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Abstract

With the rapid growth and use of wearable devices over the last decade, the advantages of
using portable wearable devices are now been utilized for day to day activities. These
wearable devices are designed to be flexible, low-profile, light-weight and smoothly
integrated into daily life. Wearable transmission lines are required to transport RF signals
between various pieces of wearable communication equipment and to connect fabric based
antennas to transmitters and receivers; the stitched transmission line is one of the hardware
solutions developed to enhance the connectivity between these wearable devices. Textile
manufacturing techniques that employ the use of sewing machines alongside conductive

textile materials can be used to fabricate the stitched transmission line.

In this thesis, the feasibility of using a sewing machine in the fabrication of a novel stitched
transmission line for wearable devices using the idea of a braided coaxial cable have been
examined. The sewing machine used is capable of a zig-zag stitch with approximate width
and length within the range of 0-6 mm and 0-4mm respectively. The inner conductor and the
tubular insulating layer of the stitched transmission lines were selected as RG 174, while the
stitched shields were made up of copper wires and conductive threads from Light Stitches®.
For shielding purpose, the structure is stitched onto a denim material with a conductive thread
with the aid of a novel manufacturing technique using a standard hardware. The Scattering
Parameters of the stitched transmission line were investigated with three different stitch
angles 85°,65° and 31° through simulation and experiments, with the results demonstrating
that the stitched transmission line can work usefully and consistently from 0.04 to 4GHz.
The extracted Scattering parameters indicated a decrease in DC loss with increased stitch
angle and an increase in radiation loses, which tends to increase with increase in frequency.
The proposed stitched transmission line makes a viable transmission line but a short stitch
length is associated with larger losses through resistance. The DC losses observed are mainly
influenced by the resistance of the conductive threads at lower frequencies while the radiation
losses are influenced by the wider apertures related to the stitch angles and increase in

frequency along the line.

The performances of the stitched transmission line with different stitch patterns, when
subjected to washing cycles and when bent through curved angles 90° and 180° were also

investigated and results presented.



Also, the sensitivity of the design to manufacturing tolerances was also considered. First, the
behavior of the stitched transmission line with two different substrates Denim and Felt were
investigated with the results indicating an insignificant increase in losses with the Denim
material. Secondly, the sensitivity of the design with variations in cross section dimensions
was investigated using numerical modeling techniques and the results showed that the
impedance of the stitched transmission line increases when the cross-sectional dimensions are
decreased by 0.40mm and decreases when the cross sectional dimensions are increased by
0.40mm. Equally, repeatability of the stitched transmission line with three different stitch
angles 85°,65° and 31° were carried out. The results were seen to be consistent up to 2.5GHz,
with slight deviations above that, which are mainly as a result of multiple reflections along

the line resulting in loss ripples.

The DC resistance of the stitched transmission line with three different stitch angles 85°, 65°
and 31° corresponding to the number of stitches 60,90 and 162 were computed and a
mathematical relationship was derived for computing the DC resistance of the stitch
transmission line for any given number of stitches. The DC resistance computed results of
25.6Q,17.3Q and 13.1Q, for 31°,65° and 85° stitch angles, indicated an increase in DC
resistance of the stitch with a decrease in stitch angle which gives rise to an increase in a
number of stitches. The transfer impedance of the stitched transmission line was also
computed at low frequency (< 1GHz) to be Z; = (0.24 + j1.09)Q, with the result showing

the effectiveness of the shield of the stitched transmission line at low frequency (< 1GHz) .

Keywords— Scattering Parameters; Stitched Transmission lines; Wearable Devices;

Conductive Threads; DC resistance; Stitch angle; Multiple Reflections; Loss Ripples
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Chapter 1

Introduction

1.1. Background

Today’s textiles materials have come to find lots of applications in virtually all our daily
events. Besides wearing apparels all the time and being constantly surrounded with textiles in
virtually all of our environments, the integration of multifunctional values in such a common
material has become a special area of interest in recent years with the use of electronic
components on textile materials becoming a major growth area. Textile transmission lines
have been developed and used as means for transmitting signals to and from wearable devices
over the last decade, with extensive characterization for use in wearable computing
applications. This thesis focuses on the integration of transmission lines into apparels,
specifically on using the idea of a braided coaxial cable to develop a stitched transmission
line that is capable of transmitting signals within (but not limited to) the frequency range
of 0.04 —4GHz. The frequency range of 0.04 — 4GHz was chosen because of its vast
applications in GSM, mobile communications, Microwave devices and communications,
mobile phones broadband etc. The stitched transmission line functions like the conventional
transmission lines, but differs from it as it is wearable, lightweight, flexible, washable, robust
and comfortable. Generally, in designing smart apparels, it is vital that design requirements
such as the operational reliability, controllability, convenience, ergonomics and robustness be

met in order to meet the desires of the target consumers [1.1]-[1.2].

The increase in demand and rapid growth of miniaturization of electronic devices over the
last decade had also led to the development of devices that are mobile, convenient and
assessable both in their physical form and applications. The trend of electronics
miniaturization, both in military and consumer applications challenges board assembly
materials, processes and reliability. This growth along with advances in wearable devices has
led to the development of devices which can either be carried by the user or directly
integrated into apparels known as smart textiles envisioned for continuous or situation

appropriate accessibility and use [1.3]-[1.4].
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1.2. Wearable Technology

Wearable technology can be viewed as the combination of computing and wireless
technologies with apparels, jewelry and other accessories. It is also a term used to describe
many different forms of body mounted technology; they can be anything from a headband to
a smart watch (Apple Watch®, Samsung Galaxy Gear®, Fithit® and Pebble smartwatch®),
from smart apparels to smart shoes (Apple Smart Shoes®) and technology implantable or
embedded skin (devices that can be directly introduced into the human body to modify,
enhance or heal in ways that non-embedded devices cannot) [1.5]. Usually, there are three
categories of wearable technology electronics; these include electronics that are worn directly,
those integrated into apparels (Smart Textiles) and lastly those that are used as accessories on
apparels. These routinely worn devices are enabled with portable computing and wireless
networking, transforming them into linked devices that can provide features such as

monitoring, computing etc. A pictorial representation of this is given in Fig.1.1.
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Figure 1.1 Wearable Technology: Major segments and players after Beecham Research [1.6]
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The HIS (Information Handling Services) Electronic and Media estimated that the world
market for wearable technology reached a total of $8.5 billion in revenues in 2012; shipping
96 million devices with a forecast for 210 million shipments projected for 2018, driving $30
billion in revenue [1.7]. The fitness market dominated by players like Adidas, Nike, FitBit,
Jawbone etc. is estimated to be about $2-$3 billion [1.8]. Equally, according to a new market
research report, "Wearable Technology Market by Product (i.e. Wristwear, Eyewear,
Footwear, Neckwear, Bodywear, and Others), Application (Consumer Electronics,
Healthcare, Enterprise & Industrial, and Others), Type (Smart Textile, Non-Textile), and
Geography - Global Forecast to 2020", the overall market for wearables is forecast to reach
$31.27 billion at a compound annual interest rate of 17.8% between 2015 and 2020 [1.9].
Equally, with about 41% compound annual growth rate, ABI Research forecasts a growth in
wearable devices in sports from 20.77 million devices in 2011 to 169.5 million devices by
2017 [1.10]. All these clearly show a clear demand for wearable technologies and a need for

continued research into the methods of constructing and maintaining such devices.

1.2.1. Wearability in Wearable Technology
Wearability is the durability of clothing under normal wear or the ability of apparel to
withstand prolonged wear, while wearable refers to the use of the human body as a support

environment for the product.

A product is said to be wearable if it is suitable for wear or can be worn on the body
comfortably and does not restrict the user [1.11]. A wearable device has to be robust to the
environmental pressures existing on the human body. The human body is dynamic and its
form is diverse and changing. Hence wearable designs that appreciate these dynamics result
in product wearability. With today’s wearable devices access to information is no longer
restricted to static environment of the office desktop and personal computer as well designed
mobile and wearable devices offer more effective and convenient ways for people to relate to
this information [1.12].

In designing wearable devices consideration has to be given to the cognitive interaction
between the user and the apparel. Apart from cognitive considerations, wearable technology
also introduces new physical and psychological variables. In subsequent sections, several

functional clothing design areas of concern will be examined with respect to the additional
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variables and requirements of wearable technology. These include flexibility, mobility,

durability, thermal and moisture management, garment care and sizing and fit.

12.1.1.  Flexibility

To make apparels wearable, there’s a need to make electronic components integrated or
mounted on them to be as flexible as possible. Flexible electronics also known as flex circuits’
technology where electronic devices are mounted on flexible PCBs are used. This allows the
PCBs to adapt to the desired shape or to flex during use. Here the design is such that the
components are assembled in bend and twist stabilized regions. The planar fashionable circuit
board (P-FCB) is a good example of this, which features a soft and flexible impression just as

regular apparels [1.13].

Figure 1.2 Single-layered P-FCB system manufacturing process [1.13]
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1.2.1.2. Mobility and Comfortability

It is important that wearable devices are designed such that they can produce physical
comfort, support or ease as users feeling enough comfort while using the devices no longer

sense the presence of the device after wearing it for a while [1.14].

The biggest and heaviest part of the wearable device is the energy supply [1.15]. Also in
wearable technology designs where resources do not permit the custom design of computing
units, bulky devices mounted on the body are quite often used. Having these devices
integrated into apparels or mounted on the body ought to be done in such a manner that it
does not totally interfere with natural movements thus becoming a burden to the wearer. As
such, designs for such wearable devices ought to take into cognisance situation-specific

movements desired for achieving specific tasks.

1.2.1.3. Durability

The ability to withstand wear, pressure or damage is also a challenge to the development of
wearable electronic components. They must also be able to withstand the human environment
they find themselves in, as it is not an ideal environment for them. Proper positioning of these
devices and stabilizers are possible solutions to this problem.

1.2.1.4. Thermal Management

Wearable electronics present some unique thermal design challenges for both the package
and the whole system by adding the heat produced by certain electronic components to that
produced by the body. Operating temperature is not set by reliability requirements alone.
Wearable electronics in contact with the skin should have a comfortable thermal operating
range as the device also has to maintain a certain comfort level. An ideal operating
temperature of 37°C (98.6°F) needs to be maintained for electronics placed in direct contact
with the skin as any figure beyond this could cause a lot of discomfort to the wearer. Without
thermal management, the human skin could act as a heat sink to dissipate this thermal energy.
Also, conductive transfer from components can be facilitated through heat sinks attached to
them [1.16].
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1.2.1.5. Moisture and Dust Management

Most PCBs made up of water-resistant plastics and resins can hold heat and moisture and
when placed close to the body could cause a lot of discomforts. However, this can be
managed through the use of breathable or wicking fabrics, which are fabrics that draw
moisture away from the body by letting in air and sweat out [1.17]. There’s also the need to
protect wearable devices through partial or full encapsulation from dust, perspiration,

precipitation, spilled liquids and extreme moisture during laundering to preserve functionality.

1.2.1.6. Garment care

Washing, drying and smoothing clothes are means of taking care of apparel that we wear.
Washing these apparels could either be through machine wash or hand wash. With the
machine wash, detergents or liquid soaps alongside fabric softeners are used while soap bars
and detergents are sometimes used for the hand wash. Washing and drying these apparels
could cause a lot of damage to the electronic technology. However, it is also worth
mentioning here that some electronics components can withstand washing and drying
provided the power source is detached or they are not been powered by some power source.
For some devices, however, the temperature at which the washing is done is more of an issue,

as the temperatures these devices can withstand vary from one device to the other.

Furthermore, care has to be taken when smoothing these apparels using either pressing irons
or steamers to avoid contact with some of the electronic components as these could also
cause some impairment to the electronic components integrated or mounted on the apparels.
Possible solutions to these problems include the use of wearable devices that can be enclosed

or detached from the apparel.

1.2.1.7. Sizing and Fit

This is a crucial area if electrical and electronic devices are to be integrated into apparels or
mounted on the body. Usually, the sizing of the body which involves taking measurements
from areas like the neck, sleeves, chest, waist, hips, and inseam is done for proper fit.
Depending on the type of apparel in use, one can have next to skin fit (which conforms to the
body's contours and are typically base layers), active fit (tailored to fit closer to the body and

may be worn over baselayers, under outer layers, or as stand-alone pieces), standard fit
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(which is neither formfitting nor loose and may be worn over base and mid layers) and
relaxed fit (drapes loosely on the body; relaxed fit items are typically outer layers) [1.18].
The wearable device to be integrated or mounted on apparel will determine the type of fit
required.

1.3. Wearable Communication System

On-body communication can be wired or wireless, which could include infrared, embedded
wiring and Bluetooth technology. However, most wearable devices make use of Bluetooth to
communicate, which can be inefficient because of how difficult it is for the signal to pass
through a user's body and can cause an effect called "path loss" whereby a signal deteriorates
as it travels between two wearable devices, as well as causing security concerns due to the
distance the signal travels, with the user being susceptible to eavesdropping [1.19]. The use
of textile transmission lines tends to moderate some of these deficiencies when transmitting

RF signals between various parts of wearable communication systems.

1.4. Research Motivation

To connect wearable devices operating at radio frequencies, transmission lines which
are efficient, light weight with low fabrication cost, flexible to withstand bending and
stretching, and capable of providing shielding from the ingress and egress signals are
vital components of such a system. Problems usually associated with wearable
transmission lines include durability of the wearable transmission line and
maintenance of the smart clothing which house all elements including the wearable
transmission line. The need to develop a wearable transmission line to moderate some
of these glitches requires a careful understanding of previous wearable transmission
lines. However, with the scarce literature on wearable transmission lines, only a few
authors [1.20]-[1.21] have investigated efficient low-profile structures which are
achievable at low cost, with various variations investigated for application for

frequencies up to a few GHz. A careful study of these problems necessitated the
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prerequisite to developing a stitched transmission line that will mitigate some of these

glitches.

1.5. Research Objectives
The stitched transmission line should provide a transmission line that is wearable with
good electrical characteristics such as low DC resistance, low reflection and resistive
losses at radio frequencies.
The use of the textile transmission line comes with a couple of challenges which include
sourcing of optimal materials to be used, the need for individual conductors to be
insulated from each other, the effect of stitch types and densities, and the need to be able
to withstand typical textile handling.
The main objectives of this research include:

e Model numerically a novel stitched transmission line within a frequency range
of 0.04 — 4GHz.

e Develop a presser foot that will suite the requirement for the use of RG174 coaxial
cable in the fabrication of the stitched transmission line

e Analyze numerically the DC resistance of three different stitch length (Stitch
angles) of the stitched transmission line and computation of the transfer
impedance of the stitched transmission line at low frequency (< 1GHz).

e Characterize experimentally the stitched wearable transmission line

e Explore design features of the system and their impact on system and user

performance

1.6. Novel Contribution of the Thesis

The novelties of this thesis are:

(1) The use of the idea of a braided coaxial cable to develop a stitched transmission line
that is suitable for carrying RF signals to wearable devices within the frequency range
of 0.04 - 4GHz

(2) Introduction of numerical modeling and simulation procedures for stitched wearable

transmission lines using CST Microwave Studio Suite®

1.8



(3) The design and fabrication of a novel presser foot to meet stitching requirements for
the stitched transmission line

(4) Development of a mathematical relationship that can be used to compute the DC
resistance of the shield for any given number of stitches

(5) Evaluation of the effect of the stitched parameters on the DC and RF performance of

the stitched wearable transmission line

1.7. Thesis Outline

Chapter 1 provides a background introduction to the thesis. It also offers an overview of
wearable technologies highlighting growths in wearable technology over the years alongside
wearability as it applies to wearable devices. A brief summary of wearable communication

systems, research objectives, motivation and the novelty of the thesis were also presented.

Chapter 2 will present the theoretical background of transmission lines with an overview of
transmission line theory, review of some wearable transmission lines and the different
methods of fabricating textile transmission lines. A brief introduction on conductive threads
from Light Stitches® used in the construction of the stitched transmission line was also

presented.

Chapter 3 will present an analysis of the braided coaxial cable with emphasis on the role of
the shield, shielding effectiveness and its transfer impedance. These analyses are applicable
to the stitched transmission line which can also be envisaged as a composite counter-wound

helical structure [1.22]-[1.24] with a concentric conductor.

Chapter 4 offers the numerical modeling and construction of the stitched transmission line
with the aid of a modified presser foot using three different stitch lengths corresponding to

three stitch angles.

Chapter 5 presents experimental measurements and performance characteristics of the
prototype model of the stitched wearable transmission line under different conditions such as
stitch lengths (stitch angles), stitch types and curved bending angles. It also presents on-body
measurements as well as its design sensitivity to manufacturing tolerance and its performance
after subjecting it to washing cycles. Repeatability measurements were also carried out in this

chapter.
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Finally, Chapter 6 highlights the main conclusions of this research, industrial applications and

offer suggestions for further work.
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Chapter 2

Theoretical Background on Transmission Lines

Wearable transmission lines are required to have good electrical characteristics such as low
D.C. resistance and low reflection and resistive losses at radio frequencies when used for
transmitting signals between two or more wearable devices. The theory of transmission lines
is significant in understanding the behavior of wearable transmission lines. This chapter is
aimed at reviewing properties of electrical transmission lines and transmission line losses.
Methods of implementing wearable transmission lines and a description of the conductive
thread used in the construction of the stitched transmission line are also presented.

2.1. Introduction

Generally, waves can be propagated in unbounded (unguided) or bounded (guided) media. In
unguided structures, the wave propagates throughout space and the EM energy associated
with it spreads over a wide area. However, a guided structure serves to direct the propagation
of energy from its source to the load. Typical examples of these guided structures are
transmission lines and waveguides. Transmission lines are used for purposes such as
connecting radio transmitters and receivers with their antenna elements, connections between
computers in a network or between a hydroelectric generating plant and a substation some
hundreds of miles afar, interconnects between stereo systems, connection between a cable
service provider and a TV set, and connections between devices on a circuit board designed

to operate at high frequencies [2.1]-[2.2].

