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ABSTRACT

This thesis presents a novel textile microwave interconnect that can be
easily attached and removed from textile devices. Interconnects perform a
vital role in carrying RF signals between an amplifier and an antenna or other
devices. Conventional interconnects used for interconnecting non-flexible cir-
cuits perform this function with very low losses, however the same is not true
for transmission lines made on fabrics using conductive threads or inks. This
scenario of using interconnects on fabric systems is challenging. Due to the
necessity of washing fabrics, permanent attachments on the fabric have disad-
vantages. The connection presented in this thesis is done without any metal or
rigid parts on the textile devices side. The connector is held in place by mag-
nets which are shown to have no negative impact on the microwave connection.
Two models are then explored, a microstrip connector and a grounded copla-
nar waveguide (CPW) connector. A detailed study of the models was done
and it was found that both models have reasonable results up to 2GHz. The
interconnects are fully characterized by de-embedding the connection part.
This can be used to predict the effect the interconnect will have when used to
connect a microwave equipment. The microstrip version of the interconnect
is attached to an antenna and the results presented. The interconnect has no
negative effect on the reflection coefficient measurement of the antenna. Re-
peatability tests were also performed with this model, with no visible change in
the connection quality between measurements. Different embroidery patterns
and stitching designs were also investigated. These are used to reduce the
amount of conductive thread used up to 59% reduction in thread ammount.
A wearable antenna was fully converted from rigid copper sheet to a full textile
design.
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Chapter 1
Introduction

The area of wearable technology is a growing phenomenon with constantly increasing
choices of devices as well as use cases. At the consumer level these are mostly used as
fitness monitors and contactless payment units. Fitness devices measure and monitor
our physical activity in an attempt to quantitise and provide feedback data on our
daily lives. Contactless payment units are also getting a lot of attention, these are
usually a part of smartwatches and smartbands that use NFC to facilitate and quicken
small payments. There is also interest in the more generic area of smart clothing
which incorporates both conventional units and textiles. In an ever increasing search
for ways to measure a users daily life, these smart clothes have the ability to provide a
much greater amount of data while being completely hidden from plain sight. Smart
clothing that can measure all kinds of user data, location, heart rate, pulmonary
expansion, localized muscle use as well as body temperature can provide greater
insights into a person’s physical activity. These textile sensors are sewn directly in
the clothes and have the advantage of not having the discomfort of wearing wires
or bulky electronics under the clothes. With smart clothes it can be easier to keep
track of the location of users with special needs that could get lost, this is done with
circuitry directly embedded in the clothes without the need to carry other methods
of location (smartphone, wristbands). In sports garments with heart rate, breathing
sensors and muscle flexing sensors provide the athlete with the advantage of knowing
if his training routine is exercising the specialized muscles he needs the most. For
more hazardous lines of work, such as firefighters [1] or police officers, the garments
can be equipped to track the vital signs of the user as well as location.

The materials used to create this textile electronic systems can range from conduc-
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tive threads to conductive inks, with different techniques applied to them to create
antennas or transmission lines on the fabric. When such systems are tested it is
usual to connect them to traditional RF equipment, since the technology still doesn’t
allow the fabrication of textile transistors. This usually means that a rigid metal
connector will have to be attached somehow to the conductive material on the tex-
tile, sometimes by direct soldering or by using a conductive epoxy glue. This has
the drawbacks of having a permanent rigid connector attached to garments. These

interconnects cannot be removed for washing and can get be uncomfortable.

1.1 Motivation

Wearable technology is just starting to make its appearance in the consumer market,
especially within the area of smartbands and smartwatches. However the technology
has a huge growing potential due to the number of industries that have begun us-
ing wearable technology [2]. Industry analysts are forecasting a huge growth in the
wearable devices market reaching unit sales of around two and a half billion by 2019

globally as shown in Figure 1.1.

mmm TOTAL REVENUE (USD /illions) TOTAL UNITS SOLD /billions
160.0 2.0

IDTechEx 10% B

Pl
100.0 / 5.0
v

- 4.0

140.0
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60.0 . 30
9%

‘IO O —_— B e 0

. I I I I 10

0.0 :
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Total revenue fUSD billions
SUOI|Ig/ SHUN JO J3qUINU [10 ]

]

Figure 1.1 Global wearable device unit shipments forecast as shown in [3]

Another technology that might give an increase to the wearable market is the

Internet of Things or IoT, such as controlling the lights or heating in the home with
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your wearable mobile devices. The sport and fitness market has already begun the
adoption of smart textiles with brands such as Ralph Lauren [4] suddenly introducing
this technology in some of their merchandise.

The growing market of wearable electronics and the fact that it is a relatively
new research area, makes this area a good topic of research both scientifically as well
as economically. Another motivation for this research was lack of interconnects in
the literature that could be easily removed. With this in mind, a novel approach in
connecting textile electronics to traditional electronic equipment was developed. This
interconnect should be fully removable while having no rigid parts on the textile side.
The interconnect uses magnets in two ways. As a means of physically holding it in
place and to apply contact force for a good electrical connection. This has the benefit
of easy removal of external RF equipment.

Having a removable microwave interconnect for wearable applications has several
advantages. It allows for easy removal when a device is not in use, leaving no per-
manent metal parts on the clothes which cause discomfort. It also allows for easy
washing of the garments without worry for the removable interconnect. In a more
commercial approach it can make a product more appealing by not having metallic

or bulky electronics always on the garment.

1.2 Research novelty

The novel work done in this thesis in the area of textile electronics is summarized in

following points:

o A novel method of using magnets to create a high quality textile interconnect
was studied. By using magnets to secure the connection, after removing the
interconnect RF equipment there are no permanent metallic parts on the textile
system. This has several advantages when compared to other systems. If the
textile garment has to be washed, there are no metallic connectors or cables that
can be damaged by the water during washing. The magnets are also shown to
be a critical part of the system, applying contact force between textile and

copper connections and assuring a good electrical connection.

o The interconnect was fully characterized and the effects of its use extracted.

By de-embedding the effect of the connection between textile and copper it is
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possible to observe the effect it has on a system. A reasonable connection was
achieved up to 2 GHz.

o  Multiple measurements using a textile antenna were performed and it was found
that the interconnect did not affect the results. Some systems, such as push-
buttons shown in the literature review, suffer negative effects after attaching and
removing the connection multiple times. The interconnect presented here shows
resilience to this negative effect when attaching or removing the connection

multiple times.

There was a lack of good quality removable interconnects in the literature. The
novel use of magnets as a means to secure the interconnect make it easy to attach
and remove the device. When the interconnect is removed there are no permanent
metallic parts on the textile system. A fully characterization of the interconnect
was also performed. By de-embedding the attachment point of the interconnect it is
possible to predict the effects it could have when attached to a RF device.

A short summary of the following chapters is now presented.

In Chapter 2 a review of the literature is presented with a short introduction to
microwave transmission line theory. After this in Chapter 3, the textile microstrip
model will be presented. In this chapter the simulations, measurements and later
characterization of the textile microstrip are presented. In Chapter 4 a similar ap-
proach is taken but applied to the textile grounded coplanar waveguide. Finally in
Chapter 5, different embroidery filling designs are used and compared to the regular

embroidery filling.
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Chapter 2

Literature review and transmission

line theory

2.1 Review of materials and techniques

There are a wide range of materials that can be used to manufacture textile antennas
or transmission lines such as conductive paint, conductive thread, screen printing
and many others [1,2]. Insulated wire is a flexible silicone rubber insulated wire,
conductive paint has a high content of silver that produces a low electrical resistance,
conductive thread is usually coated with some sort of conductive material [3], screen
printing has also been used [4] to create transmission lines.

In [1] the development and assessment of flexible, body wearable antennas is pre-
sented. Three antenna designs are considered, a spiral, a bowtie and a broadband
wire dipole are considered from 100MHz to 1GHz. Various materials were tested such
as conducting ribbon, insulated wire, conducting paint, conducting nylon, phosphor
bronze mesh, conducting thread, screen print, liquid crystal polymer (LCP) and cop-
per coated fabric. The phosphor bronze mesh, LCP and copper coated fabric have
the advantage of being able to be soldered to. The nylon, painted and screen printed
antennas were connected using conductive epoxy. Both nylon and painted antennas
were able to hold the epoxy but on the screen print material the epoxy lost its bond.
The authors were concerned that the conductive paint antenna might crack with re-
peated flexing of the fabric, while the nylon would not suffer from this problem. The
conductive thread antenna shown in Figure 7.2 was flexible and has the advantage

of being washable, however in terms of RF performance it performed worse than any
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other due to losses. This antenna was lossy possibly due to the way the conductive
thread was embroidery. In Figure 7.2 the thread is embroidered perpendicularly to
the spiral shape, if instead the thread were be embroidered in the direction of the
spiral the resistance might be lower due to the threads being in the direction of the

current flow.

Figure 2.1 Embroidered conductive thread spiral antenna after Matthews
et al. [1]

The effects of environmental conditions on the electrical parameters of transmis-
sion lines is presented in [2]. The impact of moisture is assessed on this study, with
characteristics of am EM wave passing along a dry and wet transmission line. It was
found that with an increase in the humidity of the textile substrate, the attenuation
of the signal transmitted also increases by several dB.

Weaving is also used to integrate electronics in textiles. In [5] the integration of e-
stripes and conductive threads into woven textiles is studied, the process is compatible
with commercial weaving processes. In this study the integration technology is based
on weaving which involves two different sets of threads, the weft and warp. The
principle of a weaving machine is shown in Figure 2.2, the warp threads are stored
on the warp bean and threaded through the weaving machine. Shafts move the warp
threads up and down to form a weaving pattern. The weft threads are then woven in
the warp threads and are aligned against each other with a reed.

In this study the warp direction was used to integrate conductive threads into the

textile, serving as bus lines. In Figure 2.3 along the weft direction the authors wove
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Figure 2.2 Principle of a weaving machine after Zysset et al [5].

flexible plastic stripes which contain electronic devices (e-stripes) into the textile.

Bus device Bus lines

Contact

E-stripes

Figure 2.3 Schematic of bus structure integrated into a woven textile after
Zysset et al. [5].

In [6] flexible embroidered antennas made with computerized embroidery are in-
vestigated, the embroidery machine is shown in Figure 2.4. Different conductive
threads were used and the findings indicate that hairy finer threads have to be em-
broidered at a slower speed to reduce thread breakage. Stiff threads and fine metal
wires cannot go through the tension devices and cannot be wound into the looper
wheel of the machine. Polymer based threads were found to be easier to process.

Different conductive threads were tested and it was found that there was a great
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variation in the range of the resistance of the transmission lines created with different

conductive threads.

NI

Figure 2.4 Brother embroidery machine at Loughborough University

Different stitching properties were used in [6] when creating conductive thread
embroidered patch antennas. In this work two fabric patch antennas were made and
had their gain and efficiency compared with a copper patch reference antenna. The
stitching direction was parallel to the longer side of the patch antennas and it was
found that the antenna gain is affected by different spacing in between each stitch,
the patch antenna and a close up of the 0.8mm stitching space is presented in Figure
2.5. The authors also found that the loss is introduced by the connection between
stitches and when using closer stitching spacing, the electrical connection between
neighbouring stitches improves and the antenna has better performance.

Another factor in the choice of the material was its availability. Research carried
out at Loughborough University [7], [6] made use of the Brother Entrepreneur®PR1000
[8] embroidery machine and as this work was successful it was a natural choice for
the work in the present thesis. The conductive thread available at the lab is Liber-
ator™created by Syscom Advanced Materials [3] which has very good thermal and

chemical properties, and was a good candidate for this research. The conductive
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Figure 2.5 0.8mm stitch spacing and detail under microscope after Zhang
et al. [7]

thread used is the Liberator Fiber-20 Ag which is made of 20 filaments composed of a
lightweight, flexible and high strength fiber core with a conductive metal outer layer

of copper and silver.

2.2 Transmission line review

Transmissions lines and waveguides are a medium used to transmit RF signals by
the propagation of electromagnetic waves. They have very defined shapes in order
to confine the electric and magnetic fields, if they are not well designed there could
be losses in the transmission and some power is lost between the transmitter to the
receiver. There are many types of transmission lines and waveguides as presented
in [9] with planar transmission lines being widely used due to being compact, low
cost and easily integrated with microwave circuits.

One type of transmission line suitable for this application is the Stripline, it con-
sists of a conductive line covered by dielectric both on top and bottom and two parallel
plates on either side acting as ground plane. In [10] a textile stripline is presented, it
consists of a conductor strip sandwiched between two dielectric substrates acting as a
spacer between two parallel conductive planes. It has a low reflection coefficient from

dc to 8GHz and maintains a return loss of below 10 dB for a 180 bending condition.
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Another type of transmission line which has been successfully implemented in
textiles is coplanar waveguide. Cottet et al. in [11] have shown that this can be
implemented using copper fibers in one or two directions with different yarn fineness.
It was found that in this research the dielectric and ohmic losses do not determine
the line insertions loss, but that the loss is mainly influenced by the nonuniform
impedance profile along the transmission lines.

A screen printing technique has also been implemented [4] which presents the
major advantage of having a very accurate design when comparing to other types
of textile transmission lines. However the cured conductive silver paste suffers from
brittleness when bending the fabric or creasing the fabric, the resistance goes up due

to cracks in the silver paste.

