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Abstract

Wearable computing demands a smooth and unobtrusive integration of elec-
tronics into clothing in order to achieve user acceptance. A Fabric Integrated
Wireless Temperature Sensoris presented as proof-of-concept in this disserta-
tion highlighting the required technologies for successful realization. These
novel technologies propose various approaches for a smooth integration of
electronic components into fabrics. We summarize these technologies under
the term System-on-Textile (SoT).

The dissertation focuses on a woven polyester fabric with embedded thin
copper wires as substrate for the electronics. Each copper wire itself is in-
sulated with a thin polymer coating. Using this substrate, different transmis-
sion line configurations are first evaluated regarding electrical performance.
They feature bandwidths up to 2G H z. It is shown that the usual 50€2 line
impedance cannot be achieved. The obtained impedances lie in the range be-
tween 180 — 310€2.

An interconnect technology is presented to establish arbitrary wiring
structures among the wires in the fabric. These interconnects show only mi-
nor effects on signal transmission. Secondly, our approach for chip assembly
utilizes an innovative interposer design such that arbitrary electronic compo-
nents can easily be mounted onto the fabric. We identify routing strategies
and constraints for signal and power wiring within the fabric.

The proposed epoxy encapsulation of the electronics has been tested
against moisture absorption and its effects on conductivity. Tensile stresses
confirm our approach of having the polyester yarn as supporting frame for
the copper wires. Both, polyester yarn and copper wire, break at an elonga-
tion of about 20%. Assembled interposers slightly weaken the fabric.

The textile Bluetooth antennas have been designed for *wireless personal
area networks’. They are purely textile using a felt and a spacer fabric as
dielectric and conductively plated fabrics for the antenna patch and ground
plane. The Bluetooth specifications are satisfied even when the antennas are
bent around a radius of 37.5mm. The antennas are aimed as communication
link between a wearable computer and infrastructure.

Eventually, we show how the woven fabric can be utilized as textile tem-
perature sensor achieving an accuracy of 1 Kelvin.
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Zusammenfassung

Tragbare Computersysteme setzen eine angenehme und unauffillige Integra-
tion von Elektronik in Kleidung voraus, damit sie von den Anwendern akzep-
tiert werden. Ein Textil-integrierter, drahtloser Temperatursensor wird in
dieser Dissertation als Anschauungsobjekt vorgestellt, welches die benotigten
Technologien zur erfolgreichen Umsetzung aufzeigt. Diese neuartigen Tech-
nologien schlagen verschiedene Ansitze zur komfortablen Integration von
elektronischen Komponenten in Kleidung vor. Zusammenfassend nennen wir
diese Technologien System-on-Textile (SoT).

Die Dissertation konzentriert sich auf ein Polyester-Gewebe mit eingebet-
teten diinnen Kupferdréhten als Substrat fiir die Elektronik. Jeder Kupferdraht
selbst ist mit einer diinnen Polymerlack-Schicht iiberzogen. Verschiedene
elektrische Leitungsanordnungen werden mit diesem Substrat evaluiert betr-
effend elektrischer Eigenschaften. Der Frequenzgang der Leitungen verlauft
flach bis zu einer Frequenz von etwa 2G H z. Wir zeigen, dass die iibliche
5012 Leitungsimpedanz nicht erreicht werden kann. Die ermittelten Impedan-
zen liegen im Bereich von 180 — 31012.

Eine Verbindungstechnologie zum Aufbau beliebiger Verdrahtungsstruk-
turen mittels den Drihten im Gewebe wird vorgestellt. Diese Verbindungen
beeinflussen die Signaliibertragung nur unwesentlich. Im weiteren wird ein
innovatives Interposer-Design zur Bestiickung beliebiger Elektronikkompo-
nenten auf Textil prasentiert. Ausserdem erortern wir die zugehorigen Strate-
gien und Beschriankungen fiir die Signal- und Speisungsverdrahtung inner-
halb des Gewebes.

Die Feuchtigkeitsaufnahme der Epoxydharz-Kapselung der Elektronik
wird getestet und die Isolationsfahigkeit iiberpriift. Zugversuche bestétigen
unseren Ansatz eines Gewebes aus Polyester, welches die Kupferdrihte
schiitzt. Die Polyesterfiden als auch die Kupferdrihte reissen bei einer
Dehnung von iiber 20%. Auf das Gewebe aufgebrachte Interposer schwichen
das Textil nur wenig.