Essentially a transmission line is a two-port network, with each port consisting of two
terminals (see Fig.2.1), with one of the ports connected to a source or a generator and the
other connected to the receiving end, which could be any circuit generating an output voltage,
such as a radar transmitter, an amplifier, or a computer terminal operating in transmission
mode. Transmission line types include parallel line (ladder line, twisted pair), coaxial cable,

Stripline, and microstrip.
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Figure 2.1 Transmission line as a two-port network [2.3]

Transmission lines can be further classified as follows:

a) Transverse electromagnetic (TEM) modes: neither electric nor magnetic field in the
direction of propagation

b) Transverse electric (TE) modes: no electric field in the direction of propagation.
These are sometimes called H modes because there is only a magnetic field along the
direction of propagation (H is the conventional symbol for magnetic field).

c) Transverse magnetic (TM) modes: no magnetic field in the direction of propagation.
These are sometimes called E-modes because there is only an electric field along the
direction of propagation

d) Hybrid modes: resulting from a combination of TE and TM modes with non-zero

electric and magnetic fields in the direction of propagation.

The TEM mode is the dominant mode and has no cut-off frequency. Thus it propagates all
the way to DC. While the TE, TM and Hybrid modes are higher order modes which can exist
if the operating frequency is high enough and the boundary conditions for these modes to
exist are met. Usually, all higher-order modes have different cut-off frequencies, and they

start propagating just above their cut-off frequency. The cut-off frequency is given as

o @1

(4
2
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Where the outer diameter of the dielectric is Dy, D,, is the diameter of the metal braid shield

and A.is the cut-off wavelength, with A, given as

Ae=m (@) Ur&r (2.2)

For u, = 1, Dgand D;, in mm,

190.85

fe(GHz) = (Do+Dp)Ver

(2.3)

[2.3]- [2.5]

The TEM mode is considered in this thesis.

2.2. Transmission Line Parameters

Essentially a transmission line has four line parameters namely; capacitance per unit length, C,
conductance per unit length, G, resistance per unit length, R, and inductance per unit length, L.
These line parameters are not discrete or lumped but distributed along the line. Table 2-2
provides a summary of the three common transmission line types, with their geometric

dimensions as depicted in Fig.2-2, 2-3 and 2-4.

The stitched wearable transmission line can be considered as a two-wire transmission line. A

number of known methods of implementing two wire transmission lines can be found in [2.6].

Table 2.1 Transmission line parameters for three line types [2.6]

Parameter Twin-Wire Line Coaxial Line Parallel-Plate Line  Unit
R 1 1 (1 . 1) 2 Q/m
T[ao-cond.a 2Tfo_cond.é‘ a b Wo_cond.a
L U D U b d H/m

o) () :
nacos 2a 27Tln a Mw
G TOgjel. 270 gjel. w S/m
W b Ogiel. E
acosh |=— 2
2a In (a)
c e 2me ¢ w F/m
d
acosh (Z) In (2)
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Where m,a,b,w, u, D, d, 64ie1, Ocona. 6, € R, L, G and C are as defined in the List of Symbols

(See Page VI1I)

Conductors

Dielectric

Figure 2.2 Twin-wire parallel conductor transmission line

2a
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\

Figure 2.3 Coaxial cable transmission line

Figure 2.4 Parallel plate transmission line; plate width w is large compared with the
separation dg
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2.3. Transmission line Equations

Consider a two-wire transmission line which supports a TEM-wave, where the electric and

magnetic fields E and H are related to the voltage IV and current I as follows:
V=—[E.d (2.4)
I=¢H.dl (2.5)

Circuit quantities IV and I will be to solve the transmission line problem instead of solving the

field quantities Eand H.

Lossy Transmission Line

Here the conductors that make up the line are imperfect (o, # o) and the dielectric material,
in which the conductors are embedded are lossy ¢ # 0. The resistance and inductance of the
conductor are represented by a series resistor, R, and inductor, L, while the capacitance
between the two conductors is represented by a shunt capacitor,C, and the conductance of the
dielectric material separating the two conductors by a conductance, G, shunted between the

signal wire and the return wire.

1(z,t) ‘\/\/\I_NY\ 1(z + Az, t)

RAz LAz Al
To generaton To load
«— GAz » o~ CAz B—
V(z,t) V(z+ Az, t)
> z
z zZ+ Az

Figure 2.5 Equivalent circuit model of a lossy transmission line [2.1]
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Applying Kirchhoff’s voltage law to the outer loop of Fig.2.5,

BI(Z t)

V(z,t) = RAzI(z,t) + LAz——+V(z + Az, t)

Or

_v(z+Az,A2—v(z,t) —RIZD)+ Lal(z t) 2.6)
As Az — 0, eq. (2.6) becomes

— 2D _ Ri(z,t) + 122 2.7)

Equally, applying Kirchhoff’s current law to the main node of the circuit in Fig.2.5 gives

I[(z,t) =1(z+ Az, t) + Al

1(z,t) = [(z + Az,t) + GAzV(z + Az, t) + CAz XE22Y

Or

KB O2ED — G V(z + Az, t) + €220 (2.8)
As Az - 0, eq. (2.8) becomes

_alézz,t) —GV(z0) + Cav(z t) (2.9)
If we assume harmonic time dependence, so that

V(z,t) = Re[Vs(2)e ] (2.10a)
I(z,t) = Re[l;(z)e/t] (2.10b)

Where V,(z) and I;(z) are the phasor forms of V(z, t) and I(z, t) respectively, egs.2.7 and 2.9

become
—ZE = (R+jol) I (2.11)
dIS
=(G+jwC)V; (2.12)

Taking the second derivative of V; Eq.2.11 and using Eq.2.12, we obtain
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Y — (R + jwL)(G + joC) ¥,
2 jw ](‘))s

dz

d?vg

— V=0 (2.13)
Where

y=a+jp = \/(R + jwL)(G + jwC) (2.14)

Similarly by taking the second derivative of I, in Eq. (2.12) and using Eq. (2.11), we obtain

d?I
dz?

—y2[, =0 (2.15)

Hence y in Eqg. (2.13) and (2.15) is the propagation constant (in per meter), « is the
attenuation constant (in nepers per meter or decibels? per meter), and j8 is the phase constant

(in radians per meter). The wavelength A and wave velocity, u are, respectively, given by

21
== (2.16)
u = % = f2A (2.17)

The solutions of the linear homogeneous differential Eq. (2.13) and (2.15) are given by

Vo(z) =Vie "2 + Vet (2.18)
And
I(z) =1fe " + Ije" (2.19)

Where V', Vi, 1§ and I; are wave amplitudes with the + and — signs denoting wave
traveling along +z- and -z-directions respectively. Thus, we obtain the instantaneous

expression for voltage as
V(z,t) = Re[V,(z)e /t]
V(z,t) = V§e * cos(wt — Bz) + Vi e* cos(wt + Bz) (2.20)

The characteristic impedance Z, of the line is the ratio of positively travelling voltage to the
current wave at any point on the line. It is akin to the intrinsic impedance of the medium of

wave propagation 7.
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+ — .
Zy=2= N _RHel ¥ (2.21)

[ o Y  G+jwC

R+jwlL .
Zy = /G+j_$c = Ry + jX, (2.22)

Where R, and X, are the real and imaginary parts of Z, [2.1].

Lossless Transmission

For an ideal lossless transmission line, the conductors of the line are perfect, 6, = oo and

dielectric medium separating them is lossless o = 0. Hence
R=G=0 (2.23)

The inductance of a length (dx) of the conductor is represented by a series inductor, L
while the capacitance between a length (dx) of the two conductors is represented by a sh

capacitor, Cdx.

I(z,t) YN I(z + Az t)
Lz
To generator To load
<« o~ CAz _
V(zt) V(z+Azt)
—>Z
z z+ Az
Figure 2.6 Equivalent circuit model of a lossless transmission line [2.1]
Consequently Eq. (2.14), (2.14) and (2.22) becomes
a=0, y=jpB =jwVLC (2.24a)

the

dx,

unt
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_w_ 1 _
u_ﬁ_m_fl (2.24b)
XO = O, ZO = RO = % (2240)
[2.1]

2.4. Input Impedance, Voltage Standing Wave Ratio, and Power

Input Impedance

Consider a transmission line of length [, characterised by y and Z,,, connected to a load Z; as
shown in Fig.2.7. Looking into the line, the generator sees the line with the load as input

impedance Z;,.

I — g _
Z, |, < z >|e——%

7 z=1
(a)
’\/@\/—;()—’—
+
Vy C'\l> Vo § Zin
—

(b)

Figure 2.7(a) Input impedance due to a line terminated by a load; (b) equivalent circuit for
finding V¢ and I in terms of Z;,, at the input
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Suppose the line is extended from z = 0 at the generator to z = [ at the load and using Eqg.
(2.18) and (2.19), where Eq. (2.21) has been incorporated, to find V; and V", the terminal

conditions must be given.

Ve(z) =Vje ™2 + Vye?? (2.25)
+ —_
I.(2) = %e—yz - %e”z (2.26)

Suppose the given conditions at the input are
Vo=V(z=0), I,=1I(z=0) (2.27)

Putting these into Eq. (2.25) and (2.26) yields
Vit =2 Vo + Zolo) (2.28a)
Vo =3 o = Zolo) (2.280)

If the input impedance at the terminals is Z;,, the input voltage V, and the input current I, are
obtained from Fig.2.7 (b) as

Vy = zi_fzg p Iy = Zi:izg (2.29)
Conversely, if conditions at the load are

V,=V(iEz=10, I,=I1z=1) (2.30)
Putting these into Eq. (2.25) and (2.26) yields

Vi =2V + Zoly)e! (2.31a)
Vy =2V — Zol)e™ (2.31b)

To determine the input impedance Z;,, at any point on the line, we use Eq. (2.25) and (2.26)

V@ Zo(Vi V)

Zin - I5(2) - (V0+—V0_) (232)
Putting Eq. (2.31) into (2.32) and using

elyev . e¥l-e~v
coshyl = P sinhyl = > (2.333)

Or
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sinhyl _ e¥l_e~7l

tanhyl = coshyl — ovlre Tl (2.33b)
Z;n 1S given by,

_ Z1+Zgtanhyl
Zn =2 [ (o) 234

To find the Z;,, at a distance ! from the load as in Fig.2.7(a), L is replaced with [’.

For a lossless line, y = jB,tanh jBl = jtanh B, and Z, = R, so that eq.(2.34) now becomes

_ Z1+jZytanh Sl
Zin =Z, [—20+sz P b’l] (Lossless) (2.35)

This shows that the input impedance varies periodically with distance [ from the load. Bl in
Eqg. (2.35) is usually referred as the electrical length of the line expressed in degrees or
radians [2.1].

Voltage Standing Wave Ratio (VSWR)

Voltage reflection coefficient at the load, I';, is the ratio of the voltage reflection wave to the

incident wave at the load. That is,

T = Vv et
L= yie-r

(2.36)

Putting V4, and V4" in Eq. (2.31) into Eq. (2.36) and incorporating V,, = ZL/IL yields

r, =22 (2.37)

T Zu+Z

Furthermore, the voltage reflection coefficient at any point on the line is the ratio of the
magnitude of the reflected voltage wave to that of the incident wave. That is,

Voe Vg

- Y ,2yz
+,-vl +
Vie vt vy

I'(z) = e

But z = | — I; Substituting and combining with Eq. (2.36) yields

I'(z) = %ezyle_z”ll =Te 2! (2.38)
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The current reflection at any point on the line is negative of the voltage reflection at that point.
Thus the current reflection coefficient at the load is given by

Iye"!
—lL =77
Iye™Y

Hence the standing wave ratio s, (denoted as SWR) is defined as

— Vimax — Imax — 1+|FL| (2 39)

S =
Vmin Imin 1_|FL|

It can be easily shown that; I,,,,, = V’;“" andl,,;, = V’Z""”. The input impedance Z;,, in Eq.
0 0

(2.35) has a maxima and minima that occur at the maxima and minima of the voltage and

current standing wave respectively. It can also be shown that

| Zinlmax = I;:j: = sZy (2.40a)
And

Vinin Z
1 Zinlimin = I = ?0 (2.40Db)
[2.1]
Power

Transmission lines are a means of transmitting information or power from the source to the

load. The average input power at a distance [ from the load is given by

Pave = 3 Re[V; (DI (D]

Assuming a lossless line, Eq. (2.25) and (2.26) is substituted in the above equation to obtain

+x

1 , o Vo . .
Pave = 5 Re IVJ(eml + Fe‘fﬁl)zo—o(e‘fﬂl — F*efﬂl)l

1 [IVs1?
Pave =ER€ ZO

(1—|T|? 4+ Te~ 2Bt — r*ezfﬁl)l

Since the last two terms are purely imaginary, we have
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Il

Pave = 27, (1 - |F|2) (2.41)

The first term is the incident power P;, while the second term is the reflected power P..
Hence Eq. (2.41) may be written as
Pe=P—F (2.42)

We note from Eq. (2.41) that the power is constant and does not depend on [ since it is a
lossless line. Also, the maximum power is delivered to the load when ' = 0, as expected
[2.1].

Special Cases with Shorted, Open-Circuited and Matched Line

A. Shorted Line (Z; = 0)
Here, Eq. (2.35) becomes

Zsc = ZianL=0 = jZytan Bl (2.439)
Also
I =-1, s=oo (2.43)

B. Open-Circuited Line (Z; = o)
Here, Eq. (2.35) becomes

Zo

ZOC = limZL_)oo ZlTl = J tan Bl = _]ZO Cotﬁl (2443.)

And

[[=1 s=o0 (2.44Db)

From Eq. (2.44a) and (2.45a),

ZSCZOC = Zg (245)
C. Matched Line (Z;, = Z,)

Here, Eq. (2.35) becomes

Zin =12y (2.46a)

And

[[=0, s=1 (2.46Db)

[2.1]
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2.5. Transmission Line Loss and Attenuation

Attenuation is the intrinsic power loss within a coaxial cable. Attenuation is dependent on the
coaxial cable design and is also dependent on frequency and length of the coaxial cable.
Attenuation in coaxial cables is found to also increase over a period of time due to flexing
and inflow of moisture into the coaxial cable. However, it is most affected by DC resistance
of the conductor. Conductive threads, when used as transmission lines, tend to have more
losses compared to metallic conductors because of their resistance, and these losses tend to
increase especially when stitched into apparels and worn by humans as the body also serves

as a dielectric medium and the closer the transmission line is to the body the lossier it will be.

All transmission lines have some losses in them and these losses could be a real loss
(attenuation) and mismatch loss (rejection). Here the focus is the real loss. The real loss
includes conductor loss, radiation and induction loss, and dielectric loss. Transmission line

losses are expressed in decibels (dB) while attenuation is expressed in dB/100ft.

A. Conductor loss

Whenever current flows through the conductors that make up the transmission line,
some energy is lost in the form of heat (I2R) because the resistance of the conductors
is never equal to zero. This loss is also referred to as heating loss and is simply power
loss. This can be reduced by using a shorter transmission line, using a larger diameter
wire or plaiting the line with silver (¢ = 6.30 x 107Sm~! at 20°C) [2.7] which is a
better conductor compared to copper(c = 5.96 x 10’Sm~1 at 20°C) [2.8].

Conductor loss also depends somewhat on the frequency due to a phenomenon known
as skin effect, which is the tendency of an AC to distribute itself within a conductor so
that the current density near the surface of the conductor is greater than that at its core.
Skin effect becomes progressively more apparent with increased frequency. To

repress this, multi-stranded conductors are used.
B. Radiation and Induction loss

These are comparable in that both are caused by fields surrounding the conductors.
Induction losses occur when the EM field about a conductor cuts through any nearby
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metallic object and current is induced in the object. As a result, power is dissipated in
the object and is lost.

Radiation losses occur when magnetic lines of force about a conductor do not return
to the conductor when the cycle alternates. These lines of force are projected into
space as radiation and this result in power losses. Power is supplied by the source but
is not available at the load. Radiation losses depend on the dielectric material,
conductor spacing and length of the transmission line. It is also directly proportional
to the frequency. This can be minimized by properly shielding the cable.

C. Dielectric loss
Dielectric losses are as a result of the heating effect on the dielectric material between
the conductors. The difference of potential between two conductors of a metallic
transmission line causes dielectric heating. For air transmission line the heating is
negligible, while for a solid core transmission line, dielectric heating loss increases
with frequency. Dielectric loss is found to be independent of the cable size. As
resistive losses increase as the square root of frequency, dielectric losses increase

linearly with frequency and hence dominates higher frequencies [2.9]-[2.10].

2.6. Wearable Transmission Lines

Wearable transmission lines are transmission lines that form part of the apparels that can be
worn by humans and animals. Usually, these are stitched or embedded onto apparels. The
textile characteristics of being lightweight, flexible, soft, breathable, robust and washable

make them preferable to the conventional transmission lines.

Wearable transmission lines could be power supply lines for electronic circuits or signal lines
transmitting signals often with a wavelength that is much greater than the length of the line
(low frequency signals) and signal lines that transmit signals with a wavelength that is
comparable to the length of the wearable transmission line (high frequency signals). The
characterisation of transmission line performance when stitched or embedded onto apparels

and worn by humans is also very important in its design.
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2.6.1. Methods of Implementing Wearable Transmission Lines

There are many possibilities of implementing a transmission line into a substrate. These

include:

a. Direct implementation of conductive transmission lines in the form of conductive
wires (also insulated) or electroconductive yarns at the production stage and
manufactured in flat textile products such as woven fabrics, knitting, and nonwovens

b. Overprinting an electroconductive medium on a flat textile

c. Spraying or other deposition of an electroconductive medium on a flat textile

d. Incorporating electroconductive paths using sewing or embroidery methods

[2.11]

Examples of these are shown in Fig.2.8, 2.9, 2.10 and 2.11.

In [2.12], a woven conductive fabric with embedded insulated copper wires so as to prevent
short-circuits among copper wires was presented for signal transmission. This consists of a
polyester multifilament yarn and coated copper wires woven by Sefar Inc. The distance
between each metal wire is 500um in both directions (warp and weft) and the diameter of the
copper wire is 40um and 54um without and with an insulation coating of 7um respectively.
This was used to integrate simple routing structures into fabrics while utilising standard
printed wiring board (PWB) tools. Also, a characterisation of CPW transmission lines printed
onto nonwoven textile substrates using conductive inks to determine their suitability for
wide-band applications is presented in [2.13]. Here, the polymer thick film (PTF) technique
was adopted instead of woven and knitted electronic textiles technique which allows a simple

manufacturing process without adding complexities that will increase the cost of production.