2.3 Connector Review

After creating a wearable system it is usually measured and tested to evaluate its
properties. This is normally done by connecting the textile antennas or transmission
lines to Vector Network Analyzer (VNA) or other standard microwave measurement
equipment. This measurements are usually done by connecting one end of a coaxial
cable to the measurement equipment and the other end to the element selected for
measurement. When using typical rigid antennas or transmission lines this connection
is done by soldering a metal SMA connector to these devices.

In a textile system the rigid metal SMA connector is sometimes also used [12],
however in a textile system where the elements need to be flexible and comfortable to
wear, such rigid connectors get in the way of comfort as shown in Figure 2.6. Other
techniques of ensuring a connection, include sewing the coaxial cable with conductive
thread or by gluing it with conductive epoxy [13]. These techniques of attaching
external equipment to the textile system often have the problem of being permanent.
If one were to attach some kind of electronic equipment using this techniques, it would
not be possible to remove it when the textile had to be washed.

Since most electronic systems cannot handle the washing procedure that textiles
have to go through, there has to be a way to remove the electronic parts before washing
the textile. This requires connections that allows electronics to be easily disconnected.
Some work has been done on this by using a hook and loop connections as shown
in [15] with insertion losses < 1 dB up to 2GHz when electroplating was used to

increase hook and loop conductivity.
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Figure 2.6 Designed and fabricated textile lung sensor after Zhang L. et
al. [14]

Figure 2.7 Hook and loop test jig after Seager et al. [15]
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Snap-on buttons have also been used in [16] and [17]. In [17] the study focuses
the feeding system for disposable, single-use antennas. In this jig one button pair is

used for the signal line and the other pair for the ground as shown in Figure 2.8.

Figure 2.8 Snap-on button for coaxial-to-microstrip transition after Kel-
lomaéki et al. [17]

Here the buttons were punched through the microstrip line and ground plane.
Using a time domain measurement the reflection coefficient of the buttons was found
to be less than —10 dB within the frequency range up to 3GHz. The connection with
the buttons was found to not be repeatable as with traditional RF connectors. The
main reason was the bending of the coaxial inner conductor during the connection.
It was noticed that bending the cables when in use, the torsion easily rips the copper
foil tape off the substrate which dramatically changes the transition impedance.

In [16] the snap-on buttons are used as a detachable radio-frequency balanced
connection between a garment-integrated textile dipole antenna and a passive sensor-
enabled radio-frequency identification (RFID) tag. The flexible textile antenna that
was developed has a reflection coefficient of < —10 dB ranging from 780MHz to
1030MHz. The snap-on buttons used are of sewn-on type as shown in Figure 2.9, the
buttons were sown to the conductive textile using conductive thread.

Measurements on a 100mm length back-to-back balanced transmission line struc-
ture the buttons show an insertion loss from 0.29 dB to 0.76 dB up to 5GHz.

Another study on the subject of connectors was also developed in [18]. In this pa-

per four connection strategies to connect an SMA connector to a textile transmission
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Figure 2.9 Snap-on button and CST model dimensions [mm)] after Chen et
al. [17]

line are investigated. The connections are based on conductive epoxy, snap-on but-
tons, butterfly clasps and what the author calls wing solution. The snap-on connectors
presented previously were attached to a textile antenna, while in this study they are
attached to a textile microstrip line. However the authors noted a discrepancy when
comparing the simulation results with the results measured with the snap-on but-
tons. The conclusion was that the snap-on buttons compress the dielectric too much,

altering both physical and electrical properties.

Figure 2.10 Investigated connection strategies, from left to right, conductive
epoxy, snap-on buttons, butterfly clasps and wing solution after Pinapati et
al. [18]

The conductive epoxy has been mentioned before and the same conclusion applies
here. It has excellent agreement between simulated and measured results but it is not
suitable for practical applications, as bending the structure can crack the conductive
epoxy.

Butterfly clasps are commonly used for earrings. In the authors solution the
looped arms of the butterfly clasp, hold the central pin of the SMA connector. Al-
though it is a feasible solution, the physical structure is non-planar. This can be
uncomfortable to use on the body and the connection itself is easily disconnected.
Movement will make the arms of the clasp move apart and not make the necessary

pressure to have a good electrical connection to the SMA’s inner conductor.
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The last strategy is what the authors call 'wing’ solution. They begin by first
cutting a tail, or a thin strip of the conductive fabric where the connection will be.
Then the inner pin of the SMA connector is removed and this thin strip of fabric is
passed through the teflon part of the SMA. Finally, the SMA pin is put back in and
the extra fabric removed. This connection has similar electrical to the conductive
epoxy but is more resistant to bending and deforming.

Another type of connector that is used on textile electronics, due to its small size,
is the Ultra Small Surface Mount Coaxial Connector (USSM). These connectors have
a very small height of 1.9 or 2.4mm and a mounting area of 7.7mm?. They are usually
used in cellular phones, wireless communication devices, bluetooth and GPS among
others due to their high frequency transmission of DC to 6GHz and their small size.

All this connectors can also be called microwave transitions, which are a mech-
anism by which electromagnetic waves on one type of transmission line couple to
another type. As presented in [19] besides having a good impedance match between
both transmission lines, it is also necessary to have a good field transition. A tran-
sition must provide an efficient field transition between two mediums by gradually
changing physical boundary conditions. This field matching is a function of the
change in the boundary conditions due to the transmission line shape changes. This
is usually why step or tapper transitions are used to achieve a field and impedance

match.

2.4 Transmission Line Design

In the early days of RF and microwave design, systems relied on two-wire lines,
coaxial lines and waveguides for transmission. As everything in RF, these systems
have their pros and cons. Two-wire lines are cheap to build but have no shielding and
are subject to cross-talk interference. Coaxial lines on the other hand, are shielded
but are difficult to implement in microwave components. Waveguides are low-loss and
can handle high-power RF but can be heavy and bulky. The type of transmission line
used in this work is the planar transmission line, these types of lines are compact,
low-cost and are the easiest to integrate into microwave circuitry.

Transmission lines can be characterized by different aspects. Impedance, reflection
coefficient, electrical length, voltage standing wave ratio or VSWR among others.

These characteristics evaluate how well transmission lines behave.
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2.4.1 Impedance and reflection coefficient

In its most basic form the characteristic line impedance Z, is the relation between the
current and voltage on the transmission line. Shown in Equation 2.1 is the mathemat-
ical expression of the characteristic impedance. This impedance can approximately
estimated using empirical formulas for specific transmission line types which will be
demonstrated later.
n _
AP o)
Impedance is useful to calculate how much power is transmitted across a transmis-
sion line and how much power is reflected back. This happens if there are impedance
mismatches between a generator and a transmission line or a load. To calculate re-
flections the reflection coefficient I' is used. It is the ratio of reflected to incident
voltage at a certain location.
In Fig 2.11 a schematic of a load impedance connected to a finite transmission
line of length [ is presented. Here I'; is the ratio of reflected to incident voltage wave

at the load location z=0, shown in Equation 2.2.

Zin FO

|
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@ L
z=0
Figure 2.11 Terminated transmission line at location z=0

—_— Vﬁ
=7
At location z = —I the total input impedance Z;, is calculated. At z = 0 the

T, (2.2)

impedance is the load impedance where Z, is the characteristic impedance of the
transmission line. From Equation 2.3 the reflection coefficient I'y can be obtained as
shown in Equation 2.4. As it can be seen, the reflection coefficient does not depend on

the length of the line only on the impedance of the line and load. If the characteristic
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impedance of the line and the transmission line are equal, I'y = 0 and there is no

power reflected.

14T
Z(O)_ZL_Zol_FO (2.3)
0
Z; — 7
r,=>"210 (2.4)
07 7, + 7,

2.4.2 Microstrip

Microstrip is one of the most used types of transmission lines, it is cheap to manu-
facture and easy to integrate in microwave circuitry. It can be considered to have
evolved conceptually from a two-wire line. It is composed of a ground plane covered
by a dielectric with thickness d and a top conductor track of width W, the geometry
can be seen in Fig. 2.12. The open top configuration of the microstrip line makes it
very convenient for use with discrete lumped devices. However the open structure of
the microstrip also has disadvantages. Due to the dielectric-air interface, the mode
of propagation in a microstrip is a non-TEM hybrid mode. This happens due dif-
ferent phase velocities of the TEM fields on air and dielectric. Since the dielectric
substrate is usually very thin d <« A, the fields are quasi-TEM [9]. Good approx-
imations for the phase velocity, propagation constant and characteristic impedance
can be obtained from static solutions. To obtain the approximate effective dielectric
constant, equation 2.5 is used [9]. This equation treats the air and dielectric region

as an homogeneous medium.

(2.5)

—W—]
€, d
/0 X
z Ground plane

Figure 2.12 Microstrip line geometry from Pozar et. al [9]
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Figure 2.13 Microstrip eletric and magnetic field lines from Pozar et. al [9]

As previously explained, an approximation of the characteristic impedance of a

microstrip can be calculated using Equation 2.6 obtained from [9].

ﬂln <%+W) for W/d <1

€, W ' 4d

2
Ve W/d +1.393 + 0.667In (W /d + 1.444)]

In this work, microstrip was the first type of transmission line to be evaluated due
to its widespread use. Patch antennas are widely used for on the body applications
due to being low profile. And in many cases microstrip feed lines are the most common
in these antennas. This and the fact that microstrip has a ground plane that reduces

the effect of the body makes it a good candidate for this application.

2.4.3 Grounded co-planar waveguide

Coplanar waveguides are transmission lines that have all of the conductors in the
same plane. While there are a few different models, the model that has been used
in this work is the grounded coplanar waveguide or GCPW shown in Fig. 2.14. It
has advantages when compared to microstrip when used with active circuitry due to
the presence of the central conductor and the close ground planes on top. As this
GCPW is to be worn close to the body, by including a conductor backing both the
mechanical strength as well as resistance to the effects of the body are increased.
However, conductor backed CPW lines support a parasitic microstrip mode as well
as leaky modes which will be talked about later.

Shown in Fig. 2.15 is a traditional CPW it consists of two slots of width W and

a central conductor S. The electric and magnetic fields are shown in Fig. 2.16. The
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fields of the CPW line are more sensitive to coupling above the line due to being less

confined than in microstrips.
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Figure 2.14 Grounded CPW geometry from Gupta et. al [20]
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Figure 2.15 CPW line geometry from Gupta et. al [20]

As with microstrip, it is possible to have an approximation of the characteristic
impedance of the GCPW as shown in Equations 2.7 to 2.10. Z, is related to the
width of the central conductor S as well as the side gaps W. Also in order to avoid

microstrip modes h >> b.

=S
¢ (2.7)
b=S+2W
=a/b
k \/1—k2
kU =1 — k2 (2.8)
kl . tanh(%)
tanh<4b>
| 4 ¢, KW Kk
K(k) K(kU)
€ 2.9
£f = KO K (2:9)

K(k) K(kU)
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Figure 2.16 CPW eletric and magnetic field lines from Gupta et. al [20]
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Similar to microstrip, GCPW having a groundplane helps reduce the effect of the

body in the transmission line. Although microstrip is more common, CPW is also
present in many antennas and systems. The limitations of the textile CPW design
are related to the small dimension of the gaps and difficulties with the embroidery as

will be explained later.

2.5 Microwave Transition Design

As previously discussed, a microstrip transition was designed to connect textile RF
equipment to traditional RF equipment. In transitions between different types of
transmission lines reflections can occur due to different media, physical boundaries
or impedance differences. According to [19], designing a transition must not only
take into account impedance differences but also field transitions. Impedances should
be matched in order to maximize coupling and minimizing reflections. As for field
transitions, the change from one transmission line to the other should have a smooth
and gradual transition in the boundary conditions. The gradual field match is related
to the change in boundary conditions, as the transmission line changes shape the field

geometry will also change.

2.6 Conclusion

As presented in this chapter several types of materials are used in textile wearable

systems. For this study, conductive thread was chosen due to being more resilient to
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bending and washing. It was also found that there is a lack of high quality removable
interconnects in the literature. Some work in the literature has been done with snap-
on buttons and butterfly clasp but these have associated problems such as not being
planar structures. For this work, small magnets were used to attach the interconnect
to the system, which is a novel use for magnets in the area. The interconnect in
study is also a planar structure which means that is conformable to the body. Work
has been done as well on planar textile transmissions lines and shown to have good
RF qualities. This is also why the interconnect was developed as a microstrip and
coplanar design.

The transmission line theory presented in this chapter will be used in the design
and analysis during the following chapters. An impedance of 502 at the required
frequencies is desired, this will be obtained by designing a transmission line with the
correct dielectric thickness and conductor width. A 502 will reduce the reflections
due to impedance mismatch between the model and measurement cables. The focus
of the next chapter is the design and full characterization of the textile microstrip

model.
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Chapter 3

Textile Microstrip Characterization

3.1 Introduction

This chapter will cover topics related to the study of a textile to FR-4 microstrip
transition. The first section will present a proof of concept, to find whether holding
the textile microstrip in place with magnets will negatively affect the connection. The
following two sections 3.2 and 3.3, will present work done in trying to simulate this
proof of concept model. A comparison between the results obtained from simulating
the model using CST microwave studio software and the measurement of the built
prototype are shown. On section 3.5 the the proof of concept is expanded by pre-
senting a full textile microstrip prototype. This prototype is used to bridge a gap in
a FR-4 microstrip and the results are shown. Afterwards in section 3.6, the full tex-
tile prototype is used to connect a textile antenna to a VNA and some repeatability
measurements are also presented. Finally in the last section 3.7, the full jig of textile
to FR-4 transition is characterized. Every part of the system is characterized and by
de-embedding each individual part, the effect of the connection between textile and

copper is presented.

