable feel of the fabric, while affecting the electrical parameters.
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Figure 4.3: (a) Conductive, knitted and (b) woven Nora fabric [12]
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4.1.4 Shape precision of the conductive fabrics

The woven antenna patch can only be shaped with the finite precision given by the
thread thickness. In fact, the thread pitch virtually “discretizes” the possible sizes of the
conductive patches. Assuming an antenna patch consists of N threads in one direction.
The patch width then corresponds to N times thread pitch. Notice that the next possible
width of the patch is either (N+1) times thread pitch or (N-1) times thread pitch [12].

4.2 Conductive Fabric Manufacturers

In the applications for the aperture coupled patch antenna, the most popular and
effective conductive fabrics are Flectron, Shieldit and Zelt, please see references [14]
and [18]. The manufacturer of these brands is Less EMF Inc. which offers
electromagnetic, RF and microwave shielding for proper applications. Products are
suitable for our desired purpose due to low dielectric resistivity (<0.1Q2/a) and
flexibility. Advance technology offers impressive options to consumers. On the web-site
of the company many products are exhibited with appealing features. Please see the
reference [34] in order to get more info on the products. As it can be seen in Figure 4.4,

the conductive fabrics are flexible, and easy to cut and sew like ordinary fabric.
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(a) (b) (c)
Figure 4.4: (a) Shieldit Super, (b) Flectron and (¢) Ni/Cu/Co Fabric Tape [34]

In Figure 4.4 (a) Shieldit Super is based with a rugged plain weave nylon, plated with
Nickel and Copper, then coated on one side with conductive acrylic which’s resistivity is
less than 0.1Q/a, plus a hot melt (203° - 338°F) adhesive with polyethylene barrier on
the other side that provides excellent moisture resistance, and washability. It can be even
iron on to cotton, wood, glass or paper, and also cut and sewn like ordinary fabric. The

conductive and the adhesive sides are illustrated in Figure 4.5.

Figure 4.5: Shieldit Super’s upper and lower sides [34]

In the reference [14], it is mentioned that for the antenna patch, the Shieldit fabric was
preferred because it has an additional adhesive layer which makes it easier to attach the
patch to the substrate layer. Shieldit is a plain weave nylon, plated with nickel and
copper and therefore very conductive (less than(0.1Q2/o ). Moreover, it can be handled

like an ordinary fabric.

The Flectron which is illustrated in Figure 4.4 (b) is the company’s highest conductivity
fabric. It is pointed out on the web-site that Flectron is a high quality copper plated

nylon ripstop fabric with an amazingly low surface resistivity of less than 0.1Q/o. Light
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weight with thickness of 0.006" (0.1524mm) and flexible, it is highly tear resistant and
can be cut and sewn like ordinary fabric. On the other hand, Flectron fabric is not
recommended for applications where laundering or dry cleaning will be needed.
Material will tarnish with exposure to liquids and skin oils. It is emphasized in [35] that
for the conducting parts Flectron is chosen because of its low surface resistivity and its
large temperature range (-40C to 180C), which allows to solder the connector without
burning holes in the electro-textile. Furthermore, in the research [14] which is on
integration of aperture coupled patch antennas into textile systems, the microstrip feed
line and the ground plane are made out of Flectron by the reasons that are mentioned
before. One more fabric is worthwhile to mention with its properties of conductive
adhesive and more robust to fray. As shown in Figure 4.4 (c), Ni/Cu/Co tape enables us
to cut or slit quite narrow widths without losing electrical properties. By reference [36] it
is possible to make a clear comparison of all kinds of conductive fabrics regarding their

major characteristics.

4.3 Non-conductive Fabrics

The non-conductive fabric provides the dielectric between the antenna patch and the
ground plane, also between the ground plane and the microstrip feed line. It requires
constant thickness of few millimeters or less due to the antenna design and stable
permittivity in order to prevent electrical properties of model from undesired
modifications. Fleece and felt fabrics are generally employed in wearable antenna
researches due to their low permittivity. In the research [35], it is mentioned that a
Fleece fabric is used as antenna substrate with a thickness of 2.56mm, because of the
inherent piled structure, the Fleece contains much air and therefore the permittivity is
close to one, thus, low permittivity of the antenna substrate allows the design of
antennas with a large gain and a high efficiency. Felt fabric is more appropriate as a feed
line substrate due to its higher permittivity with respect to Fleece. The choice criteria of
Felt as a feed line substrate are explained that because Felt is a denser textile material, it
has a higher permittivity. In addition, the radiation losses are restricted by selecting a
thinner material [14]. Tiantai Industrial Cloth Ltd. provides many alternatives to