With the convenience of using washing machines, humans tend to have the urge to wash their
apparels, even when they are not dirty. Hence, the washability of the “wearable transmission
line” comes into question. Some approaches have been made to study the washability of
wearable transmission lines. In [2.14], the frequency dependent per unit length parameters of
a conductive textile transmission line (CCTL) were evaluated through measurements and
modeling and a study of its deterioration parameters when subjected to washing cycles. A
severe deterioration of the electrical parameters was noticed; however, both experimental and

modeling results were seen to be in good agreement within the addressed frequency band.
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Also, the feasibility using digital embroidery and conducting threads to construct
transmission lines and potentially antennas was investigated in [2.15]. The threads were
examined by assessing their DC resistance at rest while under physical strain and also the RF
performance of transmission lines. The RF transmission line measurements validated the DC
measurements, which were found to be a reasonable first estimate of RF performance. It was
also suggested that the conductivity could also be improved by stitching along the length of
(parallel to) the transmission lines and also by using a higher density of stitching. Similarly in
[2.16]-[2.17], Didier et al. and Tunde et al. proposed an extensive characterization of textile
transmission lines for use in wearable computing applications. The proposed textiles are
fabrics with copper fibers in one or two directions and with different yarn fineness, designed
in such a way to avoid contact with each other. Measurements of up to 6GHz from extracted
frequency characteristics revealed that the dielectric and ohmic losses do not determine the
insertion loss. But the loss is mainly influenced by non-uniform impedance profile along the

lines up to the half wavelength and by coupling to parasitic modes above this frequency point.

The use of screen printing technology for transmission lines with controlled impedances on
textile was also presented in [2.18]. The proposed transmission line structure revealed a
bandwidth of about 4.7GHz that suits most present-day applications in wearable computing
e.g. Bluetooth and USB and a line impedance close to 50€Q2, which is a major advantage
compared to a two wire-based textile transmission line. The cured silver paste used with a
solid content of about 75% suffered from brittleness. However, the bending of the
transmission line through a radius larger than 1cm was seen to have no effect on its DC
resistance. Conversely, bending with smaller radii or even creasing resulted in an increased
resistance due to cracks in the silver paste. This effect was bigger when less printing passes
were applied. Ultimately, conductivity was lost as the paste crumbled from the fabric, as such
folds and creasing at slightly shifted positions should be avoided. It was also observed that 5-
10 printing passes were also seen to give good results regarding geometrical precision and

electrical performance.

The design and characterisation of a differential stretchable transmission line were presented
for wearable applications by Jeon et al. in [2.19]. Here a zigzag shaped transmission line
designed to allow stretch while maintaining mechanical reliability was embedded in a low-
cost Polyurethane thin film which has excellent stretchability and flexibility. While measured
results indicate differential mode characteristics impedance of 94Q at the normal length

which slightly increases as the line stretches due to deformation of the line, the insertion loss
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was seen to slightly reduce as the line stretches. The transmission line can be elongated up to
about 25% guaranteeing electrical performance and mechanical stability compared to the
normal state. Also, twisted copper filaments made by yarn covering process were presented
for signal and power transmission for electronic textiles in [2.20], while Zhi et al. in [2.21]
reported a shielded Stripline formed by silver fabric, conductive thread, foam substrate and
conductive glue as a wearable transmission line for broadband operations. The compact and
low profile Stripline were seen to possess no dispersion and has high efficiency and low
reflection coefficient for frequencies up to 8GHz. The robustness of the design when bent
through 90° and 180° and tolerances for a wide range of cross-sectional variations and
connector offsets were also demonstrated, and it was also shown that the low loss frequency
foam substrate material used can be replaced with a low-cost clothing felt without any

significant impact on the efficiency.

In this thesis, the idea of a braided coaxial cable is used to implement a stitched transmission
line for wearable RF devices through the use of a sewing machine and an improved presser
foot. The stitched transmission line is made up of a stripped RG174 braided coaxial cable
(whose outer insulating sheet and shield are removed from the cable) which is stitched onto a
Denim substrate with the aid of the improved presser foot. This idea presents a wearable
transmission line that is easy to install and economical, and with some of the advantages that
comes with the use of a braided RG174 coaxial cable such as having a centre signal wire that
is made up of a multi-strand twisted copper, which makes it quite flexible and less bulky and

also good for tight spaces.
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Figure 2.8 Conductive paths made of copper wires in a fabric after Locher et al. [2.12]

/I\ /T\ AN

Ground

Signal

Ground

Figure 2.9 Screen Printed Sample of CPWs on Evolon after Merritt et al. [2.13]
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Conductive
Textile

Non-Conductive
Textile

Figure 2.10 Textile transmission lines in which the conductive paths are made from a
different electroconductive flat textile after Chedid et al [2.14]

Figure 2.11 Conductive thread transmission line created through digital embroidery in jig
above FR4 substrate after Acti et al. [2.15]
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2.6.2. Conductive Threads for Signal Transmission

Conductive threads are textile materials that can conduct electricity. Generally, they
consist of a nonconductive fabric as substrate and a metal or carbon structure as a
conductive component. They are preferred to metallic wires because of their light
weight, flexibility and the capacity to use them in existing apparel using either sewing
or embroidery machines. However, conductive threads have a poor conductivity
compared to metallic conductors, silver (¢ = 6.30 x 107Sm™1 at 20°C) [2.7] which
is a better conductor compared to copper(c = 5.96 x 10’Sm~! at 20°C) [2.8]. One
way to improve its conductivity is to make the amount of metal in the fabric
composite bigger. But doing so makes it lose its typical textile properties like
drapability and hand property, which refers to the way a fabric feels, which may also
be rough, smooth, hard, cool, warm, soapy etc. Their poor conductivity alongside

their molecular instability also makes conductive threads unsuitable for wiring [2.12].

2.7. Fabrication of Conductive Threads

Methods of fabricating conductive fibers include: filling of fibers with carbon or metal
particles, coating of fibers with conductive polymers or metals and use of continuous or short
fibers that are completely made of conductive materials [2.16]; while conductive threads are
made from single or multiple strands of conductive and nonconductive fibers. The common
methods of making these conductive threads are monofilament thread and multifilament
thread which can be seen in Fig.2.12 (a-e) [2.22].
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Figure 2.12 (a) Formed by twisting many thin elastic silver plated nylon fibres together (b)
contains 60 copper fibres, each of which has a diameter of 40um, (c) and (d) are composite
threads of insulating and metallic fibres where both composite threads are created by
spinning 40um silver plated copper fibres around a nonconductive core which is composed of
multiple nonconductive fibres and (e) is made up of single silver plated copper fibre with a
diameter of 40pm after Ouyang and Chappell [2.22]

2.8.  Conductive Thread from Light Stitches

In this thesis, a multifilament conductive thread from Light Stitches® (see Fig. 2.13) was
used for stitching the transmission line. One single thread of Light Stitches comprises of
approximately 96 individual filaments, each coated with a micron-thick layer of natural pure
silver. 16 of these filaments are wound together to form an initial twist; two of these twists
are then twisted together, and finally, three of these twists are combined. The thread has a

resistance of 0.4Qcm™1 or 12Qfoot~1. In thread terms, its thickness is approximately 18
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denier. The thread does not fray: there are no loose ends of filaments except where they have
been cut and a spool contains approximately 162 metres [2.23]. A measurement of the DC
resistance and cross sectional diameter of the conductive thread indicates a DC resistance of
0.43Qcm™1(430m™1 or 13.1Qft™1) and a cross sectional diameter of 0.3mm (0.3 x
1073m). Thus, the resistivity can be obtained, using,

p=R% (2.47)
Where R, A and [ are the resistance, area and length of the conductive thread respectively.
The calculated resistivity of the whole metallization from (2.47) is given as 1.2 X 10~5Qm,
while the conductivity which is given by 1/p is 8.2 x 10*Sm™1, which is quite low compared
to silver with 0 = 6.30 x 10’Sm™1 [2.7] and copper with o = 5.96 x 107Sm™~1 [2.8] both
at 20°C repectively.
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Figure 2.13 Colour image with High-dynamic-range imaging (HDR) of the Conductive
thread from Light Stitches® using the Olympus LEXT Laser Confocal Microscope at (a)
500um (b) 100um
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2.9. Conclusion

This chapter has presented an overview of transmission line theory. Discussions on
transmission lines include transmission line parameters, equations, losses and signal
attenuation. A review of wearable transmission lines is also presented, alongside discussions
on wearable transmission lines, the use of conductive threads for signal transmission with a

brief description of conductive threads from Light Stitches.

A basic knowledge of transmission theory is crucial to our understanding of the behavior of
the stitched transmission line as it serves as a means of transporting RF signals between
wearable communication equipment and to connect antennas to transmitters and receivers.
Furthermore, because we are proposing a stitched transmission line which has poor shield
coverage, with the shield made with mainly conductive threads, an understanding of the
losses that are associated with transmission lines is significant to understanding its
performance both at DC and RF level.

Chapter three presents an analysis on the shield of a coaxial cable with emphasis on Vance
[2.4], Tyni [2.5] and Kley [2.6] models.
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Chapter 3

Analysis on the Shield of a Coaxial Cable

In this chapter discussion on the shield of a braided coaxial cable is been presented. The
coaxial cable has two distinct properties, which includes guidance of TEM waves within the
structure and screening against coupling which is affected by the shield coverage. The shield
is very significant in guarding against electrical noise affecting the signals being transmitted
through the cable and also aid in reducing electromagnetic radiation from leaving the cable
and interfering with other devices thereby acting as electrical noise. Furthermore, the shield
helps in minimizing capacitively coupled noise from other electrical sources. This project
aims at using the idea of a braided coaxial cable to develop a stitched transmission line. The
proposed stitched transmission is comparable to the braided coaxial cable in terms of its inner
conductor, tubular dielectric, and stitched shield. However, the coverage of the stitched shield
of the stitched transmission line is quite low when compared to a standard braided coaxial
cable. An attractive proposition for the stitched wearable transmission line would be to have
the shielding and propagation characteristics of a standard coaxial line but there are
significant obstacles to introducing this. In this chapter, the shielding effectiveness of a
coaxial line will be considered with a view to understanding how this can be applied in a
wearable situation. A study on the shielding effectiveness and transfer impedance of a
braided coaxial cable with emphasis on Vance [3.1], Tyni [3.2] and Kley models [3.3] are
presented.

3.1. Coaxial Cable

Coaxial cable is a type of transmission line made up of two conductors separated by a
dielectric material. Typical dielectric materials include polyethylene (PE), polypropylene
(PP), fluorinated ethylene propylene (FEP), and polytetrafluoroethylene (PTFE). The inner
conductor and the outer conductor (referred to as the shield), are configured in such a way
that they form concentric cylinders with a common axis, hence the name coaxial cable
meaning having a common axis. The shield is usually earthed and provides the return path for

signals transmitted through it. Depending on the construction of the shield, a coaxial cable
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can be classified into two categories namely; the rigid or semi-rigid coaxial cable made up of
a solid screen (a pipe) and the flexible coaxial cable made up of braided wires. The focus here
is on the coaxial cable with the braided shield as that applies closely to the proposed stitched
transmission line. It would be attractive to have a more compact coaxial-like line that can be
stitched into a garment. However, the limitation on its flexibility due to the tightly braided
screen is a deterrent. The concept being explored in the next chapter is to use a stitched

screen with a conventional inner conductor and tubular dielectric medium.

plastic jacket

Oufer ket~ FolShiekd ~ Cenl Concucter

dielectric insulator

olie Doty | M
2 (b) centre core

Figure 3.1(a) Flexible coaxial cable [3.4] (b) Rigid coaxial cable [3.5]

3.1.1. Role of the shield

The shield which forms the outer conductor of a coaxial cable acts to first keep the desired
currents inside the coaxial cable, secondly to keep the undesired currents outside of the
coaxial cable, thirdly to act as a current return path for the signal, however it is also important
to note here that at high frequencies a good proportion of the power travels in the fields, and
lastly to provide a path to earth ground for external or interfering field on the coaxial cable.
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3.2. Theoretical Evaluation of Cable Shielding
Evaluation of signals transmitted through the shield of a coaxial cable can be carried out

using the following parameters:

e Shielding effectiveness of cable shields

e Transfer impedance of cable shields
3.2.1. Shielding Effectiveness of a Braided Cable Shield
The shielding effectiveness, S.ff, of a cable is a measure of the quality of its shielding. This
depends largely upon the coverage afforded by the shield and the thickness of the shield
material. More shield coverage means less radiation of energy. However this does not
necessarily mean less signal attenuation. Leakage of energy into cables when subjected to
external interference from electromagnetic fields has been discussed in [3.6].

Most cables are braided shield largely because of its flexibility, strength, durability and long
flex life span. Typical braids provide 60% — 98% coverage and are less effective compared
to solid shields. Braided shields usually provide just slightly reduced electric field shielding
(except at UHF frequencies) but greatly reduced magnetic field shielding. The reason is that
braid distorts the uniformity of the longitudinal shield current. A braid is typically from 5 —
30dB less effective than a solid shield for guarding against magnetic fields. At higher
frequencies, the effectiveness of the braid decreases even more as a result of the gaps or holes
that exist between the weave. Multiple shields offer more protection but at a higher cost and
less flexibility [3.7]-[3.8].

Shielding can be expressed in terms of the reduction in magnetic and or electric field strength
caused by the shield. Thus the effectiveness of a shield can be viewed as the ratio of the
magnitude of the magnetic field or electric field that is incident on the shield to the magnetic

or electric field that is transmitted as it emerges from the shield, expressed in decibels (dB).

Serf = 201og;’—zd3 (3.1)
Sepf = 2010g§—idB (3.2)

Conversely, this chapter focusses primarily on the use of surface transfer impedance to
determine the shielding effectiveness of a braided coaxial cable and also contributions made
by Vance [3.1], Tyni [3.2] and Kley [3.3] towards the development of surface transfer
impedance of a braided coaxial cable.
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3.2.2. Transfer Impedance of a Braided Coaxial Cable Shield

Transfer impedance is a measure of shielding effectiveness of a braided coaxial cable used to
determine the shielding effectiveness against both ingress and egress of interfering signals. It
relates a current on the surface of the shield to the voltage drop generated by its current on the
opposite surface of the shield. Generally, shield with lower DC resistance will have a lower
voltage drop and lower transfer impedance. In the following sections, a discussion on the
three models as proposed by Vance [3.1], Tyni [3.2] and Kley [3.3] are been discussed.

3.2.2.1. Vance Model
Following the analysis on the theory of coupling through electrically small apertures of
braided shields presented by Kaden and Markowitz in [3.9]-[3.10], Vance in [3.1] presented a

description of the braided shield in terms of the following parameters:

e Mean diameter of the metal braid shield, D,,

e Diameter of a single wire, d,,

e Number of carriers crossing per unit length, C, (belt of wires C, = 1,2, ...)
e Number of wires, N,, (with N, = 1,2, ...)

e Weave angle, ,,

e The conductivity of the wires that make up the shield, o

From which the coverage factor can be defined as:

F =t (3.3)

sin ay,
The shield coverage is given,
X =2F — F? (3.4)
While the number of holes per unit length of the metallic braid

__2mDp sinacosa

Ngdg,

F? (3.5)

The weave angle, a,,, plays a significant role in defining the shape of the braid and its
magnetic coupling, which largely affects the value of the transfer impedance, Z;. Suppose the
weave angle @ < 45°, the major axis of the diamond shaped apertures is perpendicular to the
magnetic field and the shape is oriented for minimum magnetic coupling through the aperture
of the shield.
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Figure 3.2 Weave pattern of a braided shield coaxial cable after Vance [3.1]

The coupling on a braided shield was approximated to that on a perforated solid tubular
shield, assuming that the current flows longitudinally on the braid. The transfer impedance of
the braided shield consists of two components; the first determines the diffusion of the
electromagnetic energy through the shield, while the second component determines the

penetration of the magnetic field through the shield aperture.

Furthermore, the diffusion term of the low-frequency resistive component R of the transfer
impedance Z, was estimated by assuming that each conductor of diameter, d, is isolated from
all other conductors, where the contact resistance between the cables is large compared to the
wire resistance.
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4

ndZo cosa

Re = (3.6)

The DC resistance per unit length of the shield is given by:

Rc 4
Rpc = = 2
NwCc Ny Ccmdy, o cosa

(3.7)

The woven construction of the braid influences the DC resistance of the shield, thus a higher

weave angle leads to more wire turns.

Assuming the DC resistive component behaves in the same as the diffusion term in the
cylindrical tube with thickness, d, and the skin depth effect implemented along with the DC

resistance of the braid, with the total screen impedance given by:

(1+)dw
— S
Zp = Rpc im0 (3.8)
Where, §, the skin depth is given by:
5= |2 (3.9)

WO

By analogy with perforated solid shield, the mutual inductance term for v, holes per meter, is

given by:

M12 =V Homht (310)

4m2b2

From data for similar shapes such as ellipses and apertures with semi-circular ends, the
polarizability of the diamond-shaped aperture can be represented by the polarizability of an
equivalent elliptical hole [3.10]. The magnetic polarizability of an aperture has been derived
in closed form for the magnetic fields parallel to either axis of the ellipse. Thus the magnetic
polarizability for the magnetic fields parallel to the major axis is as Eq. (3.11), while the
magnetic fields parallel to the minor axis is given by Eq. (3.12) for an ellipse of eccentricity
as in Eq. (3.13):

3 e?
me =% (rer) @11

_ w3 (1-e?)e?