3.2 Proof of Concept

The first step of the project was to envision what type of transition to build. Mi-
crostrip transmission lines are widely used to feed planar antennas and the fact the
microstrip has a ground plane to reduce the negative effects of the proximity of the

body makes it a good candidate. To have a removable connection it was thought to use

24
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small magnets to provide the mechanical strength. The magnets used are Neodymium
Iron Boron (NdFeB) Nickel coated magnets and two sizes were tested. The smaller
magnets are 3 X 1 mm cylindrical magnets and the larger ones are 10 x 3 X 2 mm
rectangular magnets [1]. However, to be sure about the effect that these magnets
would have on a microstrip two test boards were created. One consisted of a 5052
microstrip transmission line etched in FR-4 and the other was a similar prototype
but with some of the top conducting layer etched out. These schematics are shown

in Fig. 3.1 and pictures of the manufactured boards boards are shown in Fig. 3.2.
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Figure 3.1 Schematics of the boards used to test the effect of permanent
magnets on the performance of a microstrip line

Also to test the effect of the magnets, a copper line was etched on a very thin
dielectric with the same width as the microstrip top track and will be used to bridge
the gap in the FR-4 prototype. The electrical properties of both microstrip prototypes
were measured, using both small cylindrical as well as the rectangular magnets to hold
the thin dielectric in place. The microstrip prototype jig with the thin dielectric line
being held down by magnets is shown in Fig. 3.3 with the circular magnets and 3.4
with the rectangular magnets.

The measurement results are presented in Figs. 3.5 and 3.6. The circular magnets
are the same width as the transmission line and do not seem do have a big influence
on the measured results. The rectangular magnets were placed perpendicular to the
transmission line, since the short length of the line did not allow them to be put along
the direction of the conductive track. The results with the rectangular magnets were
not as good as the cylindrical ones, perhaps due to the increased size of the magnet.

For the measurements with the circular magnets the S;; is below —15 dB from
0.2GHz to 3GHz. For the S12 the value has its lowest value of approximately —1.1
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Figure 3.2 Transition used to test the effect of permanent magnets on the
performance of a microstrip line

Figure 3.3 Test jig using circular magnets to hold conductive line in place

dB which means that at least 77% of power is transmitted. The rectangular magnet
results didn’t perform as well with S;; having a maximum of approximately —8 dB
and for the S;, the lowest value was of —1.5 dB close to 1.9GHz.
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Figure 3.4 Test jig using rectangular magnets to hold conductive line in

place
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3.3 Simulated Model and Comparison with Mea-

surements

After the measurements shown in the previous chapter, the next step was to simulate
the same transition using textile materials and compare with measurements. To
simulate conductive thread embroidered in denim, the textile conductive line was
modeled in CST MWS as a block of material. The model is a 40 mm long microstrip
etched in FR-4 where the conducting line has a 16 mm central gap etched out of the
conducting track as show in Fig. 3.7.

The values of the Denim permitivity (e,) were obtained from [2] and were set
as €, = 1.8, the Denim’s thickness was set to 0.45 mm. The magnet’s electrical
conductivity was obtained from [1] with the value of 0.47 x 10° S/m. The magnets
are placed directly above and below the textile conductive line. This placement is
used for the magnets to apply contact force between the conductive thread and the

copper line as show in Fig. 3.8.

16 mm

Figure 3.7 Top view of the microwave transition without textile or magnets

magnets

Liberator thread

Figure 3.8 Simulated model with rectangular magnets

The conductive thread used is Liberator’ " created by Syscom Advanced Materials.
A specification sheet for the thread can be found in the Appendices on Chapter 7.

Simulating a textile embroidered microstrip with all the individual physical charac-
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teristics of the physical prototype, such as individual strands would be very computa-
tional intensive. So the embroidered microstrip was simulated as a rectangular block
of material. To simulate the textile microstrip as a block of material the conductivity
that was used in CST, was calculated in the following manner. A microstrip line 25
mm long and 3 mm wide was embroidered with a density of 7 lines/mm, in a 3 mm
wide section there are 21 lines of thread. With the DC resistance value r of 6.67
2/m obtained from the spec sheet, the resistivity p was calculated using equation
3.1. Where A is the metalized area of the cross section in each thread in m? and I the
length in meter. Since we already have the value of the resistance per length from

the specification sheet, the equation can be simplified.

l
R=px—
R .
pZTXA:T’XA

Looking at the specification sheet, one Liberator 20 core yarn has 157.5 um diam-
eter. When metallized the diameter increases to 221 um. Calculating the metallized
area for outer coating of the yarn gives us a result of approximately 1.88 x 10* pm?
which is 1.88 x 10~8m?. In the embroidered 3mm wide microstrip there are 21 threads

side by side. Which means the total metallized area is

1.88 x 1078m? x 21 = 3.95 x 10~ "m? (3.2)
Going back to Equation 3.1, where A = 1.62 x 10~"m? we have
p=rxA,

p=6.67Q/m x 3.95 x 10~ "m?, (3.3)
p =263 x10°°Q.m

To calculate the value of conductivity

1
p (3.4)
3
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For the textile prototype, the textile conductive thread was embroidered in denim
using under-sewing, this means that the conductive thread is set up on the looper
of the embroidery machine as shown in Figure 3.9 in blue. By adjusting the tension
of the threads on the embroidery machine it is possible to have the thread from
the bobbin remain flat against the fabric. Having the conductive thread remain flat
against the fabric instead of being embroidered on the top track that goes through the
denim, reduces the resistance and improves the quality of microwave transmission on
the prototype. Previous research done in [3] and [4], showed that higher efficiencies
were achieved when the conductive threads were embroidered in a direction parallel
to the current flow.

The conductive line was then set up in place, Figure 3.10 shows the textile line
attached with the rectangular magnets. In this picture, the microstrip line facing the
camera is actually non-conductive textile thread, the conductive textile is under it

being pressed to the etched copper by the magnets.

Figure 3.9 Bobin with top thread and looper thread [5]
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Figure 3.10 Test jig using rectangular magnets to hold conductive textile
line in place

3.4 Comparison between measurements and simu-

lated results

Measurements were made using an Anritsu MS4622B VNA, the microstrip gap was
covered either with the copper line etched in dielectric or with the conductive thread
in denim. In this measurements it was found that the circular magnets do not have
enough force to hold the denim in place, and any small movement will displace the
textile line. The rectangular magnets however perform quite well in maintaining the
denim piece in place.

In Figure 3.11 and Figure 3.12 there is a small difference between the simulated
and measured results. It could be due to material differences between the simulated
conductive line and real conductive line. There is an improvement when the rect-
angular magnets are used with the textile conductor embroidered in denim when
compared to the etched line in thin dielectric, it could be because the orientation of
the magnets is different but mostly due to the increased spacing between the magnet
surface and the conductive line due to two layers of fabric.

The value of S, when using the conductive textile remains above —1.5 dB which
is around 70% power transmitted. Ideally this value should be above —1 dB for a
good transmission of power.

After these measurements it became apparent that both the magnets and con-

ductive textile thread are feasible for a textile-to-rigid dielectric transition. The next
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Figure 3.12 S, results using rectangular magnets

step was to create a fully embroidered transmission line.
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3.5 Full Textile Transition

Up to this point, the prototype that was being used was only a top conducting track
of conductive thread sitting on top of a FR-4 board bridging the gap in a copper
track. To measure a full textile microstrip new FR-4 boards were created.

To evaluate a transition between a rigid FR-4 microstrip and a fully textile one,
a model was simulated using CST® MWS. The results, which will be presented later
demonstrated good RF characteristics and a prototype was embroidered. To test
the transition a copper microstrip was etched in a rigid FR-4 dielectric board. This
board then had a 16 x 25mm square area cut from the central area of the board to
accomodate the textile microstrip. Figure 3.13 presents the schematics of the rigid

dielectric board, Figure 3.14 the textile microstrip and Figure 3.15 the assembled test
Jig.

Rigid Board
35
-—mm__
3——»—» l—
mm A
ot & € Copper 3
< £ = FR4 [
25
l mm
[
Top view Bottom view

Figure 3.13 Board prototype used in full textile transition jig

The conductive textile microstrip was embroidered on a top denim layer that was
later attached to three extra layers of denim with the goal of having 1.6 + 0.1mm
thickness, roughly the same thickness as the FR-4 board. With the added thickness
of the conductive line, the textile microstrip was found to be close to 2.6mm thick. As
a ground plane for this textile microstrip the conductive textile fabric Nora-Dell [6]

was used. The textile microstrip line is 5mm wide while the line etched on FR-4 is
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3mm wide with a step transition between the two, both have been designed to have

an impedance of 505).

Close up of textile transition
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Figure 3.14 Textile microstrip prototype used in full textile transition jig
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Figure 3.15 Jig used in the measurements of the fully textile transition

The system was then connected to a Anritsu 37397D Vector Network Analyser via
the SMA connectors on the FR-4 board with the textile microstrip bridging the gap.
The magnets were tested in two configurations, transverse to the microstrip line and
parallel to the microstrip line. The results presented next are the measurements done

with the magnets in different configurations, with the FR-4 board without the textile
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microstrip covering the gap and the CST® simulation results. Measured results with
the whole jig sitting on top of a human hand are also presented. The results are
shown in 3.16 and 3.17 next to the measured results of the transition presented next.

In Figure 3.16 all of the measurements performed seem to have results that are
similar to the CST simulation. The biggest difference is found at higher frequencies,
this could be due to the electrical length of the simulated model being slightly different
from the constructed prototype. The Reflection Coefficient has a maximum of —13 dB

at 2GHz and an acceptable impedance match up to 3 GHz.
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Figure 3.16 S, results with different jig configurations

In Figure 3.17 the values for the measured S,; vary from —0.1 dB at 0.2 GHz
up to —0.9 dB at 3 GHz when the textile microstrip with the magnets is used. This
demonstrates a good RF connection in the frequencies presented here. In both figures
3.16 and 3.17, the results with the jig sitting on top of a human hand do not have
a noticeable difference when compared to the measurements when the hand was not
present. This indicates that the body has a very small effect on the transition due to
the ground plane.

The structure was also measured without the microstrip covering the gap and with

the microstrip in place but without using the magnets. This was done to evaluate
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whether some power could be transmitted even without the textile bit and to check
if the magnets are really necessary to apply contact force and establish a good RF
connection. When the microstrip is not present the results for the insertion loss drop
to around —50 dB which means that virtually no power is being transmitted when
the textile microstrip is not used. When the textile bit is put in the gap but the
magnets are not used, the insertion loss values are below —13 dB which translates
to roughly 5% power transmitted. It can be said that in this jig, the magnets are
essential to ensure good contact between the copper microstrip and the conductive
thread.

The textile microstrip prototype demonstrates to be able to make a good RF
connection at these frequencies. The orientation of the magnets seems to not have
much effect on the final results. The prototype is also resilient to the effects of close
proximity to the body, the results with the hand are very close to the rest of the
measurements. It can also be said that the magnets are essential for the structure
to have a good electrical connection. The next section covers measurements of an

antenna when using a regular SMA connector and while using the textile interconnect.
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3.6 Testing with Textile Antenna and Repeatabil-

ity Measurements

After the measurements with the fully textile transition, a textile antenna was con-
nected to a VNA using the textile connector developed as shown in Figure 3.18. The
connector differs from the previous one in that only one side of the textile is attached
to a FR~4 part, using the other side to attach to the antenna. This antenna [7] is an
inverted IFA, a comparison between the measurements with and SMA and the textile

connector was done.

Figure 3.18 Jig used when connecting the textile antenna to the VNA

In [7] the S;; result for this textile antenna is —30 dB when using a rigid SMA. The
results that were obtained on the measurement day had some difference, this could be
due to some problems in the solder of the SMA to the textile antenna. The measured
results are presented in Figure 3.19, it is shown that when using the textile connector
the obtained value of S;; was approximately —30 dB at the resonant frequency. The
measurement shows that the textile connector does not change the resonance of the
antenna but has slightly increased the bandwidth of the system. This could be due
to the extra added length of the feeding line.

A repeatability measurement was done by attaching and removing the connection
from the antenna ten times. In Fig. 3.20 the results of ten different measurements are

presented. There are slight variations in the results but that is to be expected. The
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Figure 3.19 S;; results with SMA connector and using textile connector
biggest variation is S;; of —17 dB in the first measurement and S;; of —24 dB for

the third measurement. This is due to small changes in the positions of the magnets

or slight misalignments between the feeding microstrip lines.
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Figure 3.20 S;; results for ten different measurements

The interconnect was attached and roughly aligned with the antenna feeding line.
As presented with the repeatability measurement, the interconnect shows resilience

to errors related to the connection. There seems to be no detuning and only a slight
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change in the S;; value for the resonant frequency. This is an important factor in a

system that requires frequent attachment and removal of electronic components.