Die textilen Bluetooth-Antennen sind fiir ,,wireless personal area net-
works“ausgelegt. Die Bluetooth-Antennen bestehen ginzlich aus Textil:
Filz und Abstandsgewirke fiir das Dielektrikum und leitend beschichtetes
Textil fiir den Antennen-Patch und die Ground-Fliache. Die Bluetooth-
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Spezifikationen werden erfiillt, selbst wenn die Antennen um eine Radius
von 37.5mm gebogen werden. Die Antennen werden zur Kommunikation
zwischen tragbaren Computern und der Infrastruktur verwendet.

Schliesslich demonstrieren wir, wie das Gewebe als textiler Temper-
atursensor mit einer Genauigkeit von 1 Kelvin eingesetzt werden kann.



Introduction*

Our vision of wearable computing is briefly presented in this
chapter. We clarify our understanding on how electronic func-
tionality can be integrated into clothing. Such a combination is
called System-on-Textile. Miscellaneous other approaches and
views of such systems are then discussed followed by an overview
of existing conductive fabrics.

*partially based on [60]



2 Chapter 1: Introduction

1.1. Our vision of wearable computing

Wearable computing is a fast growing field in application-oriented research.
Steadily progressing miniaturization in microelectronics along with advances
in materials enable integration of functionality into clothing that allow en-
tirely new applications. The vision of wearable computing describes future
electronic systems as an integral part of our everyday clothing serving as in-
telligent personal assistants. According to Mann [66], a wearable computer is
always on, does not restrict the user’s activities and is aware of the user’s sit-
uation. It features easy-to-use interfaces and supports the user unobtrusively
with ad-hoc information.

Technology is not that far yet, however Venture Development Corpora-
tion (VDC) forecasted a world-wide market volume of $556.3m for wear-
able computing” and $47.4m for *smart fabrics’ in 2006. A possible definition
of ’smart fabrics’ could be: fabrics that have been treated to fulfill specific
functions in certain situations. Such functions can be based for instance on
physical or chemical reactions or on active components such electrical sys-
tems. Smart fabrics based on electrical systems are called "electronic fabrics’,
“e-fabrics’ or ’e-textiles’. A selection of smart fabrics is shown in the list be-
low.

e Based on physical reaction: gore membrane, lotus blossom effect, wa-
ter repellence

e Based on chemical reaction: pesticide protection, flame retardance, an-
tibacterial

e Based on electrical system: MP3 player jacket (by Interactive-Wear),
textile keyboard (by Eleksen), textile pressure sensor and heating (by
ITP GmbH), radiation protective clothing

Current annual growth rate for ’smart fabrics’ and ’interactive textiles’
(SFIT) is 19% (VDC). Obviously, the advantages of being assisted every-
where by wearable computing convince a growing number of people. Profes-
sor Yrjo Neuvo from Nokia concluded at the Ambience 2005 to the question
what a market drives: "Everything what makes people slightly more conve-
nient!”.

The following chapters present technologies for an integration of elec-
trical functions into clothing while maintaining wearing comfort. Such
equipped clothing belongs to the category *smart fabrics’ and is called System-
on-Textile (SoT). We do not aim to integrate large electronic devices into tex-
tiles, but rather small, dedicated electrical circuits such as sensors including
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their signal conditioning components. By directly embedding into clothing,
the sensors can be placed at positions where they can fulfill their sensing task
in an optimal way, e.g. accelerometers at joints. Furthermore, Gemperle et al.
give a good introduction where to place rigid components with only minor
influence on wearability [38].

In contrast, chips with several hundreds of pads and high power dissipa-
tion such as high-speed microcontrollers are advantageously placed into rigid
enclosures, e.g. accessories and belt buckles. There, circuits benefit from the
properties of PCB technology such as high-density wiring, multilayer and
precisely controlled impedances.

Figure 1.1 shows the partition of a wearable system into textile-embedded
and accessory-embedded components and identifies the ingredients of an SoT
from a technological point of view.