Mw =73, (E(e)—(l—eZ)K(e)) (3.12)
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e = [1 - (%)2]2 (3.13)

Where £ is the major axis and w is the minor axis; K(e) and E (e) are complete integrals of

the first and second kind respectively defined by:

K(e) = fz-—2 (3.14)

(1-sin2¢)

E(e) = fog[\/(l — e2sin2¢)| do (3.15)

Suppose the braided shield pattern can be simulated by ellipses with similar major and minor
axes to the rhombic apertures, the mutual inductive coupling which represents Z associated

with the apertures could be written as:

e2

~THo et
Mz = o (1—k)z {K(e)—(l—eZ)E(e)

}ia<ase (3.16)

e =+ (1—tan?a)

e2

(1-€2)
K(e)—E(e)

M, ~ 522 (1 - x)3 s a > 45° (3.17)

e =+ (1—cot?a) (3.18)
Finally, the total transfer impedance of the braided shield is given as:

ZT = ZD +jwM12 (319)

3.2.2.2. Tyni Model

Tyni in [3.2] proposed that the current direction in the braided coaxial cable is not parallel to
the cable axis but rather follows the wires in a helix-like manner. This porpoise [3.11]
behavior led to an extra coupling between the inner and outer braid layers and hence the
inclusion of a third term the braid inductance, L, in the transfer impedance expression as
presented by Vance in [3.1] which only considered the hole inductance, L;,. The idea behind
the braid inductance, Ly, is that it is treated as an inductance between two interlaced halves of

the braid, relating it to the geometry of the braid. Thus L, and Lj, can be written as in [3.2]:
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hy
L, = :::—Dm(l — tan®a) (3.20)

L, = M(L)Z e(52) (3.21)

T Ccosa \TDy,

With reference to Fig.3.2, the following parameters are given as:

= Nw
b= (3.22)
1 (27DpCc
a = tan (T) (3.23)
D,, = Dy + 2d,, (3.24)
g = zncﬁcos a—nd,, (3.25)
C
_2dj,
= (3.26)

A further modification was submitted in [3.3] with Eq. (3.27) and (3.28) suggesting that D,,,
is also a function of h,.. The equations denote a non-linear relationship with a solution found

by using Newton-Raphson iteration process (see Appendix C).
Dy, =Dy + 2d,, + h, (3.27)
Where h,. can be obtained through:

=] + [0 = n)d,, +Z (Do +2d,,) cos a| b — 2d3 = 0 (3.28)
C Cc

Hence Z; can be expressed as:

3.2.2.3. Kley Model

Kley in [3.3] observed that the techniques for calculating the internal coupling parameters of

a single braided shield as proposed in [3.1] and [3.2] were inconsistent with measured results.

Considering Tyni’s model [3.2], which is given by Eq. (3.29), Kley considered Shelkunoft’s

formula [3.9] for the transfer impedance of an equivalent tube with thickness dg and
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supposed from literature [3.1] that dr = d and that two factors, the mutual inductance due to
the apertures, My and the mutual inductance between the carriers in the braid, Mg, contribute

to the coupling inductance, M.

Kley in [3.3] attuned an approach described by Vance in [3.1] for the hole inductance,
emanating from the mutual coupling due to the apertures in the braid derived from the
magnetic polarizability of the elliptical aperture, and approximated this elliptic function in Eq.
(3.17) by 2 — cos a, with an exponential attenuation factor of t, and also considering the

factor of 0.875 due to the curvature of the braid to give:

n(2—cosa)

w

Where

- 9.6F3/x;iw (3.32)

Assuming proximity effects can be ignored and the current distribution in the shield is

symmetrical, the hole inductance for circular apertures can be related to the braid parameters

alone.

The braid inductance varies with the braid angle « with no induced voltage if « = 45° and a
maximum induced voltage if @ = 0°. Also from Eq. (3.17), the braid inductance in Eq. (3.20)
was validated by triaxial configuration measurement in [3.12] to give an approximate formula

as derived by Kley:

Mg =~ —u, %cos(ZKla) (3.33)
Where

|2 11
Ky =% [2F + I (3.34)

Here F, represents the minimal fill factor of the braid derived from Eq. (3.17), given by:

Fy=Fcosa (3.35)
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A third inductance called the skin inductance, Ms is introduced which is due to eddy current
on the surface of the rhombic apertures as the magnetic field penetrates through the apertures
of the braid.

1
wnod

Mg = [D; ' + Dg'] (3.36)

Where D; and D, are fictitious diameters that model the corresponding skin effect. The
evaluation of the measurements carried out by Kley [3.3] yields an approximate formula
for D, given by:

__ 107F§ cosa [

D'~ 1— Fle~ (3.37)

m

With the attenuation factor given by:

Ty = 1zp3/X;ZW (3.38)

And the fictitious parameter D; approximated by:

_ 33
D'~ — TrroDo cos(2K,a) (3.39)
Where

_n[2 3171
K=" [E Fy + g] (3.40)
[3.13]

Evaluation of measurements by Kley [3.3] indicates that the thickness of the equivalent tube
is proportional to the wire diameter, d,,, and the thickness found to be slightly dependent on

the braid angle, a. From Eqg. (3.8), the screen impedance of the tube can be equated as:

dr(1+))
Zp = Rnp | —E—o 3.41
R DC [sinh(dR(;+]))l ( )
Where
_0.67dy,
dp = Tocs (3.42)
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Finally, the approximate formula for the transfer impedance of a single-braided shield can be

written as:

Zr = Zg + joM (3.43)
Where

M = My + Mp + Mg (3.44)

3.3.  Application of Kley Model to the Stitched Transmission Line

A comparison of the three models indicates that Kley’s model [3.3] is most precise in
modeling transfer impedance of braided shield cables as it contains all the possible features of
inductances within the braid, with research, carried out by Thomas et al. confirming that in
[3.14]. The Kley model [3.3] is made up of two sections, the first representing the diffusion
of electromagnetic energy through the metal braids Z,, and the second, jwM, representing the
leakage of magnetic fields through the metal braids. The diffusion component, Z,, of the
metal braid is governed by the DC resistance of the metal braid and diffusion waves through
the wall of the cylindrical braid. The inductance, M, from Kley [3.3] in Eq. (3.44) is a
superposition of the hole inductance ,My, braid inductance ,Mg, and the skin
inductance, Mg, unlike the Vance model [3.1] whose inductance, M, is made up of the hole
inductance, My, and Tyni model [3.2] whose inductance, M, is made up of the hole and braid
inductance, My and Mg. Hence the Kley model can be seen as a significant improvement to
both the Vance [3.1] and Tyni models [3.2].

At low frequencies (< 1GHz), the transfer impedance, Zr, is dominated by a wave diffusion
process which is inversely proportional to the frequency (i.e. Zj is dominant). While at high
frequency, the fields' coupling through the apertures and the porpoising of the braid takes
over (i.e. the hole inductance, My, braid inductance, My and skin inductance, Mg are

dominant).

With the stitched transmission line proposed in chapter four modeled as a braided coaxial
cable with two helices, which is synonymous to a composite counter-wound helical structure
with a concentric conductor proposed by Wait in [3.15], the Kley model [3.3] is best
applicable to the stitched transmission line. The current flow on the shield of the proposed
stitched transmission line is proposed to follow the conductive threads in a helix-like manner,
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inside and outside the shield called porpoising as presented by Tyni [3.2] and Kley [3.3],
contrary to Vance [3.1], where the current flow on the shield of the braided coaxial is
approximated to flow parallel to the axis. The transfer impedance of the stitch transmission
line is thus made up of two sections. With the first representing the diffusion through the
stitch shield and the second representing the leakage of magnetic fields through the stitch
shield.

3.4. Conclusion
In this chapter, analytical models for the calculation of the transfer impedance for braided
shield cable have been discussed. A comparison of the three models is made and the Kley

model is agreed to be the best applicable to the stitched transmission line.

The Kley model would be applied to the stitched transmission line in chapter five, to
determine the transfer impedance of the stitched transmission line for low frequencies (<

1GHz), where, the transfer impedance, Z, is dominated by the wave diffusion process, Zp,.

Chapter four will present the design and construction of the stitched transmission line using

an improved presser foot.
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Chapter 4

Numerical modeling and fabrication of the Stitched Transmission Line

This chapter presents the design and construction of a stitched transmission line using the
idea of a braided coaxial cable. The proposed stitched transmission line which is built with
the aid of a modified presser foot and a Singer Talent® sewing machine is very practical, fast
and easy to install and economical. Here, the geometry, full field modeling with three stitch
lengths corresponding to three stitch angles alongside the construction of the stitched
transmission line are presented. A description of the improved presser foot used in the
fabrication of the stitch transmission line is also introduced.

4.1Stitched Transmission Line for Wearable RF Devices

Wearable transmission lines which are means of transporting RF signals between various
pieces of communication equipments and to connect wearable antennas to transmitters and
receivers have been studied in recent literature. Didier et al. [4.1] and Kirstein et al. [4.2]
presented a study on the characterization of textile transmission lines for use in wearable
computing applications. Embroidery techniques use in fabricating transmission lines has been
considered in [4.3], while the use of twisted copper yarns made with yarn covering process,
used to transmit signals and power has been studied in [4.4]. Screen printed textile lines [4.5]
and textile shielded striplines [4.6] have been presented for broadband operations. Further
reading on textile transmission lines can be seen in [4.7] — [4.9]. The washability and
stretchability effects on textile transmission lines have also been studied in [4.10] and [4.11].
Unfortunately, authors have ignored the impacts of ambient parameters such as temperature
variations on stretchability and state of the stitches on the electrical parameters of textile
transmission lines. However, in [4.12], preliminary studies conducted by Lesnikowski
suggested that humidity of the substrate of a textile transmission line has a significant impact
on the ability of the transmission line to transmit signals within a wide spectrum of

frequencies.

This research work aims to investigate the feasibility of using the idea of a braided coaxial

cable in developing a stitched transmission line and also study the performance of
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transmission line when stitched with conductive threads and copper wires and with
conductive threads only. Numerical modelling and VNA measurement as presented in
chapter five were carried out on the stitched transmission line with three different stitch
lengths (corresponding to three different stitch angles), with three different stitch types, two
different substrates Denim and Felt; when washed and when bent through curved angles
of 90° and 180°, and when placed within the presence of the human body. An approximate
geometry of the stitched transmission line alongside the constructed structure can be seen in
Fig. 4.1(a) and (b). The sparsely covered stitched transmission line is made up of a stripped
RG 174, a denim substrate, and a stitched shield. Despite having a higher signal loss
compared to larger diameter cables such as RG58, the RG174 was chosen because of its
flexibility and smaller diameter which makes it a good candidate for use with the novel
presser foot. Usually the choice of a coaxial cable for specific applications involves a
concession between RF losses, leakage, overall diameter, weight, flexibility and cost.
Conductive threads from Light Stitches® were used as the shield. The substrate size is
150mm X 100mm, while the length of the stitched transmission line is 150mm. The
proposed stitched transmission line is very practical, fast and easy to install, economical and
has sufficient frequency range to support multiple channel. A close look at the textile
geometry of the shield of the stitched transmission line indicates the stitches follow a helical
path around the stitched line.
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Figure 4.1 (a) Geometry of the stitched transmission line (b) Zoomed in view of fabricated
stitched transmission line
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The design, as well as the fabricating process of the stitched transmission line, is very
important in terms of its performance. Fabrication processes should guarantee good
agreement with the design and simulation results. Additional results of the fabrication process
should be the tolerance, robustness, and repeatability of the stitched transmission line. This
arises from the fact that the stitched transmission line is supposed to be stitched on apparels
and also operate under different circumstances e.g. weather conditions, body movements,
temperature, bending and crumpling. Washability is another requirement of the stitched
transmission line since it is stitched onto apparels.

To fabricate the stitched transmission line, an RG 174 braided coaxial cable was carefully
stripped of its outer jacket and shield leaving behind the inner conductor and the tubular
dielectric material made up of Polyethylene. The stripped transmission line was placed on a
Denim material which serves as its substrate. A modified presser foot (see Fig.4.4) was
fabricated to aid in stitching the conductive thread around the stripped RG174 and onto the
Denim material with a Singer Talent® sewing machine with different stitch lengths while the

stitch widths and tension were kept constant.

4.1.1 Novel Presser Foot

The presser foot is an accessory used with sewing machines to hold apparels in a regular
position as it is fed through the machine and stitched. Sewing machines have feed dogs in
the bed of the machine to provide traction and move the apparel as it is fed through the
machine, while the sewer provides extra support for the apparel by guiding it with one hand.
A presser foot helps in ensuring that the apparel is kept in check so that it does not rise and
fall with the needle and pucker as it is stitched. When thick workpieces are to be sewn, such
as quilts, a specialized accessory called a walking foot is often used rather than a presser
foot. Presser's foot is typically spring-hinged to provide some flexibility as the textile moves
beneath it. They have two toes which hold the fabric down on either side of the needle
[4.13].

Because the stripped transmission line is placed on the apparel prior to lowering the presser
foot on both the stripped transmission line and the apparel while running the stitch, there
was a need to fabricate a presser foot that will meet this constraint without upsetting the

tubular dielectric medium of the stripped transmission line. A novel presser foot for the
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sewing machine was fabricated as shown in Fig.4.2, while Fig. 4.3 depicts the presser foot

been used in the construction of the stitched transmission line.

It is important to note here that the presser foot is designed to meet stitching requirements
for a stripped RG174 braided coaxial cable. For a different application say for an RG58
braided coaxial cable, a different presser foot must be designed and necessary adjustments

made to meet its stitching requirements.
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Figure 4.2 (a) — (d) and (e) - (h) shows the top, bottom, rear and side view of the Singer All-
Purpose Snap-On Presser Foot and the novel presser foot respectively

Note: All dimensions in millimeters (not to scale)
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Figure 4.3 Novel presser foot used with Singer Talent sewing machine

4.1.2 Stitch Angle

For a braided shield with a typical braid pattern as shown in Fig. 4.4, the braid or weave
angle which is the angle formed by the carriers with the longitudinal axis of the braided
coaxial cable is given by

-1 2nDo Ny

Bx = tan (4.1

Cc

[4.14]
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Figure 4.4 Typical braid patterns with braid angle g by Vance [4.14]

Similarly, for the stitched transmission line, the stitch angle which is the angle formed by the
carriers with the longitudinal axis of the stitched transmission line can be estimated using a
section of the transmission line as shown in Fig.4.5.
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Figure 4.5 Schematic illustrations of (a) Stitch angle and (b) Three different stitch angles



Here,

o, = 2tan”! (P—x) (4.2)

2Dg

Where, Dg = 1.52mm is the diameter of the stitched transmission line before stitching, P, =
Py = 2.76mm, Pyy = 1.94mm, P;,, = 0.83mm is the pitch of the stitch with x =
[60,90,162] signifying the number of stitches and Al,, the stitch length.

The stitched transmission line was fabricated with three different stitch angles, as, =
85°(stitch legth Aly 7mm), 0us = 65° (stitch legth Aly simm)

and ag; = 31°(stitch legth Al; ;). The stitch length which is determined by the feed
dogs and stitch length regulator, determines the stitch angle of the stitched transmission line.
The longer the stitch the bigger the stitch angle and vice versa. The stitch angle determines
the level of coverage offered by the stitch transmission line and also plays a significant role in
determining the shape of the stitch and its magnetic coupling as stated earlier in chapter three.
Also, the more the shield coverage, the less the radiation of energy and ingres of RF signals to
and from the stitched transmission line. However, this does not necessarily mean less signal

attenuation.

For clarity and better understanding, stitch lengths will be used throughout the text in place of

stitch angles except stated otherwise.

4.2 Full Field Model with CST Microwave Studio Suite ©

The stitched wearable transmission line was modeled as a composite counter-wound helical
structure with a concentric conductor as proposed by Wait [4.15] as shown in Fig. 4.6. This
consists of an inner conductor made up of annealed copper, surrounded by a polyethylene
(PE) insulating layer, a double helix annealed copper shield and a denim substrate onto which

the stitched transmission line is stitched.

The stitched transmission line design was carried out using CST Studio Suite®, which is an
electromagnetic simulation software that uses fast and memory efficient Finite Integration
Technique (FIT) method and comprises of tools for the design and optimization of devices
operating in a wide range of frequencies - static to optical. Analyses on CST Studio Suite®

may include thermal and mechanical effects, as well as circuit simulation [4.16]. The
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designed stitched transmission line was carried out using the CST Microwave Studio® (CST
MWS) as depicted in Fig.4.7. The cross section of the stitched wearable transmission line is
shown in Fig. 4.8, while the design dimensions are presented in Table 4.1. To model the
shield which is made up of two helices, the analytical curve was used which gives the option

of having either the solid wire model to be natural or rounded.
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Figure 4.6 Perspective view of counter-wound helices and planar development of the
cylindrical surface by Wait [4.15]
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Figure 4.7 3-D view of stitched transmission line design with CST Microwave Studio suite®

Denim

Annealed Copper Polyethylene

Figure 4.8 Cross section of the stitched transmission line
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Where Shp, Dp, I, and S, are the shield diameter, dielectric diameter, inner conductor

diameter and substrate diameter respectively.

TABLE 4.1 CST Microwave Studio Suite design dimensions with stitch angle at 85°
SINO Name Outer Inner X Y Zmin  Zmax Segments Component Material
Radius Radius Centre Centre
1 Dielectric 0.76 0.24 0 0 3 157 0 1 Polyethylene
(lossy)
2 Inner 0.24 0.0 0 0 3 157 0 1 Copper
Conductor (Annealed)
3 Shield1 0.96 0.76 0 0 3 5 0 1 Copper
(Annealed)
4 Shield2 0.96 0.76 0 0 155 157 0 1 Copper
(Annealed)
5 Substrate Xmin Xmax Vi Yimax Zmin  Zmax Component Material
-50 50 -0.76 -0.84 5 155 1 Denim
TABLE 4.2 Analytical curve of the helices
S/INO Analytical curve Parameter range Curve
Analytical X(t) Y(t) Z(t) Min(t) Max(t)
1 Analyticall ~ 0.86 * sin(200  t) 0.86 * cos(200 * t) 156.5 * t 0.0197 1.002 1
2 Analytical2  0.86 x cos(200 xt)  0.86 * sin(200 * t) 156.5 « t 0.0197 1.002 2
TABLE 4.3 Termination of the helices
S/NO Name Folder Radius Modelling Termination Material
1 Wirel Curvel 0.1 Solid wire model Natural Copper (Annealed)
2 Wire2 Curve2 0.1 Solid wire model Natural Copper (Annealed)

The stitched transmission line design was carried out with three different stitch lengths of

1.7mm, 1.5mm and, 1.2mm, corresponding to stitch angles 31°, 65° and 85°. The scattering

parameter results are as presented in Fig.4.9. For these simulations results, both S;;which

represent how much power is reflected back towards port 1 and S,; which denotes the power

transferred from port 1 to port 2 would be analysed. For instance if s;; = 0dB all the power
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from port 1 is reflected back to port 1, while for S,; = 0 implies that all the power from port

1 ends up at the terminals of port 2.