3.7 Textile Microstrip Characterization

3.7.1 Different Textile Lengths

As presented in the previous chapter 3.6, the textile microstrip had good results when
measured on its own. It also did not seem to change the measured antenna S;; results
by too much, so the next course of action is to characterize the textile transition.
For the first step three new FR-4 boards were made, one with a short gap of 1.6cm,
another with a long gap of 5cm and a microstrip board without gap. Two textile
microstrips are also embroidered to cover these gaps in the rigid boards. Making two
measurements with different lengths of textile microstrip, the effect of the textile on
the transmission line could be obtained. The three boards can be seen in Fig.3.21,

all of them have a length of 9 cm and the top conductor is 3 mm wide.

Figure 3.21 Different sized FR-4 boards used to characterize textile con-
nection

For the textile transmission lines to be held in place by magnets, they need to be
longer than the gaps in the rigid dieletric. This is so that there’s extra fabric above
and below the gap for the magnets to hold in place. With this in mind, the textile
transmission used to bridge the 5cm gap is 6.5cm long, and the textile line used on

the 1.6¢cm line is 3cm long. Since denim is quite lossy, differences are to be expected
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between long and short textile lines with 6.5cm and 3 cm respectively. The results
from this measurement are shown in Figs. 3.22 and 3.23. The measurement where
the long textile microstrip is bridging the gap has much higher losses than when a
short length is used. The biggest difference in S,; is around 1.43 dB at 2.15 GHz
between the short and long textile prototype. The drop in power can be due to
some reflections due to material differences between denim and FR-4 and to denim’s
lossy properties. These reflection could be creating a standing wave in the textile
part which is radiating. The length of the long textile microstrip is 65mm which is
approximately A/2 of 2.3GHz which coincides with the centre frequency at which our

loss of transmitted power is highest.
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Figure 3.22 S;; results for the three different microstrips

With the results for the full FR-4 board with the two textile transitions, the effect
of the textile microstrip was to be obtained. However, more important than the
effect of a predetermined length of textile microstrip was the effect of the connection
between textile and copper. With the prototypes presented here the effect of the
difference in length of the textile microstrip could be observed. Despite this, in order
to de-embed and measure the effect of the textile to copper connection new prototypes
were created to use de-embedding theory. The new prototypes were required because
each part of the system had to be measured individually, as will be explained later
in the de-embedding chapter. The FR-4 board prototype was adapted for these new
measurements, by using only the short length of FR-4 that connects the textile to the

SMA connector. The textile microstrip has the same dimensions but two prototypes
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Figure 3.23 S;; results for the three different microstrips

are now embroidered as shown in Fig.3.24. One prototype will have SMA connectors
soldered to both ends and the other prototype will have only one side soldered to a
SMA. This second prototype is the one that will be used to connect to a VNA and
have a full measurement of a textile to rigid dieletric transition.

The SMA adapters were first soldered to a Nora-Dell backed textile microstrip.
The solder worked but it proved extremely difficult due to heat related problems.
Nora-dell begins to deteriorate with the heat and copper tape was thought of to
simplify the soldering procedure.

Two FR-4 microstrips were also created, Fig.3.25. The prototype on the left is
used to connect to the textile microstrip with one SMA, to have a measurement of
the full system shown in Fig3.26.

These prototypes were created to individually measure each part of the system,
with the ABC'D parameters for each device de-embedding is possible as will be ex-

plained in the next chapter.
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Figure 3.24 Two prototypes of the embroidered microstrip. One with sol-
dered SMA at end and the other with open an open end to attach to FR-4
adapter

Figure 3.25 FR-4 adapters used for de-embedding
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Figure 3.26 Textile to FR-4 transition for the structure shown in Fig. 3.15
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3.7.2 De-embedding theory

De-embedding is the act of removing some part of the system that is currently being
measured for the results. There are various ways to characterize a microwave network,
Z,S and Y parameters can be used for an arbitrary number of ports in a network.
However, most microwave networks are composed of cascaded connections between
two or more two-port networks [8]. For this type of network, ABC' D parameters were
used to define an ABC'D matrix for each two-port network. In this case the ABC'D
parameters were obtained from S parameters, the conversion table can be found on
Table 4.2.

Complex devices can be modelled as two-port networks models as shown in Fig.
3.27, which are represented by four external variables: V;, I; which are the voltage
and current at the input port and V,, I, voltage and current at the output port. Take
into account that in Fig. 3.27 I, is the current flowing out of port 2. A two-port
network can also be thought of as a black box, modelled by the relationships between
the four variables V;, V,, I} and Is.

port network.bb port network.bb

1 I
—_— —_—
Port + v A B % Port
- = [c u] 5

Figure 3.27 A two-port network, from Pozar [8] et al.

The ABC' D matrix is defined in terms of voltages and currents as the following:

V, = AV, + BI,,
1 2 2 (3.5)
Of when using the matrix form as:
Vi _ A B| |V, (3.6)
I, C D| | '

Using ABC'D parameters is very useful because it simplifies the analyses of com-

plex systems. Since each device can be modelled by a two-port network, a series of
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ABCD Parameters S Parameters
A (1+571)(1 — Ss5) + 51255
B 7 (1+571)(1 + S55) — S1255
0 255,
C i<1_511)<1—522) — 51255
D (1= 571)(1 + Ss5) + 51255

Table 3.1 S parameter to ABC' D parameter conversion table from Pozar et
al. [8]

devices connected together can be modelled by a cascade of their individual two-port
networks as shown in Fig. 3.28. In this case, the ABC'D parameters of the combined

network are obtained by matrix multiplication of each individual two-port network.

1 Iy I3
—_— — —
—_—] o —
+ Ay By + Ay By +
Vi Va V3
—0— o 5

Figure 3.28 A cascade connection of two-port networks, from Pozar [8] et
al.

The cascade connection of the two networks in Fig. 3.28 can be represented in

matrix form as:

Vi
I

Ay B
Ci Dy

Ay B,
Cy D,

Vs
I3

(3.7)

This theory is used to de-embed individual parts of a system. By having the
ABCD parameters of a device, using matrix multiplication theory the effect of the

device on the network can be removed.
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3.7.3 De-embedding and Results

To apply this theory to the prototypes presented in the previous chapter, each in-
dividual device was measured with a VNA to obtain its S parameters. From the
S parameters, ABCD parameters were obtained using Table. 4.2. These measure-
ments provide us with the ABCD matrices of each device on the system. When
the microstrip with both SMAs from Fig. 3.24 was measured, its S parameters were
obtained and then converted to ABCD parameters, obtaining the matrix in Eq. 4.1.
The SMAs were de-embeded by moving the VNA’s measurement plane forward, this
is possible because the SMA connectors have well known parameters and can be easily
de-embeded.

A B

. (3.8)

textile_microstrip

The reason that de-embedding is necessary is to obtain the effect of the transition
from textile to copper. That transition is the small length where the conductive
textile sits on top of the copper microstrip. In Fig. 3.29 this transition is the one
directly under the magnet. This small length is considered as a device in the system,
this is so that it can be modeled as a two-port network and extract its parametes
with de-embedding theory.

To help visualise the cascade connection of the devices in our textile adapter shown
in Fig 3.26, a composite figure has been created. The adapter is considered to have
three devices, the textile microstrip, the textile to FR-4 connection and the FR-4
microstrip. Since the SMA connector effect has been removed by the measurement
in the VNA, these are not accounted for. The cascade connection of these two-port
networks can be shown mathematically as the multiplication of each two-port network

ABCD parameter matrix, as shown in equation 4.2.

A B [4a B A B

¢ adapter ¢ textile_microstrip ¢ textile connection (3.9)
A B '
C

frd_part

This brings us up to the composite figure, Fig.3.29. In this figure the labels of the

devices have been superimposed on the prototype. The label ’adapter’ is what has
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been designated as the ABCD parameters of the whole system measurement, "tex-
tile_ microstrip’ is the label that refers to the measurement of the textile microstrip,
'Frd_part’ is the label for the individual measurement of the FR-4 microstrip and
‘textile connection’ is the label assigned to the two-port network that is the textile
to copper transition.

To extract the parameters for the textile to copper transition, Equation 4.3 will

be rearranged into:

-1

A B [a B A B
¢ textile_connection ¢ D textile__microstrip C adapter <3 10)
-1 :
A B
C

frd_part

Textile adapter measurement

textile_microstrip

|-
|‘ ' l

Figure 3.29 Textile to FR-4 transition with ABC'D parameters displayed
for each device.

The individual measurements for the textile microstrip, FR-4 microstrip and
adapter are presented in Figures 3.30a and 3.30b. The measurements of the tex-
tile microstrip and FR-4 microstip were made using prototypes with the same length,
and the measurements were done between Port 1" and Port 2. For the textile adapter
the measured system is slightly longer in length, the port was moved further out as
it was measured from Port 1 to Port 2.

The results for the textile microstrip and copper microstrip are very similar, with

S results above —1 dB throught the frequency range as shown in Fig. 3.30b. The
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Figure 3.30a S;; Comparison between FR-4 microstrip, textile microstrip
and textile adapter

measurement with the adapter has a clear loss of power after 2 GHz down to —3 dB
at 3 GHz. From the S;; measurements the adapter model seems to have high losses at
higher frequencies. In previous studies using a much shorter transmission line [9] this
drop in power was not observed, even thought two textile to copper transitions were
being used. This loss in power is most probably due to the sudden dielectric change
from Denim €, ~ 1.8 and FR-4 ¢, ~ 4.3 which creates reflections. If comparing
to [9] the difference can be attributed to the increased length of the lossy textile
transmission line.

As for the de-embeded result of the textile to copper transition shown in Fig.
3.31 it has very good power transmission up to 2 GHz which then degrades to —2 dB
at 3 GHz. It seems that this specific adapter is useable for frequencies up to 2 GHz
without much deterioration of the signal. By doing the de-embeding it is also possible
to insert the effects the transition has on another system, for example to connect a
textile antenna. By cascading the two-port network parameters of the system with
the two-port network parameters of an antenna, the effect of the connection can be

predicted.
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3.8 Conclusions

1 1.5 2
Frequency (GHz)

2.5

In this chapter the introduction of the textile connector was made. The early pro-

totypes were a proof of concept to test out if the textile transition using magnets

would work. The obtained results were promising and more work was done to create

the full textile transition. It was apparent that the magnets could indeed be used
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to apply contact force on a textile-to-copper transition, and such magnets would not
have a negative effect on the results. A measurement with a textile antenna was done
and as the results revealed, the usage of the textile connector did not have a negative
impact on S;; measurements when using that specific antenna. This created the need
to characterize the connector so that its effects could be predicted when used in a
system with an antenna.

The longest part of this work was the characterization of the connector. By looking
into de-embedding theory, it was found that it could be useful in characterizing this
connector. As has been shown in the previous section, the connector was successfully
characterized and the effect it has on a system can be inferred. However this is
only valid for the specific connection in question. If one were to change the length
of the textile transition, the results would most definitely be different. With a few
different standard interconnects it could be possible to predict the effect these would
have on other systems and use them in other research. Removable textile connects
could benefit the wearable textile research area. When testing the effect of washing
or environmental effects on textile systems, the interconnect can be removed and will
not be affected by these tests.
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Chapter 4

Textile Grounded Co-planar

Waveguide Characterization

4.1 Introduction

This chapter presents another type of textile to FR-4 transition, this time using
Grounded Coplanar Waveguide, it is referenced in this chapter as CPW. The chapter
begins with a short introduction on CPW and follow on to presenting the simulation
of the CPW model. In section 4.3 the CPW model simulation model is presented,
the software AWR Microwafe Office was used to simulate this model. Afterwards on
section 4.4 the detailed embroidery process of the textile CPW prototype is shown.
In section 4.5 the results of each individual part of the simulated model and measured
prototype are presented and compared to one another. The last section 4.6 is similar
to the section in the last chapter 3.7, where the characterization of each individual

part of the system is characterized and de-embedded.

4.2 Coplanar Waveguides

Similar to microstrip transmission lines, coplanar waveguides can also be thought of
as a flattened coaxial cable. It is different from microstrip because it has the ground
plane on the same layer, the top layer has a central conductor and the ground plane on
each side, which is the most common CPW design. Usually, CPW lines do not need a
ground plane if the dielectric is thick enough for the majority of the EM fields to not

leave the substrate. However, since this design is to be used in a wearable system, it

93
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can not be too thick so a Grounded CPW model is used. The main difference between
classic CPW and grounded CPW is the use of a ground plane in the bottom layer
of the CPW. In this case it will help shield the transmission line from the effects of
close proximity to the body.

Top ground  Central
plane conductor

| A

Via Dielectric Bottom ground
plane

Figure 4.1 Grounded coplanar waveguide, with via showing through dielec-
tric

4.3 Simulated Model

A Grounded Co-Planar Waveguide was the second type of transmission line tested
as a connection between textile and rigid circuitry. The design began by creating
a model in AWR Microwave Office with the correct dimensions and the simulating
it using AWR Analyst. Analyst is National Instruments AWR Design environment
3D EM solver [1]. It is a fast and accurate solver that can simulate more than one
dielectric substrate in the same model. A tool that comes with AWR software called
TXLine was used to obtain the correct physical dimension for a 50 € line. The
FR-4 values used were €, = 4.3 and loss tangent § = 0.02. For Denim the values
were obtained from [2], €, = 1.8 and tangent 6 = 0.07. With such a big difference
in dielectric constants, the dimensions for a 50 2 coplanar waveguide will be very
different depending on dielectric. Consequently the short length of FR-4 is tapered,

to make a smoother transition between FR-4 dielectric and Denim dielectric.