Wearable system

Integrated Integrated
into In
clothing accessories
Wiring Assembled Textile
Antennas
structure components sensors

System-on-Textile

Figure 1.1: Partitioning of a wearable system from a technological point of
view

In our opinion, wearing comfort is a key factor for user acceptance of
wearable computing. We are convinced that this goal can only be achieved
when textiles and textile-like materials adopt electrical functionality. In this
dissertation, fabric sensors, fabric antennas and an integration technology for
a smooth embedding of electrical components into fabrics have been investi-
gated. Note that these technologies are not limited to clothing, but they can
be applied to any system that utilizes fabrics such as car interior, curtains and
seats.
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1.2. Miscellaneous approaches to integrate electronics into
fabrics

There exists no standard definition for wearable computing and electronic tex-
tiles. Thus, people have different views what integration of electronics into
fabrics means. Some regard the fabric just as carrier for electronic device
while interconnecting them with standard cables. Others try to integrate elec-
tronic functionality in an unobtrusive and comfortable way. Table 1.1 gives
an overview of existing integration approaches grouped by the method that
enables electrical connectivity.

Table 1.1: Potential approaches for integration of electronics into fabrics

Method Institution Project Reference  Start
Sewing & MIT E-Broidery [76] 1998
Embroidery IZM Berlin [49, 55]
TITV Greiz [40]
Ghent University [24]
Weaving . Wearable
GeorgiaTech Motherboard [74] 1998
Virginia Tech [47] 2002
Interactive-Wear MP3 [48]
TITV Greiz [40]
NC State Electrotextile [28] 2001
ETH Zurich Chap.3 2001
Printing NTC, NC State [70] 2005
Dow Corning [16] 2004
ETH Zurich Chap.3 2004
Other MIT MIThril [27] 2001
methods ETH Zurich WearArm [65] 2001
ETH Zurich QBIC [10] 2003
Virginia Tech e-TAGS [54] 2003

Sewing & Embroidery

An early attempt to integrate electronics into fabrics is the E-broidery project.
Post et al. [76] use embroidery of conductive yarn to interconnect and directly
attach electronic components to textiles as shown in Figure 1.2(a). They dis-
cuss different types of conductive yarn, though all of them have resistances in
the range of 100€2/m. The paper also mentions a woven metallic silk organza
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with conductive threads in weft direction. Connections in warp direction are
established with separately soldered copper wires. Post er al. already iden-
tify the critical problems of electronic fabrics such as preservation of wearing
comfort and washability.

IZM Berlin and TITV Greiz apply similar methods [40, 49]. They mount
flexible PCBs on a fabric and sew metal plated multifilament yarn as inter-
connection between PCBs. This method is illustrated in Figure 1.2(b). IZM
finally encapsulates the electronics with epoxy resins. With this technology,
crossing of plated yarns seems to be difficult since they do not have an insu-
lation coating.

Ghent University’s research focuses on textile and textile-embedded sen-
sors [24]. Electrically conductive thread is sewed to interconnect the sensors
and to build RF! coils for wireless signal transmission (Figure 1.2(c)).

(a) E-Broidery Project, (b) IZM Berlin [49] (c) Ghent University [24]
MIT [76]

Figure 1.2: Sewing Approaches

Weaving

A bulky approach of electronic integration is the Wearable Motherboard from
GeorgiaTech [74] (Figure 1.3(a)). There, rigid PCBs of size 5x5c¢m? are at-
tached to a woven shirt and are interconnected over an embedded bus struc-
ture consisting of electrical and optical fibers.

A woven fabric with embedded four wire bus forms the carrier for elec-
tronics in Virginia Tech’s approach [47] as depicted in Figure 1.3(b). The
wires have a diameter of about 1mm. Since they are rather stiff, small PCBs
can directly be soldered onto this bus. However, the electronic is exposed and
no mechanical protection exists.

The Wearable Computing Lab of Infineon Technologies, now Interactive-
Wear, already utilizes a technology for a comfortable embedding of electron-

IRadio Frequency
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ics into jackets [48]. They provide a centralized electronic box of size of a
cell phone and textile cables for interconnecting textile buttons and actuators
(Figure 1.3(c)).

Gimpel et al. from TITV Greiz [40] use a woven fabric with embedded
conductive threads. The plated multifilament thread features a resistance in
the range of 20€2/m. They mount electronic components directly onto the
fabric as depicted in Figure 1.3(d).

Dhawan et al. from NC State [28] work with a woven fabric with conduc-
tive multifilament yarn as well. They apply welding and cutting to intercon-
nect electronics as schematically depicted in Figure 1.3(e).

This dissertation focuses on a woven fabric by Sefar Inc. with embedded
copper wires (Figure 1.3(f)). Each copper wire possesses a polymer coating
and an electrical resistance of about 18€2/m. Electrical connects are estab-
lished by removing the wire coating and joining the wires. This technology
to implement circuits on a fabric is described in Chapter 3.