From Fig. 4.9 the transmission coefficient, S,,, represents the power received at port 2 due to
power input at port port 1, while the reflection coeficient, S;,, indicates how much power is

reflected back to port 1 compared to the power supplied to it.

The reflection coefficient S;, for stitch angle 85° are below —3dB in the entire operataion
band, while the transmission coefficients S,; are better than—4.3dB for frequencies up to
2.5GHz. Equally the reflection coefficient S;, for stitch angle 65° are below —2.8dB in most
of the operation band, and the transmission coefficients S,; are better than —3.3dB for
frequencies up to 2.16GHz. Finally, reflection coefficient S;; for stitch angle 31° are
below —5dB for frequencies up to 2.55GHz in most of the operation band, and the

transmission coefficients S, are better than—3dB for frequencies up to 2.5GHz.

Generally a transmission line with a better shield coverage tends to have less radiation loss as
more shield coverage means less radiation of energy; however, this does not necessarily mean
less signal attenuation. Radiation loss also tends to increase with an increase in frequency.
Hence, at high frequencies, braided coaxial cables, for example, are doubled or tripled
shielded to minimize losses due to radiation. In the case of the stitched transmission line,

laminating it is an option.

For a loss free network, the total power exiting say N ports must be equal to the total incident
power. That is the total power leaving the network must be accounted for in the power

reflected from the incident port and the power transmitted. Thus

Pincident = Pexit (4.3a)
Prefiected at port1 Ptransmitted from porti—port2
f p + f 14 p — 1 (43b)
Pincident Pincident

And since scattering parameters are squares of power ratios, Eqn.4.3c is also true for loss-free

networks.
S +S54 =1 (4.3c)
Here we apply proof by contradiction to show that the stitched transmission line is lossy by

assuming that the stitched transmission line is loss free.
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Figure 4.9 S-Parameters of stitched transmission line with stitch angles 85°, 65° and 31°
corresponding to stitch lengths 1.7mm, 1.5mm and, 1.2mm respectively, using CST
Microwave Studio Suite®

To show that the stitched transmission line is not loss-free, a plot of S?, + S%, against
frequency is carried out as shown in Fig.4.10. Supposing the sum of the squares of the
refection coeffiecient and transmission coefficent from the plot does not equal to one, then that
proves that the transmission line is not loss free as earlier assumed. Form Fig. 4.10, it can be
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seen that the sum of squares of S;; and S, is not equal to 1 throughout the plot, as such the
transmission line is not loss free, which is also a confirmation of what was obtained in Fig.
4.9.

For stitch angles of 85°,65° and 31°, the stitched transmission line with stitch angle of 65°
appears to be lossier compared to stitch angles of 85° and 31°. Though one will be quick to
assume that the stitched transmission line with stitch angle of 85° and 31° are more lossy
compared to the stitched trarnsmission line with stitch angle at 65°; because the stitched
transmission line with stitch angle at 85° has less DC resistance (less DC loss) and less shield
coverage (more radiation loss) compared with the stitched transmission line with stitch angle
at 31°, which has more DC resistance (more DC loss) and more shield coverage (less
radiation loss), compared to the stitched transmission line with stitch angle at 65° whose DC
resistance (which translate to DC loss) and shield coverage (which translate to radiation loss)
lies just inbetween the two. Here the radiation loss is dominant as a result of the poor shield
coverage ascribed the stitched transmission line, as radiation loss is reduced when there is
more shield coverage; conversely, the radiation loss tends to increase with increase in
frequency. The radiation loss is seen to be higher at 0.8GHZ and 2.5GHZ , with the
transmission line behaving more like a leaky wave antenna and resonating at those
frequencies. Furthermore as discussed in chapters two, there are other sources of loss that are
associated with a transmission line apart from the conduction and radiation losses, and these
include dielectric loss (which is same for the three stitched transmission lines), mismatch loss

and induction loss.
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Figure 4.10 Plot of $3, + S2, against frequency with stitch angles 85°, 65° and 31°

4.2.1 Characteristic Impedance of the Stitched Transmission line

Coaxial cable refers to cables with an inner conductor, an insulating medium and an outer
conductor (also known as the shield), with all three sharing a common axis. Approximations
for computing characteristic impedance of coaxial cables in which the inner conductor is
circular, square, elliptical or rectangular and the other conductor is circular and noncircular
has been presented in [4.17]-[4.26]. A couple of these are presented in Fig. 4.7, with their

characteristic impedance given.

For the square coaxial line with an accuracy of within 0.5% fort/b < 0.5,

ZoVk = 136.710g,,(0.9259 b/t) (4.4) [4.17]

For the general rectangular coaxial line,

(4.5) [4.17]

ZeVk = 59.9521n (2 L2)

W/b+t/b
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For the coaxial stripline where, k, is the dielectric constant of the medium filling the line

interior,

Z,Vk = 94.172 K& (4.6) [4.17]

K(x)

— _2w/b)
Where x = WL

For the elliptical coaxial line whose conductors are confocal ellipses with major
axis W!and W, and minor axis b and ¢ respectively, where k is the dielectric constant of the

medium filling the line interior,
ZoVk = 59.952 cosh™* W!/wW (4.7) [4.17]

For the coaxial line with outer conductor of elliptical cross section,

Zy =59.952In[G + /(G2 — D] (4.8)

Where,
_ 1( 2r lag|R E,(r/R)
¢= §{|ao|R +— = EG/R)] [1 —Tl}
Ey(r/R) = (1 - L) (r/R)F/P
lao|
2 7 10/|ap]
FG/R) = [1 -() ]
A2 3
o = m(l _§+ﬁﬂ>
[4.26]

For the polygonal coaxial line,

_ 188.344(b/d—-1)
ZO‘/E "~ N{tan(m/N)+(b/d—1)x} (*+9)
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X-1

Where,  x = X{p(%2) —p(D} () = -y + By (= ——=],¥y = 05772 (Euler’s

N(N+X-1)
constant), N, is the number of sides to the polygon, b, is the diameter of the inscribed circle of

outer polygon and, d, is the diameter of the inscribed circle of inner polygon [4.17].

Figure 4.11 Cross section of (a) Square coaxial line (b) General rectangular coaxial line (c)
Coaxial stripline (d) Elliptical coaxial line whose conductors are confocal ellipses (e) Coaxial
line with outer conductor of elliptical cross section (f) Polygonal coaxial line with cylindrical

centre conductor [4.17] and [4.26]
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To simplify analysis and fabrication, circular cross-sections are consistent for coaxial cables.
In practical coaxial cables, the characteristic impedance is determined by cable geometry that
is by the size and spacing between the conductors and the dielectric material between them.
The cable length has no effect on its characteristic impedance. The shield which forms the
outer conductor of coaxial cable acts to first keep the desired currents inside the coaxial cable,
secondly to keep the undesired currents outside of the coaxial cable and lastly to provide a
path to earth ground for external or interfering field on the coaxial cable. However, it is also
important to note here that at high frequencies a good proportion of the power travels in the

fields between the inner and outer conductors.

The following values are used at f = 4 x 10°GHz for the stitched transmission line modelled
as a composite counterwound helical structure [4.15] with a concentric conductor with CST

Microwave Studio Suite®:
a = 0.48mm,b = 1.52mm,uy = 4n X 107" NA %, u,. = 1,5 = 8.85 X 10712Fm™1
& = 23,040, =1%x107138m™ 1, 0,0, = 6.0 X 10’Sm™1,§ = 1.03um.

Where a, b, g iy, €0, €, Ocon @nd 6 are the inner cylindrical conductor radius, outer conductor
radius, permeability the of free space, relative permeability, permittivity the of free space,
relative permittivity, conductivity the of the dielectric, conductivity of copper and skin depth

of copper at 4GHz.
The following parameters can also be computed as follows:

Series resistance per unit length,

R=%G+a (4.10)
R= Znaionts (i + %) (4.11)

Where Ry = ——  [4.17]

Oconb
R=7.078~7Q.m™!

Series inductance per unit length,
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= Lok b (4.12) [4.27]

L=2305nH.m™?!
Shunt capacitance per unit length,

(4.13)

Where € = gy, [4.27]

C~111pF.m™?!

Shunt conductance per unit length
(4.14) [4.27]

G ~ 545 x 10"13sm™1

The characteristic impedance Z, of the line is given by:

R+jwL
Zy, = | /2=
G+jwC

(4.15) [4.27]

Zy ~ (45.569 — i0.028)0

The propagation constant is given by:
(4.16)

y=a+jB =R + jol).(G + jwC)

22+ 1) (5 + 1) (417) [4.28]

2

This can be approximated such that

@~ %( +6Z,) (4.18)

Which can be further separated as follows:
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ap = = (4.19)
ap = — (4.20)

Eqgn.4.11 is the metal loss due to skin depth while Eqn. 4.12 which is due to dielectric losses
can be further separated into loss due to dielectric loss tangent and loss due to substrate

conductivity [4.29]. Hence,

__ 70718 _ 0.07766
% = 5% 45569
545X 10°13

=27 59799 x 1015
U =5 a5569 0799 %10

a = 0.07766 + 5.9799 x 10715 ~ 0.078 Np.m™!
IndB,
x= 8.686 X Attenuation in Np.m™!

x= 8.686 X 0.078 Np.m™! = 0.68dB.m™!

B = oVIC.[1+ (o)l (4.21) [4.27]

4w?LC
This can also be approximated as
B ~ wVLC
f ~ 127 rad.m™!
Thus, the propagation constant, y, is given as:
y = 0.078 + j127

Numerical modeling results with CST indicate characteristic impedance of 45.5Q, 45.4Q and
44.9Q for stitch angles of 85°, 65° and 31° respectively. This is seen to be quite close to the
computed result of Z, = 46Q 2 — 0.034°.
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Furthermore, the characteristic impedance of the stitched transmission line will be
determined using the reflection coefficient S;; and transmission coefficient S,, obtained from
scattering parameter plots in Fig.4.9 for the three stitched angles 85° 65° and 31° at
1.1686GHz,1.034GHz and 1.0973GHz respectively and results compared with the

analytical result and numerical modelling results from CST Microwave Studio Suite®.

a. The circuit representation of the stitched transmission line is given by Fig. 4.12.

Zo R =500

[ =150mm

Figure 4.12 Circuit representation of the lossy stitched transmission line

Using,
Zin—2
Si1 = Tﬂz (4.22) [4.30]
The input impedance of the stitched transmission line with stitch angle at 85° based

on the peak S;; at 1.1686GHz from Fig. 4.9, is given as:

5, = Zm =50 _ 4 c408
Uz, 450
Zin = 2280
For a lossy line,
Zin —7 Z1+Zp tanh(y(-1)) (4.23) [4.30]

0 zo+2z, tanh(y (1))

Where
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y=a+jp
The attenuation constant can be estimated directly from the insertion loss where,
Sy ~ e~
0.7462 = e~*(150x107%)
Thus, «= 1.9517Np.m™!
a(=1) = (1.9517 x (=150 x 1073) + j8.35)
a(—1l) = —0.29Np
Here, Bl is determined from Fig.4.13, where 1 is given by:
Bl = 8.35rad.

Thus the propagation constant is finally given as,

y(=1) = —0.29 + j8.35

Similarly, the difference in this values compared to the computed values can be attributed to

the use of values from the s-parameter, unlike the computed values where line parameters

were used.

Using,

7 = Z1+Zy tanh(y(=1))
in ™ 20 7 47, tanh(y(-1))

Solving for Z,, using the quadratic formula gives:

-(ZL-Zin) +J( (ZL-Zin) )2+4ZinZL

tanh(y(-1))~,[\tanh(y(-D)
0= 2

With Z, having two roots given by:

Zyy = (71.61 + j29.93)Q

(4.24) [4.30]

(4.25)
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Or
Zoz = (—1.36 X 10% + j5.67 x 101)Q

Here Zy,, = (72.16 — j32.28)Q is chosen as the characteristic impedance of the stitched
transmission line. A choice of Z,, = (—1.36 x 10? + j5.67 x 101)Q will translate to energy
been generated within the transmission line that is proportional to the square of the impressed
voltage or current. Thus this indicates that the transmission line contributes power to itself,

which is not a feasible result.
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Figure 4.13 Top view of cross section of 3D fields on 2D plane of the stitched

transmission line with stitch angle at 85° used to compute its electrical length

b. Similarly, with the input impedance of the stitched transmission line with stitch angle
at 65° based on the peak S;; at 1.034GHz is given as:

5 = Zin — 50

Zin +50

Ziy, = 177.01480

= 0.5272
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Similarly,
Sy~ e~

0.8199 = ~*(150x107%)

Thus, o= 1.3238Np.m™?
a(=1) = (1.3238 x (=150 x 1073) + j8.35)

a(-1) = —0.1986Np

Here, Bl is determined from Fig.4.14, where B1 is given by:
Bl = 7.94rad.

Thus the propagation constant is finally given as,

y(=1) = —0.29 + j7.94

Equally, the difference in this values compared to the computed values can be attributed to
the use of values from the s-parameter, unlike the computed values where line parameters

were used.

Using,

_ Z1+Zy tanh(y(=1))
Zin = 2o 5 pramh o) (4.26) [4.30]

Solving for Z,, using the quadratic formula gives:

_(ZL_Zin)_L (ZL_Zin) 2
tanh(y(-))™ (tanh(y(—l))) +4ZinZL

Zy = - (4.27)

With Z,, having two roots given by:

Zoy = (7941 + j4.06)Q

Or
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Zy; = (-1.01 X 10% + j5.18)Q

Here Zy; = (79.41 + j4.06)Q is chosen as the characteristic impedance of the stitched
transmission line. A choice of Z,, = (—1.01 x 102 + j5.18)Qtranslate to energy been
generated within the transmission line that is proportional to the square of the impressed

voltage or current. Thus this indicates that the transmission line contributes power to itself.
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Frequericy: 1.034 B
Phase; 0

Figure 4.14 Top view of cross section of 3D fields on 2D plane of the stitched

transmission line with stitch angle at 65° used to compute its electrical length

c. Finally, with the input impedance of the stitched transmission line with stitch angle
at 31° based on the peak S;; at 1.0973GHz is given as:

5, = Zin — 50

Zin + 50

Zin = 99.09800

= 0.3293

Here,
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~ 5=l
S,y =e

0.9208 = ¢~ x(150x107%)
Thus, «= 0.5501Np.m™!
a(=1) = (0.5501 x (=150 x 1073) + j7.40)
a(—1) = —0.0825Np
Here, Bl is determined from Fig.4.15, where B1 is given by:
Bl =7.40rad.
Thus the propagation constant is finally given as,
y(=1) = —0.08 + j7.40

Likewise, the difference in this values compared to the computed values can be attributed to
the use of values from the s-parameter, unlike the computed values where line parameters

were used.

Using,

Z1+Zy tanh(y(-1))
0 z,+z; tanh(y(~1))

Zin =2 (4.28) [4.30]

Solving for Z,, using the quadratic formula gives:

—(Z, = Zin) (Z, = Zin) \*
tanh(y(=1)) = j (_tanhw(—l))‘) +4ZinZL
ZO =

2

With Z,, having two roots given by:

Zy, = (65.68 + j1.90)Q

Or
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Zo, = (7537 + j2.17)Q

Here Zy; = (65.68 + j1.90)Q is chosen as the characteristic impedance of the stitched
transmission line. A choice of Z,, = (—75.37 + j2.17)Q translate to energy been generated
within the transmission line that is proportional to the square of the impressed voltage or

current. Thus this indicates that the transmission line contributes power to itself.
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Frequency: 1.0973
Phase: 0

Figure 4.15 Top view of cross section of 3D fields on 2D plane of the stitched transmission

line with stitch angle at 31° used to compute its electrical length
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Return loss (S;;) values from the scattering parameter plots with CST Microwave Studio
Suite® at 1.1686GHz,1.034GHz and 1.0973GH~z for the three stitched angles 85°, 65° and
31° were used to compute the input impedance, electrical length and characteristic impedance
of the stitched transmission line. The characteristic impedances of the stitched transmission

line at these frequencies are given as:
Zo1 g5 = (71.61 + j29.93)Q
Zos ese = (79.41 + j4.06)Q
Zoy 31y = (65.68 + j1.90)Q

From CST Microwave Studio Suite® simulation results, the characteristic impedance
obtained from the 1D Results in the navigation tree, given as reference impedance (Zgef1(1))

are given as:
Zrer1(1)(ss?) = 45.521Q,
Zref1(1)(65°) = 454310
ZRef1(1)(31)° = 44.876()

Compared with the calculated value of Z, = (45.569 — i0.028)(), it can be seen that the

calculated and the Zger1¢1y values from CST Microwave Studio Suite® differ from the

characteristic impedances that were computed from both the return loss (S;;) and
transmission coefficient (S,,) results derived from CST Microwave Studio Suite® from
Fig.4.9, 4.12, 4.13 and 4.14. This is mainly because the stitched transmission lines were not
matched at these frequencies. Usually, the characteristic impedance of a transmission line
will vary with frequency and if the matching load fails to match the line at all frequencies,
then the line will not be properly terminated and reflections will ensue [4.31]. Furthermore,
increasing the RF frequency and the length of the cable also increases the insertion loss; as
the higher the frequencies the greater the loss. In this case the length of the cables remains
same. To minimise these effects, cables are made to have larger diameter as a cable with a
lager diameter have less insertion loss and better power handling capabilities than a cable

with a smaller diameter.
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4.3Conclusion

In this chapter, a stitched wearable transmission line was designed and fabricated with three
different stitch lengths corresponding to three different stitch angles. By using the idea
presented by Wait [4.15] the stitched transmission line was designed with CST Microwave
Studio Suite® and constructed with the aid of an improved presser foot using conductive
threads from Light Stitches®. The simulated results from CST Microwave Studio Suite
indicated that DC losses tend to increase with an increase in stitch angle which results in an
increase in a number of stitches. The losses were also seen to increase with an increase in
frequency. Losses attributed to the stitch transmission line include Dielectric loss, mismatch
loss, radiation and induction loss. The radiation loss generally is minimised with increase in
number of stitches or decrease in stitch angle as more shield coverage means less radiation of
energy; however, this does not necessarily mean less signal attenuation as stated earlier, as it
can be seen that the transmission line with the least stitch angle 31° has more losses

compared to ones with 65° and 85°.