Textile Grounded Co-planar Waveguide Characterization 55

Due to the fabrication process, mainly the embroidery machine and conductive
textile thread properties, some limits were imposed to the model. The gap G between
the central conductor and side ground planes was set to 1 mm, it is very difficult to
create a gap smaller than this when using Liberator 20, as the thread tends to fray
and some strands of thread might bridge the gap creating a short circuit.

Figures 4.2 and 4.3 show the top and 3D view of the simulated model, the box
around the design is the boundary used by the software. The model is composed of
two parts, the left side with L, length is the FR4 adapter while the right side is the
textile model.

Figure 4.2 Top view of CPW model in AWR Microwave Office

Figure 4.3 3D view of CPW model in AWR Microwave Office
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In Table 4.1 the dimensions W, and W, are the different widths for the central
conducting line on Denim and FR-4 respectively. The height between top ground

plane and central conductor remains the same.

CPW Dimensions
G 1 mm
W, 5 mm
W, 2.7 mm
H 1.6 mm
L, 65 mm
L, 17 mm

Table 4.1 Dimensions of simulated CPW model

This design is harder to do in textile than the microstrip. If the distance between
the bottom ground plane and the central conductor is smaller than gap between side
ground planes and central conductor, the circuit behaves as a microstrip line and
not a grounded coplanar waveguide [3]. In the end, the height H was set to 1.6 mm
for two reasons. First it is the average thickness of the FR-4 dielectric that we have
used previously, secondly it takes two layers of denim to get to approximately that
thickness and any thicker than that makes the embroidery design very difficult.

The FR-4 part was tapered to accommodate for the textile part. The textile part
has to be placed on top of the FR-4 board and if the dimensions of the textile and
rigid board are not the same, there will be a short circuit from the textile central

conductor touching the FR4 side ground planes

4.4 Construction and embroidery of prototype

The FR-4 adapter was constructed in the workshop and vias were soldered manually
using copper wire. For the textile prototype, Liberator 20 thread was used both on the
looper as well as the top thread to create the vias that connect the top ground planes
with the bottom ground plane. For the top central conductor and side ground planes,
Liberator was used on the looper with non-conductive thread as the top thread. For
the ground plane on the textile prototype, Nora-dell was used.

The embroidered prototype was designed in Brothers PE Design Next software [4]

and can be seen in Fig. 4.4. The model has been zoomed on so that the detail is



Textile Grounded Co-planar Waveguide Characterization 57

easier to see.

%)

2080 5 -[0F]

Figure 4.4 Embroidered model in PE Design Next software

To overcome the problem of the conductive thread fraying, an extra line is em-
broidered. Instead of having a simple gap between the central conductor and side
ground planes, the first thing that gets embroidered is a non-conductive thread to fill
the 1 mm wide gap as shown in Fig. 4.5. After this, the looper thread is changed
with Liberator 20 and the central conductor is embroidered, Fig. 4.6. When the
central conductor is embroidered, the prototype must be removed from the embroi-
dery machine to trim any fraying strands of conductive thread. If this is not done
before embroidering the side ground planes, strands of thread will bridge the gap and
create a short circuit. The next step is to embroider both side ground planes and
verify again that no threads are connecting the central conductor with side planes,
Fig. 4.7. The easiest way to do this, is to use a multimeter and check whether there
is a connection over the gap.

All of this is embroidered on the top layer of denim, while the whole prototype
uses two or three layers of denim, depending on the fabric thickness, to have the
desired height. To continue the fabrication process an extra layer of Denim is needed
as well as the bottom layer of Nora-dell. To prevent wasting expensive material such
as Nora-dell, only a small portion of it is cut into shape and attached to the bottom of
the lower Denim layer. It can be held there by some strong tape but the best way to
attach it temporarily is to use staples. The staples will make sure that the Nora-dell

will stay in place until it gets secured by the embroidery process, this can be seen in
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Gaps between
ground planes and
central conductor

Figure 4.5 First step of embroidery process

Gaps between
ground planes and
central conductor

Central conductor

Figure 4.6 Second step of embroidery process

Fig. 4.8.

The last two steps are to embroider the textile vias, shown in green in Fig. 4.9 and
two lines of non-conductive thread to secure everything together shown in black in
the same Figure. The embroidered prototype is shown in Fig. 4.10, here the coaxial
cables were soldered to the textile line to measure it on the VNA.

An exploded view of the prototype is presented in Fig. 4.11. As is shown, the
conductive thread stays between the top layer of Denim and the bottom layer. The

conductive vias connect the top and bottom ground planes.
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Gaps between
ground planes and
central conductor

Central conductor Ground planes

Figure 4.7 Third step of embroidery process

Figure 4.8 Staples temporarily holding Nora-Dell until it gets secured by
the embroidery
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Side stitches to hold fabric in place

l

Figure 4.9 Final step of embroidery process

Figure 4.10 CPW embroidered prototype with coaxial SMA for measure-
ment
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Non-conductive
thread

Textile Via

Top Denim
layer

Embroidered

Nora-dell Bottom Liberator 20
Denim layer

Figure 4.11 Exploded view of the textile CPW prototype
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4.5 Measurement and Simulation Results

In this section the results of simulations and measurements will be presented. The
prototype was measured using an Anritsu 37397D VNA. The calibration setup used
the calibration kit Agilent 85033D and was calibrated for the frequency range of 0.2
to 3 GHz. When measured on the VNA, the measurement plane was moved forward
as to remove the effect of the coaxial SMA connectors.

Each individual part of the system was measured as well as the complete system.
This follows the same logic used in the previous chapter 3 and the results will be used
for the de-embedding procedure. The simulated results will be compared with the
measurements. Some differences are expected in the textile line due to the nature of
the embroidery. For the FR-4 board very similar results are expected because the
prototype can be accurately created.

The textile CPW is the device on the system that bridges the connection from
textile to FR-4, as such it has been designed on textile as a 50§2 grounded co-planar
waveguide. Due to the different materials used, Denim and FR-4, the physical di-
mensions for a 5082 transmission line will vary. The connection between textile and
FR~4 will have a smooth transition to minimize the reflections. This transition was
made on the FR-4 part of the system since it is easier to create than on the textile
side.

Some problems were encountered when de-embedding the textile connection. These
problems were related to parallel-plate modes on the side ground planes [5] and will be
explained in the next sections. The prototypes had to be re-made and a comparison

of the results is presented in the following sub-sections.

4.5.1 CPW Textile line results

A top view of the model simulated in Microwave Office is shown in Fig. 4.12. In
Figures 4.13 and 4.14, S parameter results for the textile CPW are presented, with
simulation and measured results shown together.

There are differences in the results for the textile CPW line when comparing the
measurement with the simulations. At lower frequencies the simulated model seems
to have higher reflections than the measurement of the embroidered prototype. This
could be due to material and model differences. Since Denim has a wide range of
thicknesses and densities, the value of €,, = 1.8 is an approximation. When looking at

the Sy, results in Fig. 4.14 there is also a small difference. In the prototype measured
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Figure 4.14 S,; results for simulated and measured textile CPW

antennas that support parallel-plate modes and resonate. These parallel-plate modes
are excited at the gap of the CPW line, so in order to supress them this is where extra
vias had to go. The new model was simulated in Microwave Office with extra vias
added on the sides. The new model is shown in Fig. 4.15. The simulations results
indicate that the extra vias work in eliminating the drop in power. So a new textile
prototype was also embroidered and measured. The new measurement results can be
seen in Figs. 4.17 and 4.16.

The drop in transmitted power that was present in the previous figure is no longer
present. This shows that there was a problem with the ground planes in the model.
By adding the extra vias, these modes were suppressed and the resonaces eliminated.
The effect of eliminating these resonances is presented in more detail in the next

chapter, where three iterations of vias are added and the results presented.
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Original vias

New vias

Figure 4.15 Top view of Simulated textile model with increased number of
vias
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Figure 4.16 S;; results for the textile CPW model with more vias
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Figure 4.17 S,; results for the textile CPW model with more vias
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4.5.2 FR-4 board results

When looking at the FR-4 results, Figures 4.19 and 4.20, the results for simulation
and measurement seem to be very similar. This is due to the fact that the dimen-
sions of the measured and simulated model are very accurate due to the construction

procedure, the value for €, = 4.3 also does not vary so much with the material. A

top view of the model is shown in Fig. 4.18.

Figure 4.18 Top view of Simulated FR-4 part model

The drop in power in Fig. 4.20 has a small shift in frequency. Since the facilities at
our lab do not have automated via construction, the holes had to be drilled manually
as well as the vias had to be soldered manually. After changing the location of the vias
in the simulation, the frequency which has the drop in power would also shift. The
frequency shift could come from slight differences on via location on the fabricated
prototype.

When looking at the results in Fig. 4.21 the results for S;; and S,, are different.
At 2 GHz the value of S, increases which indicates that there are reflections coming
back to port 2. On the other hand, the value for S;; decreases which seems do indicate
that from port 1 there are less reflections at 2 GHz. However, the results for S, and
Sy are the same, with loss of transmitted power at 2 GHz.

After some extra research in the literature it was found that what could be hap-
pening was due to the side ground planes in our design. As presented in [5] the
ground planes in conductor backed CPW can behave as over-moded patch antennas,
supporting parallel-plate modes and resonate. This can explain the loss in power
shown in Figs. 4.20 and 4.22.
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Figure 4.19 S;; results for simulated and measured FR-4 CPW part
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Figure 4.20 S,; results for simulated and measured FR-4 CPW part

To try to remove this resonance from the results, new simulations were made with
different locations for the vias as well as extra added vias. Three iterations of the
model with different via locations were simulated. For the first iteration the original
vias are moved 2 mm on the x axis Fig. 4.23. On the second iteration the original
vias stay in the same location and a new set of vias is added Fig. 4.24, these new vias
are 4 mm away from the original vias. The third iteration is similar to the second
iteration, using two sets of vias but the second set of vias is 6 mm away from the

original vias Fig. 4.25.
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Figure 4.22 S,; and S;, results of FR-4 board

The results of these simulations can be seen in Figures 4.26 and 4.27. It seems

that as the extra via is added, the resonance shifts in frequency. When the extra

via is moved further away, in the third iteration, the resonance is outside the desired

frequency range of 3 GHz. According to [5] if the vias are not near the gap between

conductor and ground plane, the substrate modes are not fully suppressed but only

shift the resonant frequencies of the ground planes. This can be why there are still

high reflections at higher frequencies, as the vias could be closer to the gap.
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Figure 4.27 S, results for simulated models of the FR-4 board with different
via configuration
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4.5.3 Full CPW adapter system results

In this subsection the results for the entire system are presented. Following the pre-
vious section’s organization, results of the simulated model will be compared with
measurements performed in the lab. Both models are shown, in Fig. 4.28 the pro-
totype that was fabricated is presented and in Fig. 4.29 the simulated model is also
presented. There are some differences between simulated and build prototype where
the textile part connects to the FR-4. In the simulation it was not possible to model
the overlap of the textile over the rigid board. When simulating the whole system, the
textile CPW line is adjacent and connected to the rigid board instead of overlapping
it. Due to this, the total length of the whole simulated system is slightly longer than
the measured prototype.

In Figures 4.30 and 4.31 the results for the whole system are presented. This
is the complete measurement of the CPW FR-4 part attached to the textile CPW.
The results of the simulated system are slightly different than the real measurements.
This difference is evident in Fig. 4.31, as the drop of transmitted power at 2.5 GHz
is much smaller in the simulation. As was explained before, the simulated model
is slightly different from the constructed prototype. On the constructed prototype,
when measuring the whole system, the top and bottom layers of the textile CPW
go above and below the rigid FR-4 board. On the simulations the two parts of the

system are simply connected side-by-side.

Figure 4.28 Test structure of the full system, with embroidered and FR-4
parts attached by magnets

The loss in power in the Sy, plot, Fig. 4.31, is also partly due to unwanted modes

in the side ground planes as well as what looks like poor impedance match. These
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Figure 4.29 Model of the simulated full system
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Figure 4.30 S;; results for simulated and measured CPW adapter system

whole system measurements were performed before the new models with extra vias
were created. When using the new models presented in the previous sections, the
drop is power caused the the parallel-plate modes is less accentuated. Comparisons
between simulation and measured results will also be presented.

When each device of the system was measured individually, the extra added vias
removed the unwanted modes. However, it seems that when all the devices are mea-
sured in the full system some loss in power is still present. Figures 4.32 and 4.33 show
a comparison between simulated and measured results when using the models with
extra vias.

This drop in power must be due to the design itself, the switch from textile and

FR-4 and its associated impedance mismatch. There is a big difference between
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Figure 4.31 S, results for simulated and measured CPW adapter system
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Figure 4.32 S;; results for simulated and measured CPW adapter system
with new elements with extra vias

simulated and measured results at higher frequencies. This could indicate material

differences between the two.
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Figure 4.33 S, results for simulated and measured CPW adapter system
with new elements with extra vias

4.6 De-embedding

The de-embedding method used is the same as used with the microstrip model in the
previous chapter. Each individual device was measured with a VNA to obtain its S
parameters, which has been done in the previous sections with results also presented.
From the S parameters, ABCD parameters were obtained by using Table 4.2 and a

two-port network ABCD parameter matrix is generated for each device as in Eq. 4.1.