(a) Wearable Moth- (b) Viginia Tech [47] (c) Interactive-Wear [48]
erboard, GeorgiaTech
[74]

fabric LED

(d) TITV Greiz [40] (e) NC State [28] (f) ETH Zurich

Figure 1.3: Weaving Approaches
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Printing

Merritt et al. [70] have screen-printed conductive structures on non-woven
textiles as shown in Figure 1.4(a). They have measured variants of transmis-
sion lines and specified their electrical parameters such as DC resistance and
line impedance before and after washing.

Berry et al. from Dow Corning mainly demonstrate printed RFID coils
as application of their conductive ink [16]. They have performed several me-
chanical stress tests such as cyclic bending around a specified radius.

This dissertation also addresses screen-printed transmission line struc-
tures on woven fabrics as shown in Figure 1.4(b). They have been manu-
factured in collaboration with Sefar Inc. We analyze sheet resistance, line
impedance as well as frequency response of these lines. The results are pre-
sented in Chapter 3.4. Additionally, we have performed several buckling tests
on the printed structures.

AN
(a) NTC, NC State [70] (b) ETH Zurich

Figure 1.4: Printing Approaches

Other methods

The MIThril project described by DeVaul et al. [27] is an early attempt to
integrate electronics in clothing. Though they propose the vest for daily use,
it is rather bulky and many cables and rigid components are attached to it
(Figure 1.5(a)). Instead of an unobtrusive integration, the fabric just provides
the mounting structure for the electronic devices.

The WearArm [65] is a wearable computer based on rigid and flexible
PCBs that are placed in a textile bag as depicted in Figure 1.5(b). The head
mounted display and the keyboard are connected with cables to the computer.

The QBIC project [10] is an attempt to integrate electronic functionality
unobtrusively in accessories. The belt buckle contains the computer whereas
the interfaces (USB, VGA) are fed to the belt.

Virginia Tech pursues in its approach a knitted fabric as carrier frame
for attachment of several small PCBs calling them ’e-TAGS [54]. They are
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electrically connected to the fabric with metal press buttons and ribbon cable
connectors using insulated wires as seen in Figure 1.5(d).

i Em =
(a) MIThril, MIT [27] (b) ETH Zurich, Wear- (©) QBIC,
Arm [65] ETH Zurich [54]

(d) Virginia Tech [54]

Figure 1.5: Other Approaches

1.3. Conductive fabric variants

Several approaches exist to establish electrical wiring structures (Figure 1.1)
within electronic fabrics. This section presents an overview of established
techniques that enable fabrics to conduct electrical current. Figure 1.6 shows
a categorization of these techniques. ’Conductive fabrics’ is split into two
branches. The left branch lists fabrics whose conductive capability is em-
bedded during manufacturing, e.g. weaving of metal wires. The right branch
addresses fabrics that are not intrinsically conductive. Their conductivity is
enabled after manufacturing (weaving, knitting, etc.) using an additional pro-
cess.

A non-conductive fabric usually consists of polymer yarns such as
polyester or polyamide whereas conductive components ideally utilize good
conductors such as silver and copper.
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Conductive fabrics

Conductivity Conductivity

enabled during enabled after

manufacturing manufacturing
Conductive Printing, Platin Sewing,

threads Laminating 9 Embroidery
. Twisted Metal Metal
Metal wire - " :
metal wire fibers coating

Figure 1.6: Techniques to enable conductivity in fabrics

Conductive threads

The fabric is entirely or partially equipped with conductive threads. Polymer
threads form a carrier frame, called substrate, for the conductive threads. In
this kind of fabric, conductive layer and substrate are embedded into each

other. Conductivity can be established with different thread types:

1. Metal wire: The thin metal wire is treated as separate thread. The fab-
ric consists of alternating polymer thread and metal thread (see Figure
1.3(f)). The metal wire itself features an optional thin polymer coat-
ing as electrical insulation. This wire variant applied in a woven fabric
provides a layer-like structure. The insulation coating prevents short-
circuits between metal wires. These kinds of metal wires have origi-
nally been developed by Elektro-Feindraht AG, Switzerland [32] for
clothing in shielding applications. Besides, their coatings are robust

against washing abrasion.