A comparison of the computed characteristic impedance, characteristic impedance from CST

referred to as Zg,r1(1), With the characteristic impedance from the scattering parameters also

from CST was carried out and results presented.

Measurements carried out on the stitched transmission line alongside side the DC analysis of
the shield and computation of its transfer impedance at low frequencies (< 1GHz) are

presented in chapter five.
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Chapter 5

Experimental Measurements on the Stitched Transmission Line

This chapter presents RF measurements that were carried out with the stitched transmission
line using an Anritsu MS46524A 7GHz Vector Network Analyser (VNA) for a frequency
range of 0.04 — 4GHz, the DC analysis and the computation of the transfer impedance of the
stitched shield for frequencies < 1GHz. Measurements were carried out on the stitched
transmission line constructed first with conductive threads and copper wires and secondly

with conductive threads only.

5.1. Introduction to RF Measurement on the stitched Transmission Line

Measurements are the final and the most important step to characterize the stitched wearable
transmission line system as all the practical applications rely on measurements results.
Measurements setups require a good knowledge of theory, patience and time. Hence once the
stitched transmission line is designed and fabricated, the next step is to carry out
measurements on it to see how the transmission line measured results agree with both

theoretical and simulated results.

Since the wearable transmission line will be operating under the movement of the human
body some specific deformations on the transmission line such as bending and crumpling
should be examined during measurement. Similarly, the stitched transmission line should be
measured under different environmental conditions such as mist, snow, rain, dew, high
humidity, dust, mud etc. Also because the wearable transmission line is supposed to be part
of the apparel, testing the durability of the transmission line in terms of performance after
washing is also a requirement. The kind of wash, which could be either hand or machine
wash, should also be taken into considerations. The first is considered with regards to
developing countries where washing of apparels is normally done locally with the hands or
when caught up in war situations where the only option is to use the hand to wash the apparel,
while the type of wash considered in the latter is based on the different functions on the
washing machine and temperatures and duration of the process. Furthermore, the
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repeatability otherwise known as precision is very important in evaluating the performance of
the stitched transmission lines. To test that, five repeated measurements were made on the

stitched transmission line with the zig-zag stitch having stitch angles of 85°, 65° and 31°.

The stitched transmission lines made with conductive threads and copper wires, with three
different stitch angles and stitch patterns, two different bending angle and substrates and after
subjecting it to washing cycles were tested. Finally, on-body measurements were also carried
on the stitched transmission line. The scattering parameter measurements were carried out
with an Anritsu MS46524A 7GHz Vector Network Analyser. The measurement set up is as
shown in Fig 5.1.

Figure 5.1 Measurement setup with Anritsu MS46524A 7GHz VVector Network Analyser
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5.2. Stitched Transmission Line with Conductive Thread and Copper
Wire

Measurements were carried out on the stitched transmission line fabricated with copper wire
and conductive thread from Light Stitches within the frequency range of 0.04 — 4GHz with

the scattering parameter results as indicated in Fig.5.2, 5.4 and 5.6.

Since the resistance of the conductive thread is not zero, whenever current flows through the
conductive threads that make up the shield, some energy is lost in the form of heat. This loss
increases with the square of the current and referred to as resistive loss. Resistive losses on
the stitched transmission line were observed for frequencies up to 1GHz with the losses

increasing with increased stitched length.

Suppose a signal traveling within the stitched transmission line encounters a discontinuity in
the characteristic impedance of the stitched transmission line or if the end of the stitched
transmission line is not properly terminated in its characteristic impedance the signal is
reflected back in the opposite direction in what is termed as mismatch loss. Since the
impedance of the stitched transmission line is not perfectly matched, we expect some losses
due to reflections, which are as a result of mismatching of the source and load even when the
cable has no internal loss. From Fig. 5.2, 5.4 and 5.6, the reflection coefficient, S, ,, indicates
how much power is reflected back to port 1 compared to the power supplied to it. Similarly,
when power is supplied by a source and it is not reflected back or available at the load,
radiation losses are said to occur. Absorption lossess casued by the dissipation or conversion
of electrical or electromagnetic energy into other foms of energy mainly heat also take place.
From Fig. 5.2, 5.4 and 5.6, the transmission coefficient, S,,, represents the power received at

port 2 due to power input at port port 1.

Here, CW_CT_L2,CW_CT_L3 and CW _CT_L4 refers to the stitched transmission lines
constructed with copper wire and conductive thread, with stitch length at
2mm, 3mm and 4mm respectively. Also, CT_L2,CT_L3and CT_L4 refers to the stitched
transmission line constructed with conductive thread only, with stitch length at 3mm, while
Sim_L2,Sim_L3 and Sim_L4 refers to the simulated results with annealed copper wires with

stitch length at 2mm, 3mm and 4mm respectively.

From Fig. 5.2, 5.4 and 5.6, measured reflection coefficient S;; are below —5.19dB for
frequencies up to 3.161GHz for SIM_L2 and —5dB and —6.66dB for CW _CT_L2 and CT_L2
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in all of the operation band respectively, while the transmission coefficients S,; are better
than —2.14dB for frequencies up to 2.478GHz for SIM_L2 and —7.6dB for frequencies up to
0.9673GHz and —6dB for frequencies up to 1GHz, for CW_CT_L2 and CT_L2 respectively.
Equally, the measured reflection coefficient S;; are below —2.79dB in all of the operation
band for SIM_L3 and —4.96dB and—5.88dBfor CW _CT_L3 and CT_L3 in all of the operation
band respectively. The transmission coefficients S,; are better than—4dB for frequencies up to
3.408GHz for SIM_L3 and —6.36dB for frequencies up to 1.1GHz and —6dB for frequencies
up to 1.329GHz, for CW_CT_L3 and CT_L3 respectively. Finally, measured reflection
coefficient S;; are below —3.2dB for frequencies up to 3.161GHz for SIM_L4 and
—4.6dB and—5.53dBfor CW_CT_L4 and CT_L4, and the transmission coefficients S,; are
better than—3.3dB for frequencies up to 3.08GHz for SIM_L4 and —6.5dB for frequencies up
to 1.195GHz and —5.6dB for frequencies up to 2.04GHz, for CW_CT_L4 and CT_L4

respectively.

The stitched transmission line CW_CT_L2 is seen to be more lossy compared to CT_L2 for
frequencies up to 0.9GHz. Equally, the stitched transmission line CW_CT_L3 is seen to be
more lossy compared CT_L3 for frequencies up to 1.6GHz. Finally, the stitched transmission
line CW_CT_L4 is also seen to be more lossy compared CT_L4 for frequencies up to 2.6GHz.
The losses associated with the stitched transmission line like every other transmission line are
the real loss and mismatch. The real loss is the conductor loss, dielectric loss and radiation or
induction loss, while the mismatch loss is as a result of reflections along the transmission line
as it encounters a discountinuity in the characteristic impedance of the line or if the stitched
transmission line is not terminated at its characteristic impedance. For the stitched
transmission line, the dielectric loss is same for the three, but that cannot be said with the
conductor loss, radiation loss or induction loss and mismatch loss. The radiation loss
however, is more dominant in this case because of the sparsed nature of the shield of the
stitched transmission line and this loss tends to increase with increase in frequency. The
possiblity of also having more of the induction loss along with the dominant radiation loss in
the stitched transmission line based on its design features cannot be ruled out. The induction
loss occurs when the electromagnetic fields cuts across any conductor and current is been
induced in the conductor. When this occurs power is dissipated in the conductor and this is
then lost as heat. Additional losses can also be ascribed to the loose connection between the
copper wire and conductive thread which could lead to an increase in resistance at the

connection.
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5.3. Stitched Transmission Line with Conductive Threads

Measurements on the stitched transmission line within a frequency range of 0.04 — 4GHz
were also carried out using conductive threads only from Light Stitches with different stitch
angles, stitch types, different curved bending angles and when subjected to washing cycles as

well as on-body measurements. These are discussed in the subsequent sections.
5.3.1. Stitched Transmission Line with Three Different Stitch Angles

With the zig-zag stitch set on the sewing machine, there different stitched transmission lines
were fabricated with the three different stitch angles as depicted in Fig.5.8. The measured

scattering parameters from 0.04 to 4GHz are presented in Fig.5.9, 5.10 & 5.11.

The reflection coefficient S;; for stitch angle 85° are below —10dB in most of the operation
band, while the transmission coefficients S,, are better than —8dB for frequencies up to

2.5GHz. Equally the measured reflection coefficient S;, for stitch angle 65° are below —10dB
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in most of the operation band, while the transmission coefficients S,; are better than —10dB
for frequencies up to 2.16GHz . Finally, measured reflection coefficient S;; for stitch
angle 31° are below —10dB for frequencies up to 2.55GHz in most of the operation band, and

the transmission coefficients S,, are better than—15dB for frequencies up to 2.5GHz.

The apertures were seen to be bigger with the stitched transmission line having a stitch angle
of 85° and 60 stitches, as this has less shield coverage compared to the stitched transmission
line with stitch angles of 65° and 31° which has 90 and 162 stitches respectively. It is
expected that the less the shield coverage the more the radiation loss and vice versa, with the
radiation loss increasing with increase in frequency. The DC losses were more with stitch
angles of 65°and 31° because more threads were used in the construction of the stitched
transmission lines compared to the one with a stitch angle of 85°. Some ripples were also
observed at higher frequencies, which are mainly as a result of multiple reflections along the

transmission line.
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5.3.2. Stitched Transmission Line with Different Stitch Types

Three different stitch types were used in the fabrication of the stitched wearable transmission
line as presented in Fig.5.13 and 5.14, while Fig.5.15 and 5.16 presents the measured
scattering parameters from 0.04 to 4GHz and a plot of (S, + S2,) with frequency, for a
straight 150mm long stitched transmission line while Table 5.1 displays the measured DC
Resistance for Double Overlock stitch, Flatlock stitch and Ric-Rac stitch.

The measured reflection coefficients S;; are below —9dB for both Double Overlock and
Flatlock stitch, and —10dB for Ric-Rac stitch in most of the operation band, while the
transmission coefficients S, are better than —13dB for both Double Overlock and Flatlock
stitch, and —10.5dB for Ric-Rac stitch. The Double Overlock stitch has a better shield coverage
of the three stitch types. The DC losses are seen to be more for Double Overlock stitch and
Flatlock stitch which both have higher stitch densities and a more complex geometry
compared to Ric-Rac stitch for frequencies up to 1GHz; the resistive losses are dominant at
lower frequencies, while radiation losses are more dominant at higher frequencies. These DC

losses are mainly influenced by the stitch geometry which is characterised by the hierarchical
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structure of the stitch and density which is also characterised by the distance between
individual stitches in a column or row. From Fig. 5.16, the Ric-Rac stitch has fewer losses of
the three for frequencies up to 1GHz. However beyond that up to 2.4GHz and above that, the
Flatlock stitch and the Double Overlock stitch have fewer losses respectively. The choice of

the best stitch to use will ultimately depend on the range of the frequency of transmission.

TABLE 5.1 Measured DC Resistance for Double Overlock stitch, Flatlock stitch, and Ric-

Rac stitch
Stitch Type Measured DC Resistance of Shield ()
Double Overlock stitch 30.3
Flatlock stitch 16.7
Ric-Rac stitch 22.4
(a) (b) (©)

Figure 5.13 Three different stitch types used (a) Double Overlock stitch (b) Flatlock stitch
and (c¢) Ric-Rac stitch
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5.3.3. Stitched Transmission Line with Different Curved Bending Angles

The convenience, robustness, flexibility and operational reliability of the stitched
transmission line for various bending positions are very important, as it is stitched or
embedded into apparels and worn by humans. The robustness of the stitched transmission line
was put to test by bending it through curved angles of 90° and 180°. The RG174 braided
coaxial cable used in the fabrication of the stitched transmission line has a bend radius 10
times its diameter [5.1]. A comparable technique used by Xu et al. in [5.2] for a wearable
textile shielded stripline used for signal transmission, where the robustness of the stripline
was put to test within a frequency range of 0.01GHz — 8GHz in terms of its propagation
characteristics was seen to maintain consistent propagation characteristics when bent through
angles of 90° and 180°.

Measurements on the fabricated stitched transmission line with stitch length of 2mm were
carried out for curved angles of 90° and 180°, with a bending radius of 75mm as illustrated

in Fig.5.17, with the scattering parameters from 0.04 to 4GHz and a plot of (S, + S%,) with
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frequency presented in Fig.5.18 and 5.19. Compared with the planar stitched wearable
transmission line, a much better S, is observed at 180° curved bending angle for frequencies
below 2.1GHz. Discontinuity such as a bend and periodic apertures are responsible for
radiation losses [5.3]. However, changes in current locations is responsible for the increase in
radiation from bent wires and not changes in current distribution or reflections at corners
[5.4]. It is quite difficult in identifying the radiation from the bend as the major source of
radiation because of the sparse nature of the shield of the stitched transmission line. It is also
important to note here that level of loss or attenuation for a braided coaxial cable increases
when bent sharply even if the bend is within manufacturers recommended bend radius.
However, for the designed stitched transmission line, results presented are for a curved bend
angles as a result of gradual bending of the stitched transmission line angle and not a sharply

bent angle.

Figure 5.17 Stitched transmission line with different curved bending angles at (a) 90° (b) 180°
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5.3.4. Stitched Wearable Transmission Line Subjected to Washing Cycles

The exposures to rain, sweat, dust, and dirt can affect the performance of the stitched
transmission line. For the stitched transmission line to be used in smart textile applications,
good wash-ability properties are critical. The domestic washing behavior of the wearable
stitched wearable transmission line with a stitch length of 2mm was evaluated after
subjecting it to washing cycles using Bio Persil detergent washing powder in a Hotpoint
washing machine. Two samples of the stitched transmission line were produced. While
measurements were carried out on the first without being washed, the second was subjected
to washing cycles without the connectors before measurements, and both results compared.
The aim here is to ascertain the deterioration of frequency dependence of the transmission
lines when the fabrics are subjected to washing cycles for frequencies up to 4GHz. The
stitched transmission lines under study here are made up of a stripped RG174, stitched on a
Denim material. The washed stitched transmission line was subjected to a standard
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60°C cycle. The DC resistance as well as the scattering parameters of the line were measured

before and after washing.

The measured scattering parameters from 0.04 to 4GHz before and after washing cycles are
shown in Fig.5.20, while the measured DC resistance is given in Table 5.2. From Table 5.2
the DC Resistance is seen to increase from 16.90 before washing to 22.8() after washing as
expected. This was expected because as temperature changes, the dimensions of the
conductor will change as it expands or contracts. Although, these changes in resistance
cannot be explained by a change in dimensions due to thermal expansion or contraction, for a
given size of conductor the change in resistance is mainly due to a change in the resistivity of
the material and is caused by the changing activity of the atoms that make up the material.
However, a much plausible reason for the increase in the resistance of the stitched
transmission line after washing can be attributed to the loss of some metal fibers due to
abrasion impacts in the washing machine. It was also observed that the conductive threads
appeared loose and flailed (see Fig.5.22) after the wash especially at the ends of the

transmission line which also made it quite difficult to connect to connectors.

The DC losses were seen to increase in the washed transmission line compared to the
unwashed stitched transmission line at lower frequencies. Interestingly, the scattering
parameters look much better with the washed line, which is quite good for wearability
applications. Two hypothesis are proposed here as to why this could be happening; first, the
washing off of the oil that sticks to the stitched transmission line during washing. However,
this could also lead to the swelling of the thread when it absorbs water through pre-existing
cracks and defects in the silver plating causing an increasing amount of cracks and defects,
and secondly, the slight change in the tension within the threads. Generally, textile materials
have viscoelastic behavior [5.5], internal tensions relieve over time and the geometry may
also change due to washing [5.6]. Equally, the washing of the stitched transmission line at
high temperatures can affect the conductive thread by tarnishing the coated silver as silver
easily gets tarnished [5.7] when exposed to moisture and airborne acids. The tarnish which
can reduce the surface conductivity of the silver is a hard insulating oxide layer that forms on
the silver surface. The extent to which this can be reduced depends on the thickness of tarnish.
Poor water quality, in particular, sulphur, high Fluoride and low pH will react strongly with
silver could also affect its conductivity and shielding performance. The dielectric also has an
effect on some types of polyethylene can absorb moisture more readily than others. A plot

of (2, + S2,) with frequency in Fig.5.21 further confirms results obtained earlier in Fig.5.20.
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TABLE 5.2 DC resistance of the shield of stitched transmission line before and washing

Stitched transmission line Washing Washing Detergent Resistance Resistance after
Type Temperature used before washing washing
(°C) (V) Q)
Stitch Stitch Stitch
Tension ~ Width  Length Machine 60 Bio Persil 16.9 22.8
Wash
4 2 2
0
-5
)
5 DB(S(2.1))
Simulation
101 = pB(sE.1))
UNWASHED
—2-DB(|S(2,1)))
WASHED
-15
0.04 1.04 2.04 3.04 4
Frequency (GHz)
0
//X/fj N /B\//B\«—F
-20 W\
\
g
= -40
7 DB(S(L.1))
Simulation
- DB(IS(1,1)])
60 UNWASHED
-4 DB(|S(1,1)])
WASHED
-80
0.04 1.04 2.04 3.04 4
Frequency (GHz)

Figure 5.20 Measured S-Parameters of Washed and Unwashed stitched transmission line
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Figure 5.21 Plot of §3, + S2, against frequency with two different bending conditions

Scattering electron microscope (SEM) images were taken with the JEOL JSM-7800F FE-
SEM, to visually investigate the condition of the conductive threads before and after washing.
Prior to using the Scattering electron microscope, the two samples were sputter coated for 60
seconds with Gold palladium (Au/Pd) using Quorum Q150R, which is a compact rotary-
pumped coating system suitable for SEM sputtering with non-oxidising (noble) metals and
for carbon coating SEM specimen for EDS (Energy-dispersive X-ray spectroscopy) and
WDS (wavelength dispersive X-ray spectroscopy) [5.8]. Fig. 23 and 24 (a)-(e), shows the
scanned images of the stitched transmission line, EDS map spectrum with images showing
the average composition in weight % (wt. %) and the statistical error displayed as o (weight %
sigma) for the calculated weight and the X-ray element maps showing presence of carbon,
silver and oxygen. For the unwashed sample, the silver is seen to be evenly distributed with
some fissures on it. The unwashed sample also contains carbon, silver and oxygen with some
trace of copper and calcium which are both below detection limits. With the washed sample,
silver is also seen to be evenly distributed. The fissures on the conductive thread appear to be
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more on the washed sample which shows the continuous silver coating to be more
delaminated by washing. The washed sample also contains carbon and silver, with some trace
amount of copper and calcium which all appear to have more average composition in weight %

compared to the unwashed sample.