A B

. (4.1)

textile CPW

The entire system is composed of three devices. The textile cpw, the textile to
FR-4 transition and the FR-4 board. Each of these devices has a two-port network
associated with them and the whole system is modelled as a cascade connection of

these two-port networks as shown in Equation 4.2.

A B [a B A B

C adapter ¢ textile_cpw ¢ D teztile connection (4.2)
A B '
C

frd_part



Textile Grounded Co-planar Waveguide Characterization 77

ABCD Parameters S Parameters
A (1+571)(1 — Ss5) + 51255
B 7 (1+571)(1 + S55) — S1255
0 255,
C i<1_511)<1—522) — 51255
D (1= 571)(1 + Ss5) + 51255

Table 4.2 S parameter to ABC'D parameter conversion table from Pozar et
al. [0]

To help visualise the cascade connection of the devices in our textile adapter, a
composite figure has been created Fig 4.34. The adapter is considered to have three
devices, the textile CPW, the textile to FR-4 connection and the FR-4 CPW. Since
the SMA connector effect has been removed by the measurement in the VNA, these
are not accounted for. The de-embedding process is being used to extract the effect of
the connection between textile and copper, in our system we call it textile connection.
This connection is directly under the magnet in this figure.

The measurement of the textile CPW was done between Port 1’ and Port 2. For
the textile adapter the measured system is slightly longer in length, the port was
moved further out as it was measured from Port 1 to Port 2.

From Equation 4.2 and using simple matrix algebra, we obtain Equation 4.3.
With this new equation we can obtain the ABCD parameters for the textile to fr-4

transition. The results for the transition are presented in the next section.

A B [4a B |4 B
¢ D textile__connection ¢ D textile_cpw ¢ D adapter (4 3)
1 :
A B
C

frd_part
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Textile adapter measurement

Port 1

Port 2 &%

textile_cpw

|-t »|
A |

Figure 4.34 CPW adapter system with all devices connected and ABCD
parameters displayed for each device

4.6.1 De-embedding Results

As was previously demonstrated, the original models had problems with unwanted
modes created by resonating side ground planes. The results for the de-embedding of
these original models will also be presented here to demonstrate why the algorithm
failed to perform in that case.

After extracting the ABC'D parameters from Equation 4.3, the ACBD matrix
is converted into a S-parameter matrix. When looking at the de-embedded results
in Figs. 4.35 and 4.36, S;; and S,; values go above 0 dB in some frequencies. This
is the effect of the unwanted modes when each individual device in the system was
measured. In the Sy, plot the values go above 0 at 2 GHz and around 2.7 GHz. It is
not a surprise that these frequencies are the same that were problematic in the FR-4
board and textile line respectively.

However as shown in the previous section Fig. 4.31 when all the devices of the
system are measured together, the drop in power at 2 GHz is no longer present. This
is probably due to the change in dimensions when the FR-4 board and the textile line
are attached together. When the whole system is measured, the unwanted modes do
not seem to exist at 2 GHz and seem to be attenuated at around 2.7 GHz.

This explains why the extracted S-parameters for the textile connection seem to

behave as an amplifier. Since there is a drop in power on the single device measure-
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Figure 4.35 S;; results of de-embedded textile connection

ments but it disappears on the whole system measurement, the algorithm extracts

this as an amplification.
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Figure 4.36 S,; results of de-embedded textile connection

However, when looking at the results from the devices with the extra vias, Figures
4.37 and 4.38, the results no longer show this value of S-parameters above 0dB. The
system has reasonable results up to 2 GHz but higher than that and reflections become

a problem. These reflections come from an impedance mismatch on the FR-4 board
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due to the tapper. Similar to the results obtained on the microstrip

transition from denim to FR-4 dielectric can also be causing reflections.
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Figure 4.37 S;; results of de-embedded textile connection with added vias

De-embeded CPW textile connection
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Figure 4.38 S,; results of de-embedded textile connection with added vias
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4.7 Conclusion

In this chapter a reusable textile grounded CPW connector has been presented. As
with the microstrip model it requires no permanent connection on the textile side.
For frequencies up to 2 GHz this model has reasonable insertion loss of —2 dB.
These results could be improved by reducing the length of textile which is very lossy.
It was found that the models suffered from unwanted parallel-plate modes in the
side ground planes which were radiating. By introducing extra vias in the textile
CPW, these modes were suppressed and the resonance removed. On the FR-4 model,
the vias could have been created closer to the gap between conductor and ground
plane. Perhaps it would have improved the results at higher frequencies. After the
de-embedding procedure, the effect of the textile to FR-4 connection was extracted.
From the results, we can see that the S;; reflections increase a lot after 2 GHz to
almost full reflection at 3 GHz. The same happens with the S,; values after 2 GHz,
the power transferred from Port 1 to Port 2 has a steep drop up to 3 GHz. These
high reflections and low power transfer is most likely due to bad impedance matching.
In these models there are two factors that could create a bad impedance match. The
first one is the difference between the denim dielectric and the FR-4 dielectric. The
second factor is the sudden change in dielectric which can also lead to reflections.
These could be more accentuated at higher frequencies due to the shift in €, at higher
frequencies.

This chapter demonstrates the possibility of using CPW fed systems in textile.
However due to the difficulty of manufacture using embroidered Liberator 20, perhaps
a different thread could be tested.
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Chapter 5

Different embroidery filling designs

and effects on results

5.1 Introduction

In this chapter, results for the microstrip system with the textile part embroidered
using different methods will be presented. In the previous microstrip chapter 3.5,
the embroidered prototype used a common embroidery meshing where the lines are
embroidered along the direction of the microstrip. It also used a linear density of 5
lines/mm on all the prototypes. Some work has been done in [1] where different types
of stitching direction and density parameters are studied to evaluate the effects on
embroidered antennas efficiency. The motivation to try different embroidery meshes
is to try and reduce the amount of conductive thread used, as well as to see the effects
of these embroidery patterns. The microstrip model was chosen because it is simpler
to create than the CPW model. The dimensions remained the same as the previous

prototype.

5.2 Microstrip with gradient filling

Two prototypes were created using gradient filling, which we will call microstrip A and
microstrip B. What this means is that there is higher thread density on the outside
of the microstrip conductor than on the centre. Brother’s embroidery software has
the option to use this filling, which was set up with the same original 5 lines/mm and

then the gradient was adjusted. For the gradient filling, only the top conductor was

83
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embroidered with the gradient. The ground plane remains the same as before, using
a sheet of Nora-Dell.

The schematic in Fig. 5.1 illustrates how the gradient filling was used. It follows
from the theory [2] that in microstrip lines, the current mostly travels on the edges
of the copper line due to the skin effect. Note that due to the nature of the Liberator
thread, the embroidered prototype will not look like separate threads as seen in the
presented figure. Since the liberator threads fray during embroidery, there will be
bridging connections between adjacent threads. The individual threads however, will

be more noticeable on the middle of the central conductor.

Embroidered lines

Microstrip
outline

Figure 5.1 Mock-up of microstrip prototype with gradient embroidery

By using the gradient filling, the amount of thread used was reduced. On the
original textile prototype, the central conductor had 504 stitches with a stitch spacing
of 2 mm which is around 1 meter of thread.

For the microstrip with the gradient filling A, the settings used in the embroidery
software are shown in Fig. 5.2. The prototype has a stitch count of 266 stitches with
the same 2 mm stitch spacing which uses around 0.53 m of thread. This is a 53%
reduction in thread amount. I could not reduce the amount of thread any more or
during embroidery it would consist of only a couple of conductive thread lines.

For the microstrip B prototype, the gradient filling used is shown in Fig 5.3. It
has 300 stitches that uses 0.6 m of thread, which when compared to the original
prototype is a 59% reduction in thread.
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Figure 5.3 Gradient used on the microstrip B
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5.2.1 Results for textile microstrip A

The gradient values were set in Brother’s embroidery software. For the prototype
using gradient A, the gradient follows the values presented in Fig. 5.2.

The prototype with the gradient filling was measured individually as well as in
the textile adapter system. To measure the textile line individually, coaxial SMAs
were soldered to the textile part as demonstrated in the previous chapter.

In Fig. 5.4 a comparison of S;; values between the prototype embroidered with
the gradient pattern A and the original textile prototype are presented. On the pro-
totype with the gradient pattern, reflections are much higher in most of the measured
frequency band. However when comparing the results for the S,; measurements in
Fig. 5.5, the results are much more similar. The prototype with the gradient filling
has a slight drop in power transfer of around —1.4 dB at 2 GHz.
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Figure 5.4 Comparison of S;; values between the textile microstrip A and
original textile microstrip

Presented in Fig. 5.6 is the radiated and reflected power loss for the microstrip
with gradient pattern A and the original prototype. The results are quite similar in
both prototypes.

In order to check why the reflections are so high for the microstrip with gradient A,
Zin was calculated for both microstrip prototypes. It was assumed that the impedance
of the VNA was 50Q2. By using equation 5.1, Z;,, was calculated and the result is
shown in Fig. 5.7. From 0.8GHz to 2.7GHz the input impedance of the transmission
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Figure 5.5 Comparison of S,; values between the textile microstrip A and
original textile microstrip

line deviates a lot from the desired 50€2. Since Z,,, was obtained from S,;, the highest

impedance mismatch is at 2GHz

7. = 50% -2l
15,

m

(5.1)

The next step was to measure it as part of the textile adapter system. These
results are shown next. In Figures 5.9 and 5.11 the measured results of the system
are presented when using the original textile microstrip, as well as when using the
textile microstrip A.

Looking at the plots it seems that when used in the textile adapter system, the
differences between using the original microstrip and microstrip A are very small.
The fact that the FR-4 board is being used seems to negate some of the difference
between the original textile prototype and the prototypes with the gradient filling.
This could be due to the way the SMAs were soldered on the conductive textile in
the previous measurement. In Fig. 5.10 is the design of the microstrip with gradient
A as it was designed in the embroidery software. The black lines are the embroidered
threads and the red lines were not embroidered. As can be seen, at the ends of the
microstrip the wires only travel along the direction of the conductor and don’t have
a perpendicular connection with the threads on the sides. When the connector is

soldered to the centre of the conductor, it only makes a good electrical connection
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Figure 5.6 Comparison losses between the textile microstrip A and original
textile microstrip

with the threads in the centre. This is where the thread density is smaller. However,
when the FR-4 adaptor is used, the embroidered conductor is pressed against the
copper conductor as in Fig. 5.8. This means that all of the threads along the width
of the textile conductor connect to a flat copper line. This increases the quality of

the connection and that can be seen in the results.
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5.2.2 Results for textile microstrip B

For the textile microstrip B prototype, the gradient filling was increased. This was
done to see how much the performance would be affected by an increase in conductive
thread.

Figure 5.12 shows the S;; results for microstrip B compared with the original
textile prototype. With the increase in conductive thread used, the results start to
approximate the original textile thread. There are still increased reflections on the
measurements with microstrip B. The S,; values are almost the same as the original

textile thread, as can be seen in Fig. 5.13.
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Figure 5.12 Comparison of S;; values between the textile microstrip B and
original textile microstrip

As for the measurements when using it on the textile adapter, these can be found
in Figures 5.14 and 5.15. As with the previous prototype it seems that when using the
textile prototype with the gradient filling, the performance of the system increases.
However this is more likely due to the measurement itself. As the textile microstrip is
flexible, the original prototype might have been measured in a less than ideal position.

As it was shown in the past two chapters, using the gradient filled transmission
line in the whole system mitigates some of the problems seen when individual mea-

surements were performed.
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5.2.3 De-embedded results for gradient filling connections

Now the de-embedded results of the textile to copper transition will be presented.
These are the results for the microstrip prototypes with the gradient filling pattern.
The de-embedding process is the same as in previous chapters. The results for the
gradient filling prototypes, will be presented along with the de-embedded results for
the original textile microstrip connection.

The results for the de-embedded textile to FR-4 connection are shown in Figures
5.16 and 5.17. The connection with Model B, with its higher thread count has less
reflections from 1.5 GHz up to 3 GHz when compared to the prototype with gradient
A. In both plots all the prototypes share higher reflections and less power transfer at

higher frequencies. This is usually associated with power being radiated.
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Figure 5.16 De-embedded S;; values for both microstrip prototypes with
gradient filling
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Figure 5.17 De-embedded S,; values for both microstrip prototypes with
gradient filling

5.2.4 Conclusions of gradient filling study

By using a gradient filling on the central conductor of the microstrip prototype,
a smaller ammount of conductive thread was used. The results show that when
measured individually and using soldered coaxial SMA’s,; the results are worse than
the original prototype. However, when attached to the FR-4 board and measured
as the textile adapter. The results are slightly worse in lower frequencies, but after
around 1.7 GHz for model A and 2 GHz for model B the results look better.

This shows that by reducing the amount of material used by using this gradient
filling, not much performance is lost when the textile microstrip prototypes are used
in the whole system.