2. Twisted metal wire: Similar to variant 1, but the metal wire is twisted
around the polymer yarn. Therefore, yarn and metal wire can be han-
dled as single entity (Figure 1.7(a)). The location of the wire is not as

precisely known as in variant 1 due to its helical path.

3. Metal fibers: The conductive yarn consists of metal multifilaments [15]
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or of metal staple yarn, e.g. stainless iron stables (Figure 1.7(b)). Staple
yarn tends to fraying.

4. Metal coating: The polymer yarn (e.g. monofilament, multifilaments
and staple yarn) is chemically coated with a thin metal layer (Figure
1.7(c)). Coating is limited to thicknesses of several hundred nanometers
in order to preserve flexibility.

(a) Twisted metal (b) Metal filament (c) Metal coating (4)
wire (2) yarn (3)

Figure 1.7: Conductive yarns

Using the ’conductive thread’ approach, no additional step after manu-
facturing of the fabric is required to establish conductivity. The electrical
resistance of these conductive threads lies in the range of 10 — 500Q2/m
[40, 55, 60].

As a side note, intrinsically conductive polymer threads still feature an
electrical resistance of > 10k{2/m [26] and molecular instability. Therefore,
they have not been considered in the listing above

Printing, Laminating

A conductive structure is deposited (e.g. by ink-jet, screen-printing or lam-
inating) on the non-conductive fabric (see Figure 1.4(b)). Printing of a con-
ductive structure shows similar properites as plating and has a resistivity of
0.6 — 1.4 Qmm?/m ([70] and Section 3.4). Most conductive inks and pastes
are based on silver filler and suffer from brittleness.

Plating

The non-conductive fabric is chemically processed after manufacturing in or-
der to deposit a metallic layer. After this process step, the entire surface of the
fabric is conductive (Figure 1.8). Common values for the sheet resistance are
0.05 —1Q/0[87, 88].



1.4. Summary 11

Figure 1.8: Plating

Plating is limited to sub-micron thicknesses in order to maintain typical
textile properties. A larger thickness of the plating decreases the electrical
resistance, but at the same time increases the probability of peeling. Sev-
eral other factors compromise reliable low-ohmic conductance such as corro-
sion and oxidation of the fiber surface and process-dependent partially plated
fibers.

Sewing, Embroidery

The conductive structure is sewed with conductive threads on the non-
conductive fabric as seen in Figure 1.2(b). Not a conductive layer that must be
structured in a later step is added to the substrate, but the conductive structure
itself. It can only be manufactured in a serial process, i.e. only one point-to-
point connection at a time. A crossing of the bare threads seems impossible
without short-circuit. Sewing using solid metal wires has proven to be un-
reliable for electrical connections [73]. The high mechanical stresses on the
metal wires during sewing lead to broken wires.

1.4. Summary

Depending on the application, each of the presented fabric variants has its
advantages and its disadvantages. This dissertation focuses on a woven fabric
with insulated copper wires (conductive yarn variant 1 in Figure 1.6). The
fabric is called PETEX (Sefar Inc.) and is used to implement textile transmis-
sion lines and wiring structures for circuits on the fabric. The corresponding
technologies are discussed in Chapter 3. Subsection 3.4 of Chapter 3 also
addresses printed transmission lines.

Plated fabrics are deployed for textile Bluetooth patch antennas, which
are introduced in Chapter 5.

Using these technologies, entire circuits can be replaced by fabrics com-
posing a System-on-Textile. Inspired from PCB manufacturing, we call the
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technology for electronic integration into fabrics fextile packaging and the
wiring of electronic components on fabrics fextile routing.



Motivation

In this chapter, the key topics of this disseration are identified. A
proof-of-concept motivates the necessary technologies for a suc-
cessful integration of electronic functionality into clothing. Each
component is indicated and briefly discussed.
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2.1. Covered topics in the disseration

In this disseration, we address the topics of textile transmission lines, textile
integrated circuits, textile antennas as well as textile temperature sensors. We
focus on a woven fabric with embedded copper wire grid in the discussion of
textile temperature sensors, transmission lines and textile integrated circuits.
Our approach for integration of circuits in fabrics is illustrated in Figure 2.1.
The wiring structure among circuit components are established by connecting
the fabric embedded copper wires. Cuts must be placed at specific locations
in the wiring in order to avoid short-circuits between copper wires.

LI | |
"Wire grid |
I

Interconnect
roror o

Figure 2.1: Approach to integrate circuits in a fabric with wire grid. Note
that only the wire grid of the fabric is shown.