consumers who are dealing with Felt applications [37].
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For higher dielectric constant applications such as between 3.5 and 6.5, Saint-Gobain
Quartz offers a unique material Quartzel Fabric which is produced from quartz crystal
fibers. Besides dielectric constant, Quartzel is employed in many different applications
due to its very low loss tangent. Dielectric constant and loss tangent versus frequency is

illustrated in Figure 4.6.
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Figure 4.6: (a) Dielectric constant and (b) loss tangent versus frequency [38]

As it can be seen in the figure (Figure 4.6 a-b), dielectric constant almost stays stable
with the value of 3.74, while loss tangent differs from approximately 0.0001 to 0.0005

which is impressive for antenna applications in the frequency range 10kHz to 100GHz .

In Figure 4.7 a-b, comparative dielectric properties of fibers at IMHz and 10GHz are
shown. E Glass, D Glass and R/S Glass are materials made from extremely fine fibers of
glass to be used as a reinforcing agent for many polymer products; the resulting
composite material, properly known as fiber-reinforced polymer (FRP) or glass-
reinforced plastic (GRP), is called "fiberglass" in popular usage while Aramid fibers
which are used in aerospace and military applications, for ballistic rated body armor
fabric, and as an asbestos substitute are a class of heat-resistant and strong synthetic
fibers, on the other hand, Polyethylene is a thermoplastic commodity heavily used in
consumer products, notably the plastic shopping bag [39]. As is seen, Quartzel Fabric is

the best in term of loss tangent while Aramid is the worst. However, if intended
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dielectric constant is higher than 5, E Glass could be more convenient and also cheaper

than Quartzel.
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Figure 4.7: (a) Comparison of dielectric constants and (b) loss tangents [38]

It is worth to remark that the characteristics that are presented above are for virgin

filaments. When materials are composed with another compound, e.g. resin, this usually

affects the dielectric properties. In Table 4.1, the change of dielectric properties of

different fibers with same resin can be seen.

Table 4.1: Comparison of different fibers with same resin [38]

Frequency | Dielectric Loss tangent
constant
Quartzel 9.368GHz | 3.08 0.0022
D glass 3.11 0.0037
Aramid 3.12 0.0049
E glass 3.95 0.0055
Quartzel 37.50GHz | 3.07 0.0024
D glass 3.10 0.0045
Aramid 3.11 0.0057
E glass 3.86 0.0090

The similarities to normal fabrics in terms of flexibility and softness of Quartzel can be

observed in Figure 4.8.
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4.3.1 The permittivity extraction

Since the non-conductive material’s dielectric properties are not known exactly due to
their employment generally in different specific fields instead of the antenna
applications, some methods are available in order to understand the dielectric properties
of traditional non-conductive fabrics. In research on design of textile patch antenna [12],
the technique that explained by Grzyb et al. in [40] was used to extract the permittivity
of the textile substrates. This method utilizes scattering parameter measurements of two
microstrip transmission lines of different lengths. Moreover, it is mentioned that “the
relative permittivity of the Fleece fabric has been derived by comparing the measured
and simulated resonance frequencies of a rectangular patch antenna and has been found

to be 1.25.” at the another research [35].
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4.3.2 The composition of the conductive antenna structures with the dielectric

substrates

In the antenna manufacturing process, the composition of the conductive antenna patch
with the dielectric substrate is critical. First of all, the dimensions of the patch must be
retained while being attached to the substrate. Second, the attachment procedure must
not affect the electrical properties of the patch, e.g., the sheet resistance. For

composition, the following four methods were evaluated by Locher et al. in [12].
1) Liquid textile adhesive (brand: Golden Fix);

2) Point-wise application of conductive adhesives;

3) Sewing;

4) Adhesive sheets, which are activated by ironing.