More prototypes could be done with smaller intervals in terms of gradient differ-
ences. Then a more complex plot could be made to demonstrate the change in models
as in Figures 5.18 and 5.19.

Studying gradient fillings that are able to make a good RF connections is very
important in the textile wearable research area. The conductive threads used in
wearable research are usually quite expensive. By lowering the production costs while

having good performance can make this area more attractive for future research.
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Figure 5.18 Comparison of S;; values between the textile microstrip A and

B
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5.3 Microstrip with triangular filling

Another embroidery filling that was used is a triangular filling. The idea for this filling
comes from the work made in conjunction with an undergraduate student’s project
that focuses on infinite lattice structure of resistors based on [3]. To create this type
of filling pattern, a different approach had to be made. Brother’s embroidery soft-
ware just wasn’t up to the task of creating a custom pattern. At first it was thought
that the embroidery files could be directly edited for this purpose, however the files
use a proprietary binary file format "pes’ that cannot be edited outside of Brother’s
embroidery software. To get around this, an open source software called Embroi-
dermodder [4] was used. What was used from this software was the libembroidery
library, this library handles the conversion between different embroidery software file
formats. The library was used to convert the ’.pes’ files to ".csv’ files to understand
how these binary file format worked.

Matlab was used to make an algorithm that creates and exports a .csv file contain-
ing the stitching pattern. Then, the ".csv’ file is converted back to “pes’ and opened
by the embroidery machine. In Fig. 5.20 a small example of what an embroidery file
looks like when converted to ’.csv’ format is presented. Each stitch is composed of X
and Y coordinates. On the top there is a header with general notes. After that on
the third "paragraph” its where the software reads the dimensions of the frame as
well as stitch count. On the bottom is where the stitch information is read, in this
example only 3 stitches are shown.

In Fig. 5.21 the mesh is represented in Matlab. It looks as if the triangles are
deformed but this is due to the offset introduced to reduce problems that appeared
during the embroidery process. While on the first Matlab model the meshing was
designed so that each adjacent triangle vertices stitching was done at the same coor-
dinates, once embroidered this was no longer the case. Due to the fabric stretching
and the machine accuracy, what happened was that the vertices of adjacent triangles
would be slightly displaced and no electrical connection would be made. To circum-
vent this, it was thought that a small offset of the vertices could counteract what was
happening.

To better understand the offset that was introduced to reduce the displacement
effect of the vertices, both stitching designs will be presented. Originally the stitching
steps followed Fig. 5.22, in the figure the blue stars represent the point where the

needle does a stitch. These stitches are numbered in order of stitching, with the



Different embroidery filling designs and effects on results 99

"#","Embroidermodder 2 CSV Embroidery File"
"#","http://embroidermodder.github.io"

,"Generhl Notes:"

"This file can be read by Excel or Libreoffice as CSV (Comma Separated Value) or with a text editor.”

Lines beginning with # are comments."

Lines beginning with > are variables: [VAR NAME], [VAR VALUE]"
Lines beginning with $ are threads: [THREAD NUMBER], [RED], [GREEN],

,"Lines beginning with * are stitch entries: [STITCH TYPE], [X], [Y]"

[BLUE], [DESCRIPTION], [CATALOG NUMBER]"

Stitch Entry Notes:"

STITCH instructs the machine to move to the position [X][Y] and then make a stitch."

,"JUMP instructs the machine to move to the position [X][Y] without making a stitch."

,"TRIM instructs the machine to cut the thread before moving to the position [X][Y] without making a stitch."

COLOR instructs the machine to stop temporarily so that the user can change to a different color thread before resuming."
END instructs the machine that the design is completed and there are no further instructions."

,"UNKNOWN encompasses instructions that may not be supported currently."

,"[X] and [Y] are absolute coordinates in millimeters (mm)."

", " [VAR NAME]"," [VAR VALUE]"
STITCH COUNT:","757"
3

-11.400000"
0.0000080"
"11.200000"
,"65.000000"
"22.600000"

, "EXTENTS RIGHT:
, "EXTENTS BOTTOM

THREAD MUMBER]","[RED]","[GREEN]","[BLUE]","[DESCRIPTION]","[CATALOG NUMBER]"
w, ng","g","g","Black",""
nm1120, 188", "31", "Lime Green",""

W w2370 923", "31", "Red”,""

[STITCH TYPE]","[X]","[Y]"
JUMP", "0.080080" , " -0. 080080 "
STITCH","-0.306000" ,"-0.006008"
e *,"-0.600900","-0.000000"
"t "STITCH","-0.900800" , "-0.000000"

Figure 5.20 Example of a csv file for an embroidery design

arrows providing a visual cue to the stitching path.

On Fig. 5.23 the offset can be seen as the blue stars do not connect on the same
spot. As was described before, due to the nature of the materials and embroidery
process the stitches that had coordinates on the same vertices would not be stitched
exactly at the same position. The offset was introduced to create an overlap to ensure
that the conductive thread made an electrical connection. The offset is sometimes
horizontal on the X axis but other times there is also a displacement on the Y axis.

This stitching method was applied to the microstrip. Figure 5.24 shows the top
side of the textile microstrip. It is easy to see the triangular pattern that is seen in
green, which is the non-conductive thread. The conductive Liberator 20 is on the
bottom side of the denim.

On the other side of the prototype, Fig 5.25 the ground plane was also embroidered
using the triangular mesh. However, triangles with bigger sides were used in the
ground plane. The white tape was used to hold the Liberator 20 strands in place,
while they were soldered to the coaxial SMA. The same was done on the sides of the
prototype. With no more stitches to hold it in place, the Liberator 20 thread would

eventually start to get loose.
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Figure 5.23 Stitching steps for triangular mesh with offset

5.24 Top view of textile microstrip with triangular meshing

Figure

Figure 5.25 Bottom view of textile microstrip with triangular meshing
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5.3.1 Results using triangular filling

These measurements follow the same principle as the previous ones. The microstrip
prototype was measured by itself, with coaxial SMA’s soldered to it. It was also
measured attached to the FR-4 board in the textile adapter system.

Instead of only one, perhaps two prototypes should have been created for a better
understanding of the results. One with only the central conductor embroidered using
the triangle mesh, with a normal Nora-Dell ground plane. The second prototype
would be the one that was measured. This would have helped in demonstrating the
effect of using the triangular mesh only on the central conductor. While the prototype
that was created, has the effect of both ground-plane and conductor embroidered in
this fashion.

Another problem with this prototype is the ground plane. In the other prototypes
the ground plane is made of a sheet of Nora-dell, which is conductive on both sides.
This is why it is possible to attach the textile transmission line to the FR-4 adapter
with magnets. In Figure. 5.26 two jigs for the different prototypes are presented.
The bottom prototype uses Nora-dell while the top prototype uses the embroidered
ground plane. The thickness between the two textile transmission lines should be

similar since Nora-dell is a very thin sheet of fabric.

Measurement jig

Liberator thread

Liberator

Liberator thread
Denim

Electrical Co er
No electrical  connection z p p
connection FR4

Magnet Nora-Dell X Magnets
Textile thread
Nora-dell

IR00B00

Copper Electrical
connection

Figure 5.26 Side by side differences between embroidered ground plane and
Nora-dell ground plane

In this model, the ground plane was embroidered on the bottom side to have the

correct thickness and to be able to solder the coaxial SMA connectors. This makes
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the ground plane conductive only on the bottom side of the denim layer. If the ground
plane had been embroidered on the top side of the bottom layer of denim. It would
still work when attached to the FR-4 board on one side and attached to a load using
the magnets on the other side, but wouldn’t be able to solder connectors to it for
characterization.

The model as it is can not be easily connected to the FR-4 board, the conductive
Liberator 20 is on the opposite side on denim that makes contact with the copper.
For this to work, a small amount of copper tape was cut the same width of the model
and attached to the ground plane. This way an electrical connection between the
embroidered ground plane and the copper ground plane was made.

In Figures 5.27 and 5.28, the comparison between the original textile microstrip
and the microstrip with the triangular mesh is presented. For the S;; results, the
values for the triangular mesh prototype are almost 10 dB higher showing high re-
flections. As for the Sy, results, the power transfer is 1 dB lower almost throughout

the entire frequency range.
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--- Original textile microstrip
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Figure 5.27 Comparison of S;; results between the original microstrip and
the microstrip embroidered with the triangular filling

When measuring this prototype attached to the FR-4 adapter the results are
not so good. Figure 5.29 shows the values of S;; of both textile microstrips when
attached to the FR-4 board. The values for S;; are above —10 dB in almost the
entire frequency range. The power transferred is also low, Fig 5.30, with a maximum
of —1 dB at 0.6 GHz and dropping to —4 dB at 0.2, 1.8 and 3 GHz.



Different embroidery filling designs and effects on results 104

0 =T i i \ \

2\ W g\
1 —,A--A-slk_,\‘(\~4\..,,;,, A
—_ - \

s o
N

¥ - o\ -

—6 Triangular mesh filling microstrip .
-n- Original textile microstrip

_7 \
0 0.5 1 1.5 2 2.5 3

Frequency (GHz)

Figure 5.28 Comparison of S,; results between the original microstrip and
the microstrip embroidered with the triangular filling

In conclusion, a full triangular mesh does not seem like a good filling pattern for
a textile microstrip line. Perhaps if the ground plane was a sheet of Nora-dell like the
original prototype, better results could be obtained. Perhaps if the central microstrip
conductor was the only part of the prototype with this filling, the results would
improve. In this case the alternative filling pattern did not provide good results. But

this type of research can be very helpful in the area of textile wearable electronics.
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Figure 5.29 Comparison of S;; results between the original microstrip and
the microstrip embroidered with the triangular filling attached to FR-4 board
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Figure 5.30 Comparison of S,; results between the original microstrip and
the microstrip embroidered with the triangular filling attached to FR-4 board
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5.4 Construction of higher-mode textile patch an-

tenna with embroidered vias

In this section the contruction method used to build the wearable antenna presented
in [5] will be presented. An original model consisting of a copper sheet and metallic
vias with a felt dielectric was developed by a colleague. This model was probe fed
which meant that when measured with a phantom, it would be difficult to mount due
to the cables being between the antenna and the body and made the model rigid due
to the copper sheet. It was evident that the model could benefit from a full textile

construction. A side-by-side image of both antennas is presented in Fig. 5.31.
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Figure 5.31 (a) Full textile antenna fabricated with embroidery machine,

(b) Textile antenna using rigid copper sheet and metallic vias, from A.
Paraskevopoulos et al [5]

5.4.1 Fabric materials

The materials used were Nora-Dell [6] and Liberator-20 [7]. Nora-Dell is a conductive
metallised nylon fabric coated with nickel and silver which forms a highly conducting

flexible sheet. For a patch antenna like this one, where the radiating patch is a simple
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square, Nora-Dell proved very useful. Since it is already a conductive sheet, it was
only necessary to measure and cut a square of this material. However, the square that
was cut had to be larger than the dimensions required. This was done so that there
is extra material to be held in the felt dielectric before it was embroidered and cut to
the correct size. Liberator-20 was the conductive thread used to embroider the vias
that connect the top patch to the microstrip line and ground plane. Felt was used
as a dielectric for both the transmission line and the antenna, with permittivity and
loss tangent measured in a split-post dielectric resonator. For the 1mm felt, €, = 1.2
and tand = 0.0013 was measured, while for the 2.9mm felt dielectric €, = 1.185 and
tand = 0.0012.

In Fig. 5.31 the dimensions of the full textile model are presented.

5.4.2 Embroidery process

In this design there are three major components that have to be embroidered. The
central via that connects the top patch to the feeding microstrip and the two side vias
that connect to the ground plane. The distance between the vias must be kept at
4mm as shown in Fig. 5.33 as this distance directly influences the antenna impedance
matching as well as the proper excitation of the desired TM,; mode. The via diameter
can also influence the performance of the antenna and should have 1.3mm diameter.
A few models for the vias were tested, these are shown in Fig. 5.32. The via models
were tested to see which would give the exact diameter and distance between the
embroidered vias, they are embroidered using Liberator-20 thread. For the first three
models the sewing method was set to satin stitch, with line density starting at 2 to
3 lines/mm and finally 4.5 lines/mm. The last three models had the sewing method
set to concentric circle stitch and the density was set to 2, 2.5 and 3 lines/mm. After
testing and measuring, the sixth model was chosen to be embroidered in the HMMPA
antenna.