Figure 5.22 Cutoff section of the washed thread from the stitched transmission line
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Figure 5.23 Scanned image of unwashed stitched transmission line with (b) showing the
composition of the elements, while (c)-(e) colors depicting the presence of the elements
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Figure 5.24 Scanned image of washed stitched transmission line with (b) showing the
composition of the elements, while (c)-(e) colors depicting the presence of the elements
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5.3.5. Stitched Transmission Line On-body Measurements

Since the stitched transmission line is wearable, there is a requirement to carry out on-body
measurements on the human body. A stitch transmission line with a stitch length of 1.2mm
was used for this purpose. Fig. 5.25 depicts the proximity of the stitch transmission line to the
human body during measurement, while Fig. 5.26 depicts the measured stitched transmission
line when placed very close to the human body. The stitched transmission line was flattened
and placed very close the left chest with a fairly loosed 100% linen check shirt and a white
100% cotton singlet inner wear. The thickness of both the linen shirt and cotton inner singlet
are Imm each. The stitched transmission line was placed at 5mm from the body. A
comparison of the On-body measurement of the stitched transmission line as well in free

space was compared and the results obtained are as shown in Fig 5.27.

The human body can be thought as a relatively good conductor as it has the ability to conduct
electricity, having made up approximately 80% salt water. However, the human skin which
forms part of the human body is different. The human skin is a lossy material and resistant to
current flow, with the skin accounting for about 99% of the human body’s resistance to
electric current flow [5.9]. The resistivity and permittivity of the human skin vary
dramatically from one person to another and even from a single person in different physical
states. Sweat or grease can alter the insulating characteristics of the skin. Similarly, the skin
and the clothes worn are expected to degrade the performance of the stitched transmission
line because they act as a dielectric. The closer the stitched transmission line is to the human
body the lossy it will be; hence spacing between the stitched transmission and the human

body has to be appreciated.

The on-body transmission characteristics are seen to be better compared to the off-body
though some ripples were also observed on both the measured reflection and transmission
coefficients for the on body measurements; this could be attributed to the presence of the
clothing worn and the distance of the transmission line to the human skin. While the ripples
observed are mainly as a result of multiple reflections along the line giving rise to insertion
loss ripples. Overall the on body measurements were seen to less lossy compared to the off
body measured results as can be seen in Fig.2.28. A much better on-body result is quite good

for wearable applications.
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Figure 5.25 Schematic diagram of On-body measurement on the stitched transmission line
depicting its proximity to the human body

TABLE 5.3 Properties of the human tissues [5.10]

Tissue Permittivity (g,) Conductivity(Sm~1) Loss Tangent Density(Kgm~3)
Skin 31.29 5.0138 0.2835 1100
Fat 5.28 0.1 0.193982 1100
Muscle 52.79 1.705 0.24191 1060
Bone 12.661 3.8591 0.25244 1850
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Figure 5.26 On-body measurements on the stitched transmission line
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Figure 5.27 Off and On body measurements on the stitched transmission line
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Figure 5.28 Plot of $%, + §2, against frequency for off and On body measurements on the
stitched transmission line

5.4. Design Sensitivity to Manufacturing Tolerance

With the focus on production of the stitched wearable transmission line for large-scale use or
sale, the robustness of the design is been considered for deficiencies. Three features are been
investigated in the subsequent subsections using CST Studio Suite and measurements using
an Anritsu MS46524A 7GHz Vector Network Analyser; the transmission characteristics with
two different textile substrates Denim and Felt, the sensitivity of the characteristic impedance
with changes in cross sectional dimensions and the repeatability of the stitched transmission
line with three different stitch angles. The dielectric properties of fabrics were first

considered.

5.4.1. Dielectric properties of fabrics
With the integration of smart fabrics into normal fabrics, it is imperative to understand the

dielectric properties of these normal fabrics. The properties of these fabrics are determined by
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the properties of the component fibers and the structure of the yarn and or the fabric. They are
permeable materials and have countless small air cavities, in which the density, air volume,
and size of the apertures determine its general behavior, e.g. its air permeability and thermal
insulation. Accordingly, fabrics are flexible and compressible materials whose thickness and
density might change with low pressures. Likewise, the main orientation of the fibers and/or
yarns introduces an intrinsic planar anisotropy of general properties. Also, fibers are
continuously exchanging water molecules with the surroundings, which affect their

morphology and properties.

The foremost parameter of dielectrics is the permittivity, e, a complex valued parameter
which generally depends on frequency and temperature. It is often expressed as a relative

value, &,., with, &, given by:
£ = &&r (5.1)
£ = &(el — je! (5.2)

In general, the dielectric properties depend on the frequency, temperature, and surface
roughness, and also on the moisture content, purity and homogeneity of the material. The real
part of the relative permittivity, €., is called the dielectric constant (often, D), which is not
constant in frequency. The ratio of the imaginary part to real part is called the loss tangent, &,

(often called material dissipation factor, D) given by:

tan§ = Z_' (5.3)

r

[5.11]

Several researchers have studied and measured permittivity and loss tangents of
nonconductive fabrics. However, with the difference in manufacturing techniques and
specifications such as weight, density, and dying process, some fabrics share the same name
but have different dielectric properties, while some are made from the same raw materials but
also have different properties. Table 5.4 presents some measured results of some common

fabrics.
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TABLE 5.4 Summary of dielectric properties of nonconductive fabrics [5.12]

Material Permittivity(g,) Loss Frequency (GHz) Reference
Tangent(tan &)
Denim 1.40 — 2.00 0.0140 — 0.0700 0.9,18,2.4,3-12, 5, [5.13]-[5.18]
5.2 &14-40
Cotton 1.54,1.60 0.0580, 0.0040 2.4 [5.19]-[5.20]
Felt 1.36,1.38 0.0160,0.0230 24,5 [5.19], [5.21]
Leather 1.80 — 2.95 0.0490 — 0.1600 2.4 [5.22], [5.19]
Velcro 1.34 0.0060 2.7-6 [5.23]-[5.24]
Denim (Black) 1.8 0.07 3.3&5 [5.25]

Silk 1.20,1.75 0.0540,0.0120 2.4 [5.21], [5.19]

5.4.2. Stitched Transmission Line with Different Substrates

Two stitched transmission lines with stitch length 2mm were fabricated with two different
substrates Denim and Felt with relative permittivity of ¢, = 1.6, loss tangent 0.05 and
relative permittivity &, = 1.38, loss tangent 0.023 respectively (see Fig. 5.29). The
measured scattering parameters are as shown in Fig. 5.30, with results indicating both
materials maintaining reflection coefficients S;; below —10dB . The corresponding
transmission coefficients S,,are better than —12dB for Denim and —10dB for Felt. Results
obtained indicated that the losses with the Denim material are a bit more compared with the
Felt which has a smaller loss tangent compared to the Denim. These losses can be seen to be
quite insignificant especially at lower frequencies. From these result it is best to use Felt
material as a substrate for the stitched transmission. It is also soft and has a smooth surface
compared to the Denim material and well suited for wearable applications. However, some
difficulties were experienced when using Felt as the stitch gets easily stuck and the Felt
material gets puckered when stitching the stitched transmission line. Thus, the Denim

material was preferred to the denim in constructing the stitched transmission line.
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Figure 5.29 Stitched transmission line with Denim and Felt used as substrates
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Figure 5.30 Comparison of S-Parameters between Denim and Felt used as substrates
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Figure 5.31 Plot of §%, + S3, against frequency with Denim and Felt as substrates

5.4.3. Sensitivity of the characteristic impedance with changes in cross-
sectional dimensions of the stitched transmission line
The sensitivity of the characteristic impedance of the stitched transmission line was
investigated using CST Microwave Studio Suite®. Scattering parameters are always normed
to reference impedance. The CST Microwave Studio Suite® provides the options of selecting
the simulation process to norm the results to the calculated impedance of the port or specify
the number of one’s choice. It was observed from simulated results that the impedance of the
stitched transmission line is sensitive to variations in cross-sectional dimensions when the
outside diameter of the inner conductor, as well as the inside diameter of the stitched shield,
are decreased or increased by 0.2mm as can be seen in Table 5.5. Hence strict adherence to

the dimensions of the stitched transmission line is necessary to maintain relatively constant
impedance.
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TABLE 5.5 Simulated Characteristic Impedance of the Stitched Transmission Line with

Different Cross Section Dimensions

Outside Diameter of Inner Inside Diameter of the Shield Referenced Characteristic
Conductor (mm) (mm) Impedance
(0
0.08 1.12 101.72
0.48 1.52 45.52
0.88 1.92 30.84

5.4.4. Repeatability of Stitched Transmission Line

Repeatability otherwise known as precision or Test-retest reliability refers to the
discrepancies in repeated measurements carried out under identical conditions. In order to test
the reliability of the results obtained, a repeatability measurement analysis was carried out to
find out the wvariations and irregularities in the three stitched transmission lines.
Measurements were carried out on the stitched transmission line with three different stitched
angles 85°,65° and 31°. In each case, two stitched transmission lines were used with

measurements taken within a day interval.

From Fig. 5.32, 5.33 and 5.34, it can be seen that the reflection coefficient S, results are
consistent up to 2.5GHz, with slight deviations beyond 2.5GHz which are as a result of
multiple reflections along the line resulting in loss ripples, while the S,; shows an increase
loss with frequency from 0.6GHz. Environmental conditions like temperature variations can
result in thermal expansion of the cables, which can also affect measurement results.
However this can be reduced by carrying out frequent calibrations as ambient temperature
changes. Similarly, connector repeatability errors caused by fluctuations in the electrical

characteristics of the connectors due to wear can be reduced by handling connectors with care.
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Figure 5.32 Measured S-Parameters of stitched transmission line with stitch angle

85° (stitch length,L = 1.7mm)
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Figure 5.33 Measured S-Parameters of stitched transmission line with stitch angle

65°(stitch length, L = 1.5mm)
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Figure 5.34 Measured S-Parameters of stitched transmission line with stitch angle

31°(stitch length, L = 1.2mm)
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5.5. Shielding Effectiveness of the Stitched Transmission Line

The shielding effectiveness of a braided coaxial cable can be characterized by the transfer
impedance of the braid which is governed by the geometry and the materials of the shield.
The transfer impedance can be computed for a range of frequencies by appropriate analytical
models or advance numerical finite models. These models have been presented by Vance
[5.26], Tyni [5.27] and Kley [5.28] and discussed in Chapter 3 of this thesis. We recall that
the transfer impedance, Z;, is made up of two parts the first representing the diffusion of
electromagnetic energy through the stitch Z, and the second, jwM, representing the leakage
of magnetic fields through the stitch. The diffusion component, Z},, of the stitch is governed

by DC resistance of the stitch and diffusion waves through the wall of the stitch.

Where

The inductance, M, in Eq. (5.4) is a superposition of the hole inductance, My, stitch
inductance, Mg, and the skin inductance, M. At low frequencies, Z, is dominated by a wave
diffusion process which is inversely proportional to the frequency(i.e. Z, is dominant). At
high frequency, the fields' coupling through the apertures and the porpoising of the stitch
takes over (i.e. the hole inductance, My, and stitch inductance, Mz are dominant) while the
skin inductance only yields a small contribution in the mid region (i.e. between low and high

frequencies).

In the same way, the shielding effectiveness of the stitch transmission line can be determined
both at low (< 1GHz) and high frequencies. Here, the shielding effectiveness of the stitched
transmission line is determined at low frequencies only (< 1GHz) . The shielding
effectiveness of the stitched transmission line at low frequencies is investigated by computing
the DC resistance of the shield as well as the skin depth and neglecting the leakage of the

magnetic fields through the stitch.

5.5.1. DC Resistance of Stitched Transmission Line

The resistance in any electrical system is by no means constant as it depends on factors like

temperature, humidity, the length of wire and high-frequency noise; hence a portion of the
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electrical energy in an electrical system is always converted to heat energy. This decreases the
efficiency of the system and also causes a lot of discomfort to the user.

The zig-zag stitch was used in fabricating the stitched transmission line, where three different
stitch lengths of 1.23mm, 1.49mm and 1.69mm were used corresponding to three stitch
angles of 31°, 65° and 85° respectively.

We recall that Vance [5.26] proposed that the current flow in a braided coaxial cable is
similar to that of a perforated tubular shield in which the current flows longitudinally over the
shield of the coaxial cable, with the equivalent tubular DC resistance per unit length and

transfer impedance, for metallic braided shield given by

4
mdZ Ny, C.ocos a

Rpc = (5.6)

Zr = Zp + joMy, (5.7)
However, Tyni [5.27] and Kley [5.28] held that the current flow in a braided coaxial cable is
not parallel to the cable axis but rather follows the wires in a helix-like manner. Tyni in [5.27]
built on Vance’s model [5.26] by introducing a third term in the transfer impedance, given by
Zr =Zp + jo(My + Mp) (5.8)
Similarly, in [5.28] Kley introduced a third term the skin inductance, which is due to Eddy’s
current in the walls of the rhombic apertures, given by

Zr =Zp + jo(My + Mg + My) (5.9)
Furthermore, both Tyni and Kley tend to differ on the braid inductance M, as Tyni suggested
that M, decreases by

m = (%) (1 - tana) (5.10)
While Kley assumes a decrease by a factor

0.23
myg = oo cos(2k, o) (5.12)

In the same way, we propose that the current flow in the stitched transmission line also
follows the zig-zag trace in a porpoise manner. However, it is also important to also note that
crossovers can be achieved at different stitch points as the current flows on the shield of the
stitched transmission line.

The equivalent model of the stitch transmission line for N = 1,2,3 ... M, where N represents
the number of stitches is shown in Fig.5.35, 5.36, 5.37 and 5.38.

For stitch angles of 85°,65°and 31°,R ' = 0.5,0.4 and 0.25Q while R = 0.1Q
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Figure 5.35 Equivalent electrical model of the stitched transmission line (N = 1)
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Figure 5.36 Equivalent electrical model of the stitched transmission line (N = 2)
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Figure 5.37 Equivalent electrical model of the stitched transmission line (N = 3)
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Figure 5.38 Equivalent electrical model of the stitched transmission line (N = M)
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ForN =1

|
Ry=2R+=

ForN =2

R1=3R+R|

ForN =3
R1=4‘R+

ForN =M

ERI
2

Ry =[(M + DR] + >R

(5.12)

(5.13)

(5.14)

(5.15)

TABLE 5.6 DC resistance of the shield of stitched transmission line
Conductive  Resistivity DC Stitch  Number Pitch Stitch Computed DC Measured DC
Thread of coated resistance Angle of stitches (mm) Length resistance of resistance of the
material of @) (mm) the shield of shield of the
(Q.mm) conductive the stitched stitched
thread transmission transmission line
(Q/mm) line (Q) (@
Light Silver 85 60 2.76 1.69 21 14
Stitches 1.59 0.04 65 90 1.94 1.49 27 18
x 1078 31 162 1.38 1.23 37 27

Hence, it can be seen from the results obtained that the DC resistance of the shield increases

with decrease stitch angle. Of course, a decrease in stitch angle results in an increase number

of stitches. The divergence between the measured results and the computed results could be

as a result of measurements taken with the connectors, the presence of the lead resistance,

dirty connections, and temperature influence.

For a specified cable length, transfer impedance relates a current on the surface of a shield to

the voltage drop generated by this current on the opposite surface of the shield. This also tells

us how susceptible the inner conductor is to interference from the outside, and how much

power is constrained from leaving the inside. All other things being equal, shields with lower

DC resistance will have a lower voltage drop and thus lower transfer impedance. Transfer
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impedance is used to determine shield effectiveness at lower frequencies against both ingress
and egress of interfering signals. Consequently, shields with lower transfer impedance are

more effective than shields with higher transfer impedance.

5.5.2. Skin effect

In every AC carrying conductor, the magnetic field around the axis of the conductor produces
variations in the current density. In an isolated conductor, the current tends to flow more
densely in the outermost parts, farthest from the axis of the conductor and decreases with
greater depths of the conductor. The current flows mainly at the skin of the conductor, hence
the name “skin effect”. This effect is caused by electromagnetic induction where a time-
varying magnetic field is accompanied by a time varying induced electric field, which in turn
creates a secondary time varying induced currents and a secondary magnetic field. From
Lenz’s law, the induced currents which produce the magnetic flux is opposite to the external
flux (which “produce” the induced currents), so the total flux is reduced. Skin effect is more
pronounced as the frequency increases, or as the section of the conductor becomes large.
Hence, the larger the conductivity, the larger the induced currents are, the larger the
permeability and the more pronounced is the flux reduction. As a result, both the total time
varying magnetic field and induced currents inside conductors are reduced when compared
with the DC case [5.29].

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

Colour code: black = overall insulating sheath, tan = conductor, white = dielectric, green =
current into the diagram, blue = current coming out of the diagram, dashed black lines with
arrowheads = magnetic flux (B).