If the results are required to be presented in detail, application of the liquid textile
adhesive 1) on conductive fabrics is impractical because the adhesive acts as insulator
among the conductive yarns and electrical resistance shows inhomogeneity, and it could
rise by a factor of ten at certain spots due to the uneven distribution. In the same way,
second method is useless since mechanical stability was significantly worse. Similarly
for sewing 3), attention needs to be paid preventing warpage during the sewing process.
Second, the seam spacing must be smaller than 2cm in order to minimize wrinkling.
This behavior is illustrated in Figure 4.9. A wrinkling corresponds to uneven distances
between the antenna patch and the ground plane resulting in distortion of the antenna
characteristic. A stitch passes through both the patch and the ground plane of the
antenna. Shorts between antenna patch and ground plane can be observed because the
sewing needle pulled small conductive fibers from the patch through the substrate and
shorted them with the ground plane. The adhesive sheets 4) have the best performance.
It evenly deposits as a thin layer on the conductive textile by ironing. Moreover, the
adhesive only penetrates the surface of the conductive textile such that patch sheet

resistance and substrate permittivity are not changed [12].
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Figure 4.9: Sewed antenna (a) Sewed antenna patch with seam grid (b) Wrinkling of
antenna patch between seams (cross section) [12]

4.3.3 Effects of bending

In realistic applications the antenna is integrated into parts of clothes that can be bent.
Therefore, antennas should properly function even if they are bent. The reference [35]
discusses the influence of bending on the return loss (S,,). The two prototypes were
attached to plastic cylinders with two diameters: D=12cm and D=7.5cm. Although the

antenna bent causes shift of the resonance frequency and change of bandwidth, in that

research purposed band ISM remains covered (Figure 4.10).

Return Loss
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bent prototype, adhesive sheet D=12cm - - -
50 bent prototype, adhesive sheet D=7.5cm ------

2 2.2 2.4 2.6 2.8 3
frequency, GHz

Figure 4.10: Influence of bending on the return loss (S11) of the prototypes [35]

57



In the same research, it was also investigated the return loss at different time instants in
order to prove the stability of the antenna characteristics in time. The result for the first
prototype which relies on a glue stick to attach the different layers to one another, and

additionally stitched in order to obtain a uniform thickness is shown in Figure 4.11.
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2 2.2 2.4 2.6 2.8 3
frequency, GHz

Figure 4.11: Return loss (S11) of the first prototype [35]

It is mentioned that measurement 1 was performed a few days after construction,
measurement 2 a few weeks after construction, whereas measurement 3 was performed
six months after construction. Although some variation in the measured return loss is
seen, especially in the antenna bandwidth, the antenna provides complete coverage of
the ISM band that is purposed by researchers. Similar conclusions can be drawn from
Figure 4.12, where the evolution of the return loss in time is for the second prototype
which assembled using the adhesive sheet. It can be seen that a slight shift in resonance
frequency is noticeable between the different measurements, as well as some variation in

the antenna bandwidth [35].
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Figure 4.12: Return loss (S11) of the second prototype [35]
4.3.4 Influence of body

For the intended application, additionally the effect of human body on the antenna’s
return loss is presented. Therefore, the effect of the human body, represented by a

substrate with € =53.3 and 0=01.52 S/m located 8mm below the antenna ground

plane, was investigated in the research [14]. As it can be seen in Figure 4.13 that, even in

the vicinity of the human body, the antenna matching remains sufficient, although losses

increase.
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Figure 4.13: Return loss in vicinity of the body [14]
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In another research [35], the effect of human body to the antenna gain is presented.

Therefore, an extra layer with €, =42 and o = 0.99S/m was used. Figure 4.14 shows

that the presence of the human body only has a marginal influence on the antenna gain.
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Figure 4.14: Influence of the body on the gain [35]
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S. TEXTILE ANTENNA DESIGN

5.1 Material selection and characterization

The first step in the design of a textile antenna consists of choosing appropriate materials
for the antenna and feed line substrates and the conductive parts. As an antenna
substrate, we used a Fleece fabric with a thickness of 4mm and the dielectric constant of
1.25 instead of Polyhuretanic Foam, as found in the research [33]. As it is mentioned in
the same research, due to the inherent piled structure, the Fleece contains much air and
therefore the permittivity is close to one. Low permittivity of the antenna substrate
allows the design of antennas with a large gain and a high efficiency. For the feed line
substrate we used E-Glass material instead of Taconic because its dielectric constant,
which is 6.13, is almost the same type of the latter. On the other hand, besides E-Glass
material, Quartzel is used as a feed line substrate which has dielectric constant of 3.75

and a very low loss tangent of 0.0002.