To embroider the model three major steps were taken. The first step was stitch
the central via through the Noda-Dell and dielectric to the microstrip line. This
creates the first via that also holds the patch and the feeding microstrip in place for
the remainder of the process. As its shown in Fig. 5.34 by embroidering the central
conductor through to the feeding via, the bottom side of the stitch will be in direct
contact with the ground plane. To prevent this, a small patch of masking tape was

used to cover the bottom side of the stitch under the feeding microstrip. The second
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o
i

Figure 5.32 Via models with different stitching methods and density, from
A. Paraskevopoulos et al [5]

step is to attach another Nora-dell square to the bottom of the design to act as a
ground plane and stitch the side vias to connect it to the top patch. The last step
was to secure the whole design in place. The yellow line as seen in Fig. 5.31 was used
to hold the top patch in place, it was stitched with the desired dimensions for the top
radiating patch. The red and yellow line square that can be seen around the design

was used to hold the ground plane in place. Both this threads were non-conductive.
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Figure 5.33 Textile HMMPA antenna dimensions, from A. Paraskevopoulos

et al [5]
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Figure 5.34 Exploded view of the textile antenna, from A. Paraskevopoulos

et al [5]
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5.4.3 Free space and on-body results

The impedance mismatch performance for the textile HMMPA antenna was measured
in free space and on the SAM phantom. As shown in Fig 5.35 the S;; = —21.3 dB at
2.4 GHz in free space while there was a slight detuning when placed on-body with S},
= —22 dB at 2.44 GHz. In comparison, the copper HMMPA presented S;; = —21.6
dB at 2.45 GHz in free space while S;; = —22.3 dB at 2.46 GHz on-body showing
negligible detuning. As far as the —10 dB bandwidth (BW) is concerned, the textile
antenna presented a three times larger BW of 150 MHz ranging from 2.36 GHz to
2.51 GHz instead of 50 MHz for the copper antenna. In both cases, the BW is large
enough to cover the entire 2.4 GHz ISM band (2.4 - 2.485 GHz).
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Frequency (GHz)

Figure 5.35 Measured reflection coefficient S;; of HMMPA antenna between
free space (dotted line) and on-body phantom (solid line)

The HMMPA antenna gain in the direction of maximum radiation (# = 90°) is
given in Fig. 5.36 for the textile and copper patch antennas. The gain performance
of the textile patch antenna is found almost 2dB lower than the copper antenna in
both free space and on-body cases. This is attributed to the intrinsic ohmic losses of
the conductive fabric and conductive thread which form a less efficient radiator. On

top of this, the textile ground plane offers less shielding than the copper sheet from
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the near field interaction with the phantom’s body dielectric.
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Figure 5.36 Measured maximum gain of the proposed textile and copper
HMMPA antennas

The measured radiation efficiency of the textile antenna in free space was more
than 50% Fig. 5.37 while the copper antenna efficiency reached 88% at the reso-
nance frequency. This difference is attributes mainly to the low conductivity of the
conductive fabric and thread that were used to fabricate the textile antenna in the

embroidery machine.
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5.4.4 Conclusions on physical properties of full textile model

The focus of this section was the creation and embroidery of the fully textile model,
the complete results of the study can be found in [5]. As presented before, the fully
textile model was design with a microstrip feed instead of a probe feed. This made
a model thinner from 1.4cm in the original copper sheet model to 0.4cm on the full
textile model including feeding, as the textile model is side fed. Another advantage
is the flexibility of the fully textile model. While with the original one the antenna
could not be easily bent due to the copper sheet, with the embroidered model the

antenna could be made to conform to the wearers body.

5.5 Embroidery techniques and challenges

In this section some embroidery techniques will be discussed. These were developed
during the research done during this PhD when trying to embroider more complicated
designs. The embroidery machine used is a Entrepreneur Pro PR1000e which was de-
signed for normal embroidery. However, most of the designs presented in the previous
chapters have more than one layer of fabric. Depending on the design, embroidering
different layers with different patterns presented a challenge when everything had to
be aligned.

Another problem when using a normal embroidery machine for these designs, was
using the conductive thread Liberator 20. When compared to a normal thread using
in embroidery patterns, Liberator 20 has a few different qualities. It is a much harder
thread. When the machine does an ending stitch and needs to move the needle for
another position, the embroidery process has to be manually paused and the Liberator
20 needs to be cut manually with scissors. The blade that usually cuts the thread is
not sharp enough to cut through Liberator. Another problem is that Liberator 20 is
prone to unravelling and fraying. This causes different problems in the embroidery
machine due to moving parts getting stuck on these frayed strands.

When creating embroidery designs and using Liberator 20, one has to take into
account these properties of the thread. In designs where the embroidery machine has
to do a lot of start and end stitches, these create a blob of conductive thread on the
bottom of the fabric.

One of these problems became apparent when trying to embroider the grounded

CPW model. The embroidery process begins by embroidering the central conductor.
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After that, it needs to be checked for threads or strands that could get under the side
ground planes. In Fig 5.38 it can be seen that there is a piece of thread going out of

the central conductor boundary.
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Figure 5.38 Embroidered central conductor of textile grounded CPW

Something similar can happen after the side planes are embroidered. The model
needs to be checked very carefully and overlapping threads have to be removed. After
this, a second layer of denim will go under these conductive textile threads. The
friction between denim and Liberator 20 can sometimes make the conductive thread
fray and create short circuits. To circumvent this, pieces of masking tape were put in
the gaps between central conductor and side planes as shown in Fig . This prevents

any extra fraying from happening when the extra layer of denim is put in place.
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Figure 5.39 Masking tape used to prevent extra fraying from Liberator 20

The techniques used in this research are presented here so that they can be helpful

to others in their research. After all the embroidery machine was not made specifically
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for multi layered designs or conductive thread.
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Chapter 6

Conclusions and future work

6.1 Conclusions

In the area of textile antennas or transmission lines the devices need to be measured
and tested to evaluate their properties. This is done by connecting these devices
with VNAs or other microwave equipment. Most textile antennas found in the liter-
ature are measured by soldering coaxial SMA connectors to the textile or by using
conductive epoxy to attach coaxial cables. This has certain disadvantages as these
connections cannot be removed easily if the garments need to be washed. The scope
of this thesis was to create a textile connection that doesn’t have this disadvantage,
while maintaining a good connection between textile device and microwave equip-
ment. The requirements were that the connection should not be permanent to be
easily removed, and it should also be flexible and conformal to the body.

On Chapter 3 a proof of concept for using magnets to hold the connector in
place was presented as well as the microstrip model of the textile connector. The
magnets were found to have no negative impact on the results and the connector was
successfully characterized and measured with good results up to 2GHz. Afterwards on
Chapter 4 a CPW model was made and tested, the same characterization was done.
Similarly to the microstrip model, this model has reasonable insertion loss up to 2GHz.
This limitation can be due to the denim used being a very lossy dielectric. While this
models were created to study the effects of this transition, a usable transition could
be made much shorter. This would then reduce the effect of the losses in the denim
and improve the results.

A full characterization of the connectors was also done by using de-embedding

116
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theory. By extracting the effects of the connection to ABCD parameters, it is possible
to predict the effects it will have on the S-parameters of a system where the connection
is used.

Work was also done on the effect of using different fillings for the connector.
Gradient fillings were used and it was found that when gradients that use less than
53% thread compared to the original model, not much performance is lost. Also on
the subject of different filling patterns, a triangular filling was used. It was based
on the theory of infinite lattice structures and it was a proof of concept to see how
it worked when applied to a textile microstrip line. An open source software was
required to directly edit the embroidery files that were created using Matlab code. In
the end it did not seem like this type of meshing was ideal for the model created.

Some difficulties regarding the use of conductive textile threads in the embroidery
machine were also presented. Due to the characteristics of the thread, Liberator 20
is prone to unravel and that can jam the machine in different moving parts. The
way the embroidery machine holds the fabric is also not the easiest if a design has
more than one layer. Hopefully as the area develops, more efficient designs for these
machines will appear.

A wearable antenna was fully converted to textile materials. Due to the textile
materials and being side fed instead of probe fed, the thickness was reduced by 70%
from 1.4cm to 0.4cm. Another advantage of the conversion to textile materials is the
fact that the antenna can now be bent to conform with the body. Previously the
antenna used a rigid copper sheet which was not flexible.

Being one of the first easily removable microwave interconnects, novel work was
presented and the work done can influence the research area on how textile antennas
are fed. The purpose of this research has been achieved with two different textile
connector models created and studied. This tries to bring attention to the lack
of removable microwave interconnects in the literature. Some extra work could be
done in testing these connectors with different types of textile antennas. This would
give extra information on the effects that this connector has with different types of
antennas or applications. Another improvement that could be researched would be
the way this connector attaches to a textile device. At the moment the connection
is on the same plane as the antenna, perhaps a new model could be created that
had a vertical connection to said antenna. This way the connector could be attached
anywhere and not require a loose piece of the textile feeding system to attach to.

Many textile antennas in the literature are still measured using soldered coaxial
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cables or metallic connectors, this research could have implications on how new textile
antennas are constructed and measured. The connector with better results was the
microstrip model, it is not very difficult to create and adapt to textile antennas which
are microstrip fed. This could bring full textile antennas already adapted for this
type of connection.

In conclusion the following novel work was done within the scope of this thesis:

e A novel method of using magnets in conjunction with the physical type of
connection was used. By using magnets for the connection, the act of attaching
or removing RF equipment is simple and does not leave permanent metallic

parts on the textile system
o The interconnect was fully characterized and the effects of its used extracted

o Multiple measurements using a textile antenna were performed and it was found

that the interconnect did not affect the results.

On a closing note continuous research in ways to connect textile antennas to mi-
crowave equipment is necessary. If not for a purely academic purpose, for commercial
purposes as well. It could make the research in textile antennas and smart clothing
more appealing for commercial companies. Presenting textile microwave devices with
metallic coaxial SMAs soldered to it is not as appealing as a textile solution with
no metallic objects attach to it, while still being able to characterize and study such

devices.

6.2 Future Work

Future work could be done regarding the triangular filling mesh. With different densi-
ties to study the effect this would have on the interconnect. More measurements using
different antennas could also be performed. Measurements in an anechoic chamber
could also be performed, to check what the effect on the radiation pattern is. Some
work could also be done with different threads and if they can be used to improve the
designs. Such as a thread with less strands and doesn’t fray as much could be used to
reduce the gap between the ground plane and central conductor on the CPW design.
As for the interconnect itself, future work could be done in making the connection

even easier. At the moment this interconnect is attached to the end of fabric. This
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requires that the feed line of a RF device needs to end at the fabric end. Future work
could be done to create an interconnect that attaches vertically to any transmission
line. This would give more freedom for the positioning of the textile RF device in
test. The coming of 5G with always connected devices can be a good area to apply in
the research of wearable electronics. And more good quality interconnects will need

to be developed.
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Liberator™fiber, Syscom Advanced Materials’ novel conductive metal-clad fiber utilizing Kuraray's Vectran®
fiber, gives freedom to design outside the constraints of traditional wires. Liberator™ fiber pairs a light-
weight, flexible, and high-strength, Vectran® fiber core with a conductive metal outer layer. The material
is designed for use as a shielding braid, bare wire or coated with insulation material.

Properties
® Comparable to 20 bunched ends of 48
AWG wire.

® Seven times greater break strength than 36
AWG (19/48 Type C) copper wire.

® |Increased coverage and performance can
result in weight savings of over 90%.

® Weighs 56% lighter than copper 36 AWG
(19/48 Type C) copper wire.

® Soldered or crimped connections.

® Compatible with braiding equipment used
for metal wires.

® Supplied twisted or untwisted on braider
bobbins.

Schematic Liberator™ Fiber-40
setan” Fiber
Inner Metal
Q00
O Outer Metal
/ Layer

Q
OO

00S
ole)

diameter

advanced materials
1275 Kinnear Rd. Columbus OH 43212

(614)487.3626
www.metalcladfibers.com

Type: Liberator™ Fiber-20 Ag

Base
Fiber
Filament Count
Diameter: Filament
Diameter: Yarn
Metalized
Metalization Layers
Yarn Diameter
Flat Width
% Metal by Weight
Weight
DC Resistance

Break Strength

Vectran® Fiber
20

0.00091 in
0.0062 in

Copper/Silver
0.0087 in
0.0252 in
82%

0.041 LBS/MF
~2 Q/ft

5.72 Ibs

The data presented here is provided only as a guide and is
based on internal &/or external testing of samples of standard
production runs of Liberator™ Fiber. Please contact Syscom
Advanced Materials for additional property data or customiza-

tion options.

Liberator™ metal clad fiber has excellent ther-
mal stability, strength and cut resistance.
Liberator™ fiber utilizes Vectran® fiber and will
be available in 20, 40, and 80 filaments with
nickel, copper, tin or silver cladding.

www.liberatorfiber.com
info@metalcladfibers.com

Figure 7.1 Liberator 20 conductive fiber spec sheet
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Technical Data Sheet Ag || Ni

Sn Cu

Shieldex® Nora Dell

No.: 1401101580

Purpose

Description

Raw material

Surface resistivity
Shielding effectiveness
Temperature range
Total thickness
Weight

Roll width
Roll length

Conductive woven fabric for general use

(outside skin for EMI/RFI fabric over foam gaskets, shielding
material for laminated flat I/O shielding panels, base material for
EMI/RFI garments, EMI/RFI cable shielding)

Ni/Cu/Ag plated polyamide fabric (RS)

Parachute silk (polyamide ripstop fabric)
Average 0.009 Ohms/o

Average up to 100 db from 30Mhz to 10Ghz
-30°Cto 90°C

abt. 0.130mm + 10%

95g/m2 + 10%

130cm * 3%
Average 200m

shielding effectiveness (dB) acc. IEEE 299 / 1997

Compliance and Certification

RoHS
REACH

Alterations Reserved
26.04.13/03

Statey

PRODUKTIONS + VERTRIEBS GMBH

Kleiner Ort 11 - 28357 Bremen / Germany
Tel: +49 421 27 50 47 - Fax: +49 421 27 36 43
info@statex.de - www.statex.de

Figure 7.2 Nora-dell spec sheet
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