Figure 5.39 Cross-sectional view of a conductor with (a) non-energized, (b) low frequency, (c)

middle frequency and (d) high frequency [5.30]
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TABLE 5.7 Skin depth (&) for some common materials [5.31]

Material f=60Hz f=103Hz f=10°Hz f=10°Hz
Copper 8.61mm 2.1mm 0.067mm 2.11pm
Iron 0.65mm 0.16mm 5.03um 0.016um
Seawater 32.5m 7.96m 0.25m 7.96mm
Wet soil 650m 159m 5.03m 0.16m

The AC current density J in a conductor decreases exponentially from its value at the surface

J according to the depth d from the surface, as follows:

] =]Se_% A (516)

d = \/:’:Z\/\/l + (pw)? + pwe (5.17)

At low frequencies much below, 1/pg, the quantity inside the radical is close to unity and the

formula is more usually given as:
§= [— (5.18)

[5.32]

A measurement of the DC resistance and cross-sectional diameter of the conductive thread
indicates a DC resistance of 0.43Qcm™1(430m™1 or 13.1Qft™1) and a cross sectional
diameter of 0.3mm (0.3 x 1073m). Thus, the resistivity can be obtained, using,

p= R‘% (5.19)
Where R, Aand [ are the resistance, area and length of the conductive thread respectively.
The calculated resistivity of the whole metallization from (5.19) is given as 1.2 x 10~°Qm,
while the conductivity which is given by 1/p is 8.3 x 10*Sm™1, which is quite low compared

to silver with o, = 6.30 x 107Sm™1 [5.33] and copper with g, = 5.96 X 10’Sm™1 [5.34]
both at 20°C repectively.
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Using, o, = 8.3 x 10*Sm™1(p,, = 1.2 X 1075Qm),u,, = 1, the skin depth of the
conductive thread from Light Stitches® at f = 4GHz is given by § = 28um. This can be seen
to be quite high when compared to copper and silver with skin depth of

1.03um and 1.00um respectively.

5.5.3. Transfer Impedance of the stitched Transmission Line
The transfer impedance, Z, of the stitched transmission is computed for low frequency (<

1GHz) is given by the diffusion term, Z,.
RDC(1+5DT

(5.20) [5.35]

Where the DC resistance per unit length of the shield is Ry, T, is the effective thickness of
the shield and, &, is the skin depth in the shield.

Hence,
Zp =(0.24 +j1.09)Q

For the stitched transmission line, the electric field contribution to the internal cable
responses is relatively unimportant at low frequencies where the diffusion component of the
magnetic field coupling is dominant. It was suggested, however, that at higher frequencies,
the electric field coupling can be significant and, depending on the configuration and external
excitation of the cable, this should be included in estimating interference effects. The
diffusion term decreases rapidly with frequency, and hence the high-frequency coupling is
dominated by aperture effects and increases linearly with frequency [5.35] - [5.36]. A shield
with lower transfer impedance is desirable, as shields with lower transfer impedance are more

effective compared with shields with higher transfer impedance.

Thus the transfer impedance , Zy, of the stitched transmission line at low frequencies (<

1GHz) given by the diffusion term, Z, is:
Zr =2Zp
Zr =(0.24 + j1.09)Q
Here, the magnitude and phase of the transfer impedance, Zr is given by
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1Z7| = 1.1Q 4 77.6°

5.6. Conclusion

In this chapter, measurements were carried out on the stitched transmission line with three
different stitch angles and stitch types, two different substrates, two different bending angles
and when subjected to some washing cycles.

The experimental results were seen to comparatively align with the CST results. The CST
model was a braided coaxial cable with two annealed copper helices as the shield, which was
compared to the fabricated stitched transmission line, constructed with conductive thread and

copper wires and with conductive threads only as its shield.

The DC resistance of the stitched transmission line with three different stitch angles 85°, 65°
and 31° corresponding to the number of stitches 60,90 and 162 were computed using a DC
model of the shield, and a relationship was derived for computing the DC resistance of the
stitch transmission line for any given number of stitches. This was used to compute the
transfer impedance of the stitched transmission line at low frequencies (< 1GHz) where it is

expected that the dominant factor is the diffusion component of the magnetic field coupling.

The measured results validated the conclusions drawn from the DC results with respect to the
stitch angles and number of stitches, where it was also observed from measured results that
the stitched transmission lines with larger stitch angles have less DC losses at lower
frequencies but increased radiation losses, which are ascribed to poor shield coverage. These

radiation losses increases with increase in frequencies.
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Chapter 6

Conclusion and Future Work

6.1. Summary

This research work focussed on the development of a stitched transmission line. The aim is to
use the idea of a braided coaxial cable to develop a transmission line that could transmit
signals within a frequency range of 0.04 — 4.00GHz. The advantages of using this idea
include but not limited to sufficient frequency range to support multiple channel, reduced cost,
noise and crosstalk. The design and simulation of the stitched transmission line was carried
out with CST Microwave Studio Suite®. To fabricate the stitched transmission line, the inner
conductor and the insulated layer were selected as RG 174, while the stitched shield is made
up of conductive threads from Light Stiches®. A modified presser foot was also fabricated to
aid in stitching the transmission line using Singer Talent™ 3321 onto the Denim material

without upsetting the tubular insulating medium surrounding the inner conductor.

Three different designs were carried out with three different stitch angles of 85°,65° and
31°and high-frequency network analyzer measurements were achieved for frequencies up to
4GHz. The extracted S-parameters indicates decrease DC losses with an increase in stitch
angle which corresponds to a decrease in number of stitches at lower frequencies, with some
mismatch losses while radiation loss tends to decrease with a decrease in stitch angle which

corresponds to an increase in the number of stitches.

The performance of the stitched transmission line with three different stitch types, when bent
through curved angles 90° and 180°, when placed close to the human body and when

subjected to washing cycles were also investigated and results presented.

Also, with the focus on production of the stitched wearable transmission line for large-scale
use or sale, the robustness of the design was considered for deficiencies. Three features were
investigated using CST Microwave Studio Suite® and measurements using Anritsu
MS46524A 7GHz Vector Network Analyser. These includes, the transmission characteristics
with two different textile substrates Denim and Felt, the sensitivity of the characteristic

impedance with changes in cross sectional dimensions and the repeatability of the stitched
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transmission line with three different stitch angles. Results obtained also indicated that the

losses increased with Denim as the substrates, though these losses are mostly insignificant

especially at lower frequencies, while the CST results indicated an increase in impedance of

the stitched transmission line with decrease cross section dimensions and vice versa. Finally

the repeatability measurement results showed consistency up to 2.5GHz, with slight

deviations above that which are as a result of multiple reflections along the line and losses in

the form of radiations.

6.2.

Main Contributions

The main contributions of this thesis are:

Numerical modeling of the stitched transmission line within the frequency range
of 0.04 — 4GHz. The stitched transmission line was modelled as a braided coaxial
cable with two helices. The numerical modelling with CST was conducted with six
different stitch lengths 1.69mm, 1.49mm, 1.23mm, 2mm, 3mm and 4mm. With the
first three stitch lengths of 1.69mm, 1.49mm and 1.23mm corresponding to stitch
angles 85°,65° and 31°.

Development of a novel presser foot that will suite the requirement for use with the
RG174 coaxial cable in the construction of the stitched transmission line. In the
proposed technique the presser foot of the sewing machine was replaced with an
improved presser foot for use solely with a stripped RG174 coaxial cable.

Numerical analysis of the DC resistance of the three different stitch lengths
1.69mm, 1.49mm and 1.23mm corresponding to stitch angles 85°, 65° and 31° of
the stitched transmission line was carried out. To achieve this, a DC representation of
the stitched shield was proposed and a mathematical relationship was derived for
computing the DC resistance of the stitch transmission line for any given number of
stitches. This was subsequently used in computing the transfer impedance of the stitch
transmission line at low frequencies (< 1GHz), with results showing that the shield of
stitched transmission line to be more effective at low frequencies.

Experimental characterisation of the stitched wearable transmission line. Vector
network analyzer (VNA) measurements of the stitched transmission line within the

frequency range of 0.04 —4GHz were achieved with six different stitch
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lengths 1.69mm, 1.49mm, 1.23mm, 2mm, 3mm and 4mm. First measurements with
three different stitch lengths of 1.69mm, 1.49mm and 1.23mm corresponding to
stitch angles 85° 65° and 31°, were carried out, followed by three different
measurements with conductive threads stitched alongside copper wires stitch types for
three different stitch lengths of 2mm, 3mm and 4mm, when bent through curved
angle of 90° and 180°, when subjected to washing cycles, when placed on the human

body and lastly with two different substrates (Denim and Felt).

6.3. Industrial Applications

This thesis has shown the feasibility of fabricating a novel stitched transmission line with the
aid of a novel presser foot using any sewing machine. The flexibility and light weight of this

device makes it a good candidate for integration into apparels.

Mass scale production of the stitched transmission line is feasible as the manufacturing
process is easy and reliable, and cost less especially with the preferred choice of the sewing
machine in place of the embroidery machine. The effects of the stitched parameters on the
stitched transmission line have been evaluated and presented which also makes it easier for

the industry to evaluate the cost and performance ratio at the same time.

Finally, the stitched transmission line is not restricted to military or space technology alone as
the wearability qualities and low cost will make it suitable and affordable for civilian uses.

6.4. Future Research

This thesis is mainly focussed on the fabrication of a stitched transmission line that could
transmit signals from a frequency range 0.04 — 4GHz using the idea of a braided coaxial
cable. Based on the conclusion drawn and the limitations of the work presented, the following
research areas and issues would provide potential and some progressions to the work carried

out in this thesis and are worth considering.

e Integrating the stitched transmission line with antennas. Wearable transmission lines
are used to transport RF signals between various pieces of communication equipment

and to connect antennas to transmitters and receivers. The stitched transmission line
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was designed to meet this requirement and it is important to see how well suited it is
for this purpose when integrated with an antenna.

With the numerous apertures ascribed to the shield of the stitched transmission line, it
can also be used as a radiating cable; this has an advantage of having the ability to
carry multiple frequencies on a single line and to also function as a broadband antenna.
Thus performing both as a transmission line and an antenna at the same time.

Stitched transmission lines with different materials and conductive threads. The
stitched transmission line can be developed with different conductive threads
(insulated and non-insulated) and substrates. Similarly, further work on the washed
line can also be carried out with different substrates, conductive threads (insulated and
non-insulated), and using both hot and cold wash with different types of detergents.
Transfer impedance at higher frequencies. The shielding analysis on the stitched
transmission line was carried out at lower frequencies (< 1GHz) where it is expected
that the DC resistance and diffusion waves through the stitch are the dominant factors.
However, at higher frequencies the fields coupling through the apertures and the
porpoising of the stitch takes over (i.e. the hole inductance and stitch inductance are
dominant). As such, there’s a need to also examine the shielding effectiveness of the
shield of the stitched transmission line at higher frequencies (= 1GHz).

Finally, the lamination of the stitched transmission line is also another possibility,
with researchers at Loughborough University developing the idea with antennas using
the lamination machine as this could also aid in reducing signal egress and ingress

that is common with a transmission line with a sparse shield.
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Appendix A
8216 Coax — RG-174/U Type

RG-174/U type, 26 AWG stranded (7x34) .019" bare copper-covered steel conductor, polyethylene

insulation, tinned copper braid shield (90% coverage), PVC jacket.

Conductor
AW

‘O

26  7x34 BCCS - Bare Copper Covered Steel

Insulation
Insulation Material:

|PE - Polyethylene |1.524 |

Outer Shield
Outer Shield Material:

TC - Tinned Copper

Outer Jacket
Outer Jacket Material:

|PVC - Polyvinyl Chloride |

Overall Cabling
Overall Nominal Diameter:

2.794 mm

Operating Temperature Range: -40°C To +75°C
UL Temperature Rating: 60°C (UL AWM Style 1354)
Bulk Cable Weight: 12.501 Kg/Km
Max. Recommended Pulling Tension: 93.412N
Min. Bend Radius (Install)/Minor Axis: 25.400 mm
Applicable Standards & Environmental Programs
AWM Specification: UL Style 1354 (30 V 60°C)
EU CE Mark: Yes
EU Directive 2000/53/EC (ELV): Yes
EU Directive 2002/95/EC (RoHS): Yes
EU RoHS Compliance Date (mm/dd/yyyy): 01/01/2004
EU Directive 2002/96/EC (WEEE): Yes
EU Directive 2003/11/EC (BFR): Yes
CA Prop 65 (CJ for Wire & Cable): Yes
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MII Order #39 (China RoHS): Yes

Military Specification: MIL-C-17F

RG Type: 174/U
Plenum/Non-Plenum

Plenum (Y/N): No

Nom. Characteristic Impedance:

a1
i

Nom. Inductance:

0.252637

Nom. Capacitance Conductor to Shield:

01.055

I

Nominal Velocity of Propagation:

Nominal Delay:

.05274

I

Nom. Conductor DC Resistance:

]

318.257

Nominal Outer Shield DC Resistance:

35.1067

]

Nom. Attenuation:

1 6.2339
10 10.8273
50 19.0298
100 27.5604
200 41.0125
400 62.339
700 88.587
900 101.711

Max. Power Rating:

1 976
10 354
50 197
100 161
200 136
400 120
700 112
900 109

Max. Operating Voltage - UL:

30 V RMS (UL AWM Style 1354)
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Max. Operating Voltage - Non-UL:

|11oo V RMS (Military) |

No related documents are available for this product

#26 PE BRD PVC

8216 010100 30 MT 0.499 KG BLACK

8216 0101000 305 MT 4.082 KG BLACK GN #26 PE BRD PVC
152 MT 2.268 KG BLACK

Notes:

G = MAY CONTAIN MORE THAN 1 PIECE. MINIMUM LENGTH OF ANY ONE PIECE IS 100'
N =FINAL PUT-UP LENGTH MAY VARY -0% TO +10% FROM LENGTH SHOWN.



Appendix B

BNC Plug

Specification Table

@ 14.5(0.5871)

Specifications:

Bodies

. Brass per JIS-C3604

: Brass per JIS-C3604

Connector interface per MIL-STD-348A

Part to be clean and free of burrs

[y ]
-

9.5 (0.374) Hexagon

— [ [
Ly LU
= =
— > = -
& T = —{
' =z - e
TONVEW T 1k - AmInE
g = £ { S
| 2 M S ! & sl =
| ] | 5102010 24004 [30118  |loswood 75 0.205] S
!Flats 9.8 (0.374) e
23.9x05(0.941+0.02) | 40157 401
|‘ ]
=z ={h-}
910358 | 2o2a g {D.SE#!
+ T F T
E = Stripping Dimension
S
Dimensions: Millimetres (Inches)
Number Description Material Finish Part Number
1 Shell Zinc
Nickel 100 p Inches Minimum
2 Body Brass
3 Insulation PTFE
None
4 Gasket Rubber
5 Washer Brass Nickel 100 p Inches Minimum
6 Insulation PTFE None
7 Spring Washer SK-5 13-01-3 TGZ
8 Washer Nickel 100 p Inches Minimum RG174U
- Brass
9 Braid Clamp
10 Gasket Rubber None
1 Washer
Nickel 100 p Inches Minimum
12 Nut Brass
13 Centre Contact Gold
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APPENDIX C

Newton-Raphson Method

The Newton-Raphson method is an iterative procedure used to determine the root of an
equation. In some simple situations, the root is easy to find. We consider Eqn. C1:

fx)=x-3 (C1)
Clearly the root of f(x), the value such that f(x) = 0, is when x = 3.

A slightly more complicated example is a generic quadratic equation, Eqn. C2:
fx)=ax®*+bx+c (C2)
Whose solution is in the form as given in Eqn. C3:

__ —btVb?—-4ac

2a

x (C3)
However, what happens when we need to compute the root of an arbitrary function that
does not have an analytical solution? For example, how would we find the root of the
following function (eqn.C4):

flx) = xg + e*” (C4)

The answer, in this case, is not so easily determined. The simplest solution is to guess a
possible range that might contain the answer and then step through each value until the
answer is found. This brute-force method, however, is highly unreliable and extremely
slow. A more robust and faster solution is to use the Newton-Raphson iterative method.

The method requires the analyst to start with a guess, xp and then the process iterates
through successive values of x until the root is found. The step size of the guess and the
direction of the step are determined not only by the value at f(x) but also by its slope, or
derivative. The derivation of the method is simple, but it provides deep insight into how the
process works. To begin, we can write the definition of a derivative eqn. C5:

af (xp) ! _ f(xn)—0

LED — () = L2 (C5)
The zero in the numerator is there because we are trying to arrive at the root, with a value
of zero and with the hope that this happens at x,,, ;. This equation can be rewritten to give
the formal definition of the Newton-Raphson procedure eqn. C6:

f&xn)
Xna1 = X = Gl (C6)

The reason why this equation doesn’t just “work” is that a true definition of a derivative is
an instantaneous change in x. If x,, is too far from the root, then the slope as computed by

C1



Egn. C5 would not be a very accurate representation of the derivative. In other words,
there is too much error in the representation, and an iterative process is required to
converge onto the right answer. Figure C1 provides a graphical view of how the iteration
works. At point g, the slope is positive but the value of the function is negative. Thus the
next step in the iteration would result in an increase in x. At point b, the slope is still
positive but the value is also positive, resulting in a decrease in x. Point c is an illustration
of how crucial the starting guess, x, is regarding the stability of the iteration. Notice at
point c that the slope is effectively zero and would cause the second term in eqn. C6 to
effectively “blow up.” When applying this method, care should be taken to not start off in
this region.

15
14 —s
05 ¢! —Series 1
—Series 2

0 ' /é
13579111315171921232527 29 31 333537 3941434547 49 51 53 55 57 59 61 63

-15

Figure C1 Point a would cause a jump forward, while point b would cause a jump backward.

Point c is unstable because the slope is nearly 0 after Allman et al [5.5].
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APPENDIX D

Taylor Series Expansion

Function for one variable

For a function of one variable, f (x), the Taylor Series formula is:
fl + Ax) = f() + f '0)Ax +3 fI@O@BN)? +...+ — fF® @0 +.... (DI

Where f '(x) is the first derivative, f"(x) the second derivative, f ™ (x) the nth derivative, and
so on. In practice, usually the first two derivatives are used, and the effect of the remaining
higher-order terms ignored:

flx + Ax) = f(x)+ f '(x)Ax +%f” (x)(Ax)? + Higher Order Terms (D2)
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APPENDIX E

Quadratic Equation

A quadratic equation is one in which highest power of x is 2. The general form of a quadratic
equation is given by:

ax*+bx+c=0 (E1)

Where a, b, and ¢ are numbers. For given values of a, b, and c, the values of x that satisfy the
equation are called solutions of the equation. Where x can be calculated with the quadratic
formula given by:

__ —btVb?-4ac

2a

x (E2)

The “plus or minus” sign (1) indicates that there are always two possible values for x. In any
real physical system, however, only one of the values will have any meaning.
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