For the conductive parts we chose Ni/Cu/Co coated nylon ripstop fabric, because of its
low surface resistivity (less then 0.1 /sq) and its large temperature range (-10C to 80C),
which enables us to solder the connector without burning holes in the electro-textile. It
can be easily cut with scissors and used to create conductive pathways on surfaces or

add shielding to cables and flexible conduits [34].

5.2 Antenna Measurements

The following results were obtained with the employment of E-Glass material as a feed
line substrate. The simulations were conducted by using CST Microwave Studio 3-D
field simulator. From figure 5.1, it can be noticed that the antenna simulation completely
cover the GSM 900 and GSM 1800 bands, however, it does not include all the
bandwidth for W-LAN, but the result is acceptable.
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Figure 5.1: Simulated return loss of the textile antenna by using E-Glass material

Figures 5.2 (a)-(b)-(c) show the simulated radiation pattern of the textile antenna in the

E-plane at 0.89 GHZ, 1.74 GHz, and 2.45 GHz, respectively. Successful broadside

radiation patterns are observed for each three bands. It can be seen that the electric field

maximum value gradually decreases as frequency increases.
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Type Farfield
Approximation enabled (KR >> 1)
Monitor farfield (f=08.89) [1]
Component Abs
Output E-Field{r=1m)
Frequency 0.89
Rad. effic. B.2147
Tot. effic. 8.1979
Emax 5.282 U/m
(@)
z
Type Farfield
Approximation enabled (kR >> 1)
Monitor farfield (f=1.74) [1]
Component Abs
Output E-Field(r=1m)
Frequency 1.74
Rad. effic. 8.23m1
Tot. effic. 8.2234
Emax 4.956 U/m

(b)

Figure 5.2: Simulated radiation pattern of the textile antenna by using E-Glass material
at (a) 0.89GHz, (b) 1.74GHz and (c) 2.45GHz
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Type Farfield
Approximation enabled (kR >> 1)

Honitor farfield {f=2.45) [1]
Component Abs

Dutput E-Field(r=1m}
Frequency 2.45

Rad. effic. 0.1354

Tot. effic. B.1885

Emax 4325 U/m

(0

Figure 5.2: (continued) Simulated radiation pattern of the textile antenna by using E-
Glass material at (a) 0.89GHz, (b) 1.74GHz and (c¢) 2.45GHz

Figure 5.3 indicates that the axial ratio, that should be lower than 6 in order to have

circularly polarized antenna, is succeeded for the intended application.
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Figure 5.3: Simulated axial ratio of the textile antenna by using E-Glass material
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The simulated antenna characteristics with Quartzel material are shown below. As it can
be seen in Figure 5.4, W-LAN band is completely covered while the return loss of the
textile antenna is sufficiently included for GSM 900 and GSM 1800 bands. As it is
expected that E-Glass fabric gives better performance compared to Quartzel since the
dielectric constant of E-Glass is closer to Taconic. Interestingly, improvement is
observed at W-LAN band while the other two bands get worse. Nevertheless, the

simulated return loss for Quartzel material is satisfying for frequency bands of interest.
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Figure 5.4: Simulated return loss of the textile antenna by using Quartzel material

The simulated radiation patterns at 0.89 GHz, 1.76GHz and 2.4 GHz are shown in
Figure 5.5 (a)-(b)-(c). The best antenna radiation pattern is for GSM 1800 band while it
is satisfactory for the remaining ones. Radiation patterns at the intended bands are
weakened compared to E-Glass results (Figure 5.2) since the antenna resized in order to
obtain the antenna impedance well-matched. Namely, feed line width and height of feed

line substrate are optimized.
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Monitor farfield (F=1.76) [1]
Component Abs
Output E-Field(r=1m)
Frequency 1.76
Rad. effic. 8.1719
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Figure 5.5: Simulated radiation pattern of the textile antenna by using Quartzel material
at (a) 0.89GHz, (b) 1.76GHz and (c¢) 2.4GHz
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Figure 5.5: (continued) Simulated radiation pattern of the textile antenna by using
Quartzel material at (a) 0.89GHz, (b) 1.76GHz and (c¢) 2.4GHz

In figure 5.6, it can be seen that the simulated axial ratio is lower than 6 for GSM 1800
and W-LAN bands, which means that the antenna is circularly polarized. As far as GSM
900 is concerned, the antenna is nearly circularly polarized. Again, due to the changes in
dimension of the feed line, consequently, axial ratio performance differs from previous
one (Figure 5.3). Better axial ratio is observed at W-LAN band while reduction is seen at

GSM 900 band.