In this disseration, we want to know how far we can advance using a fabric
with embedded wire grid. We want to clarify the following questions:

e What impedances and bandwidths are achievable with transmission
lines integrated in the fabric? (Chapter 3)

e What technologies are necessary to enable wiring structures in the
fabric and how can arbitrary electrical components be assembled and
routed? (Chapter 3)

e What rules apply for a textile routing structure? (Chapter 4)

e What accuracy can be obtained in the temperature measurement with
the fabric? (Chapter 6)
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Note that different fabrics are utilized for the textile antennas. The anten-
nas are composed of conductively plated fabrics and non-conductive fabrics
as dielectric. The following questions are discussed in Chapter 5:

e How do purely textile antennas perform?
e How does the antenna performance react on bending?

e Are standard simulation tools, e.g. Ansoft HFSS [11], suitable for the
design of textile antennas?

The above-mentioned technologies identify the necessary ingredients for
a System-on-Textile (SoT).

2.2. Proof-of-concept

The developed technologies and the obtained knowledge are demonstrated in
a proof-of-concept. The proof-of-concept application is a Fabric Integrated
Wireless Temperature Sensor. It combines textile temperature sensor, textile
integrated circuits, textile transmission line and textile antennas in a single
application.

2.2.1. Block diagram of the Fabric Integrated Wireless Temperature
Sensor

Figure 2.2 shows the block diagram of the Fabric Integrated Wireless Tem-
perature Sensor. It consists of the textile temperature sensor as input. The
electrical components are assembled on the fabric with embedded wire grid
and are interconnected over these wires. The antenna feed line consists of a
CPWe-like textile transmission line. The antenna is purely textile and satisfies
Bluetooth specifications.

The Fabric Integrated Wireless Temperature Sensor measures the temper-
ature and transmits the value wirelessly over Bluetooth to a host. The host can
be a PC that displays the measured temperature.

2.2.2. Implementation of the Fabric Integrated Wireless Temperature
Sensor

Figure 2.3 illustrates how the Fabric Integrated Wireless Temperature Sen-
sor is actually distributed on the fabric. Some expressions indicated in italics
might not be understood by the reader yet. However, the remarks in Chapter
3 clarifies all of these expressions.
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JTAG
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Current Battery Blueto_oth
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Figure 2.2: Block diagram of the Fabric Integrated Wireless Temperature

Sensor

The microcontroller [93] is programmed over the JTAG' connector. This

connector can be truncated at the narrowed location after finishing program-
ming (see Figure 2.3).

A
Fabric substrate

Amplifier

-t
e

Interposers
Bluetooth
\ transceiver

e

Current
source Antenna

\ Textile feed line

vias \ - (CPW)

Temperature Batt
sensor ey
connector

Figure 2.3:  Proof-of-Concept - The distribution of the electronic compo-

nents for the temperature sensor on the fabric

1Joint Test Action Group
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Table 2.1 lists some statistics to the wire usage, the number of cuts and
the number of textile vias used in the fabric substrate of the Fabric Integrated

Wireless Temperature Sensor.

Table 2.1: Statistics to the Fabric Integrated Wireless Temperature Sensor

Item #
Textile vias 96
- Vias in sensor element 34
- Vias for antenna feed 43

Wire cuts 67
Utilized wires in total 90
- Wires for antenna feed 19
- Wires in sensor 20

Table 2.2 shows the number of pads and components of each interposer
utilized in the Fabric Integrated Wireless Temperature Sensor.

Table 2.2: Statistics to utilized interposers

Interposer #of pads # of components

to fabric on interposer
Current source 7 9
Amplifier 7 4
uC 14 4
Bluetooth transceiver 18 2
Battery connector 10 4
Total 60 23

2.2.3. Outline to the chapters

The temperature sensor with an area of 2x2cm? entirely consists of fabric
material featuring a temperature range from 0°C' to 60°C'. Chapter 6 explains
the principle and realization of this sensor.

The CPW-like feed line structure achieves a low line impedance such that
the mismatch between the 50€2 output of the Bluetooth RF electronic and the
feed line is acceptable. Chapter 3 discusses different textile transmission line
variants.
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The electrical components and Bluetooth transmission circuit [44] cannot
be made of textiles. However, the substrate for assembly of these electronic
components can be textile. In Chapter 3, technologies will be presented for
textile transmission lines, textile interconnects and component assembly on
textiles.