67



& Pass=4

Broadband efield phi= =
d=0.53

(1,73, 32.8154) . ' -
1 14215 1.95 25
% (18,44337) -
Frequency [ GHz

Figure 5.6: Simulated axial ratio of the textile antenna by using Quartzel material
5.3 Effects of Bending in vicinity of the Human Body

Because of the intended application, we additionally studied the effect of bending in the
vicinity of the human body on the antenna characteristics, namely; return loss, radiation
pattern and axial ratio. The test setup, shown in Figure 5.7, includes cylinder with
diameter of 150mm. This dimension is typical for the human chest. Antenna is bent
around the cylinder. In order to see the effect of the human body, therefore, an extra

layer with £ =53.3 and 0 =1.52S/m [14] is added, simulating the bended antenna

around cylinder in the frequency range of 0 GHz-3.5 GHz. Furthermore, an additional
shielding ground plane, which is made out of Ni/Cu/Co conductive fabric, is added at
the lower part of the antenna in order to minimize back radiation to human body. The
following results are conducted with the employment of E-Glass material as a feed line
substrate, Fleece fabric as an antenna substrate and Ni/Cu/Co fabric for conductive parts.
Cylinder is cut through x-y plane in order to reduce the simulation time. Therefore, the
number of meshing size for simulation is reduced from 70 million to 7 million, thus,

simulation time took almost 2 days otherwise it could take even 1 month.
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Figure 5.7: Bending antenna with radius of 150mm

Bending the antenna with 150mm diameter in vicinity of the human body, only
marginally affects the return loss, as shown in Figure 5.8. The resonance frequencies
show high immunity against bending. However, the center frequencies are shifted
towards lower frequencies since the antenna is bent along dimension, which is enlarged
by bending, determining the resonance frequency. Moreover, since the bending radius is
quite large compared to other possible antenna locations on human body, for instance;
arm or leg (typically 37.5mm 100mm and, respectively); deformation of the return loss
is less. Bending of the antenna, compare to the flat antenna, worsens return loss
performance at GSM 1800 and W-LAN bands while lower than —9.6dB is observed for
GSM 900 band. By optimizing dimensions of the bended antenna, the resonance

frequencies could shift towards frequency bands of interest in the future work.
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Figure 5.8: Simulated return loss of bending antenna in the vicinity human body

Bending the antenna minimally decreases the radiation pattern of the antenna, as shown
in Figure 5.9 (a)-(b)-(c). Although return loss is much worse, bended antenna shows
much more maximum radiation pattern compared to flat wearable one (Figure 5.2) at
GSM 1800 and W-LAN bands. This result is, however, not surprising since as seen in
Figure 5.9 (b)-(c), the radiation patterns are much narrower, that means an increasing in
the maximum value of electric field, at these frequencies. Moreover, with reference to
radiation pattern figure, it can be seen that back radiation to the human body is
successfully blocked by using Ni/Cu/Co conductive fabric for shielding. In addition, it
can be obviously seen in same figure, the bended antenna patterns are less directional as

compared to its patterns in flat shape.
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Figure 5.9: Simulated radiation patterns of bending at (a) 0.89 GHz, (b) 1.74 GHz and
(c) 2.45 GHz
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Figure 5.9: (continued) Simulated radiation patterns of bending at (a) 0.89 GHz, (b)
1.74 GHz and (c) 2.45 GHz

As it can be seen in Figure 5.10, the antenna bending does not destroy the antenna’s
circular polarization characteristic in this research. The bending antenna provides
effective axial ratio in the frequency range of 0.8 GHz to 2.5 GHz. Any degradation of
circular polarization performance is not observed, however, better axial ratio value for
W-LAN band while worse for GSM 1800 band are obtained, compared to the flat

wearable one (please see Figure 5.3).
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Figure 5.10: Simulated axial ratio of bending antenna in the vicinity human body
5.4 Bending Antenna in the Absence of Human Tissue

The following antenna simulations are run for bended antenna with conventional
materials in the absence of human body. In order to see how the antenna is affected by
human body, which is mentioned above, compared to absence of extra layer that
represents human tissue, some antenna characteristics are presented. The bended antenna
that is seen in Figure 5.11 is designed with completely conventional antenna materials

and bended 150mm around cylinder. Then cylinder is extracted after construction.
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Figure 5.11: Bended antenna with conventional materials

As it can be seen in Figure 5.12, although one of the antennas is constructed with
conventional materials while the other is made out of wearable fabrics (Figure 5.7), the
return loss characteristics show similarities. For both antennas return loss performances

are better at GSM 900 band and GSM 1800 band while it is weak at W-LAN band.
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5.12: Simulated return loss of bending antenna in the absence of human body
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As far as radiation pattern is considered, results show diverseness at upper GSM and
W-LAN bands. As it can be seen in Figure 5.13, the maximum electric field is much
stronger for the previous construction at GSM 1800 band, please see Figure 5.9 (b),
while pattern is very effective for last construction at W-LAN band. These differences

could appear either due to existence of human body or usage of different materials for

antenna construction.

Type Farfield
Approximation enabled (KR >> 1)
Honitor farfield (f=1.74) [2]
Component Abs

Output E-Field({r=1m)
Frequency 1.74

Rad. effic. 8.2481

Tot. effic. 8.2029

Emaz 3.841 U/m

(a)

Figure 5.13: Simulated radiation patterns of bending antenna in the absence of human
body at (a) 1.74 GHz and (b) 2.45 GHz
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Rad. effic. 8.2123

Tot. effic. 8.1348

Emaz 5747 U/m

(b)

Figure 5.13: (continued) Simulated radiation patterns of bending antenna in the absence
of human body at (a) 1.74 GHz and (b) 2.45 GHz
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6. CONCLUSION

In order to harvest energy from the environment, an efficient antenna along with a
circuit capable of converting AC power to DC power is needed. In this thesis, the
circularly polarized multi-resonant antenna, which covers the frequency bands of GSM
900, GSM 1800 and W-LAN bands, and the rectifier circuit, that comprises Schottky
diodes and capacitors, were employed [32]. Moreover, the antenna redesigned with
wearable materials, which are entirely made out of textile materials such as conductive
and nonconductive fabrics, in order to integrate the antenna into cloth, thus, making it

mobile.

According to the simulation results of the first antenna, the antenna can properly operate
and has good radiation patterns for the three purposed frequency bands. Moreover, it
can provide circular polarization in the range of 0.8GHz — 2.5GHz. The thickness of the
antenna is approximately 1.5cm; therefore it is easy to realize by using wearable
applications. The materials used for simulation of the first antenna are Taconic as a feed
line substrate, Copper for conductive parts and Polyhuretanic Foam as an antenna

substrate.

A passively powered RF-DC conversion circuit operating at intended bandwidths is
presented. The rectifier circuit is designed and can work for the signals which are higher
than 200uW. It allows antenna to operate at very low input power levels. According to
the simulation results, the rectifier has a maximum efficiency of 62%. For the power
input between 0.8 mW and 1.8 mW, more than 50% conversion efficiency is obtained.
On the other hand, when received power exceeds 2mW, the conversion efficiency

decreases gradually with increasing input power.

At the last stage of the thesis, the antenna is redesigned by using wearable materials. For
the conductive parts, Ni/Cu/Co coated nylon ripstop fabric is used instead of Copper.

Since the antenna is composed of two non-conductive parts, namely; antenna substrate
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and feed line substrate, Fleece fabric is used as an antenna substrate instead of
Polyhuretanic Foam and for feed line substrate, two materials are used in turn; E-Glass
and Quartzel instead of Taconic. In other words, two different materials are examined to
have the best results. Moreover, the antenna is bended regarding to human chest profile
and simulations are conducted in the vicinity of human body. For the intended
application, which proposes a wearable design, the antenna provides sufficient antenna
characteristics, namely; axial ratio, radiation pattern and return loss. It is also observed
that E-Glass fabric gives better performance compared to Quartzel. This result is

expected since the dielectric constant of E-Glass is closer to Taconic.
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