Chapter 4 explains how electronic circuits need to be arranged on a textile
substrate in order to maintain drapability while ensuring electrical function.

The antenna can purely consist of textiles. Chapter 5 descirbes different
variants of textile patch antennas and their behavior under bent conditions.
The antenna itself is not shown in Figure 2.3, though its feed line.



Integration
Technologies*

This chapter discusses the technologies needed to embed elec-
tronic circuits into fabrics. In the first sections, a woven fab-
ric with embedded copper wires is introduced as substrate for
System-on-Textile. Different textile transmission lines are char-
acterized in detail. Signals up to 2G H z can be transmitted using
the proposed substrate. Additionally, transmission lines printed
on fabrics are investigated in a short section.

The second part of the chapter explains interconnect technolo-
gies for arbitrary routing structures within the fabric as well
as for component assembly onto the fabric. The interconnects
are electrically specified by scattering parameters. Eventually, a
possible protection for the electronics on the fabric is presented
along with its mechanical tensile strength and its behavior in
moisture.

*partially based on [59, 60]
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3.1. Introduction

In this chapter, technologies to integrate electronics into fabrics are described.
The implementation of textile transmission lines is a fundamental step to-
wards this goal. A brief introduction to transmission line theory is given in
Appendix A along with a new approach to filter out perturbations in the mea-
surements of the substrate’s permittivity.

First, we identify a woven fabric with embedded copper wires as substrate
for electrical circuits. We analyze the fabric regarding geometrical tolerances
and characterize the electrical parameters of different transmission lines vari-
ants within the fabric.

Second, similar investigations are performed with a woven acryl-cotton
fabric and printed transmission lines.

Based on the fabric with embedded copper wires, an interconnect technol-
ogy is presented in order to establish arbitrary wiring structures. A novel in-
terposer technology allows assembly of arbitrary components and chip pack-
ages on the fabric. These two key technologies enable the implementation of
electrical circuits on the fabric.

3.1.1. Related Work

Cottet it et al. [25] have studied the performance of textile transmission lines
regarding DC resistance, line impedance, frequency response and permittiv-
ity. They have applied different variants of fabric version O (Figure 3.1(a)) for
their transmission lines.

Dhawan et al. [29] have focused on far-end and near-end crosstalk within
a fabric with conductive multifilament threads. Their results are valid for a
specific measurement setup. Such measurements are not discussed in this dis-
sertation.

3.2. Textile substrates with embedded copper wires

3.2.1. Fabric versions 0-3

Five iterations of woven fabrics with embedded copper wires in warp and
weft direction have been processed until the final fabric version 4 (PETEX)
shown in Figure 3.2 has been achieved. All fabrics have been fabricated by
Sefar Inc., except version 0. In the following paragraphs, the different fabric
versions are briefly discussed.

Version 0, shown in Figure 3.1(a), utilizes a multifilament polyester yarn.
The copper wire is twisted around the yarn. Apart from yarn pitch variations



3.2. Textile substrates with embedded copper wires 21

in the range of 150um [25], the copper wire locations are not precisely de-
fined within the fabric because of their helical path around the yarn. The DC
resistance of a wire in the fabric features about 17.8Q/m [25].

Figure 3.1(b) depicts version 1 of the multifilament fabric. It can be seen
that the copper wire pitch differs for warp and weft. This irregularity results
in unequal line impedances of transmission lines in warp and weft direction.
Additionally, no polyester yarn is woven into the fabric in weft direction.
Mechanical loads in weft direction must therefore be absorbed by the copper
wires.

In version 2, the copper wire and the multifilament yarn are woven con-
currently in the weft. As a result, the copper wires are not precisely aligned
to each other as can be seen in Figure 3.1(c).

Fabric version 3 exists in variants with wires in the weft direction only
and with wires in both directions. The fabric already shows a high precision
according to Figure 3.1(d). However, the differences in the mechanical prop-
erties of multifilament yarn and copper wire result in an unreliable manufac-
turing process where copper wires tend to break. Furthermore, the fabric with
its weight of 151g/m? is rather heavy. Fabric version 2 and 3 have a similar
DC resistance of 14.5§)/m per wire.

3.2.2. Fabric version 4, PETEX

The final version 4 is a hybrid fabric called PETEX shown in Figure 3.2. It
consists of woven polyester monofilament yarn (PET) with diameter 42pum
and copper alloy wires with diameter 50 + 8um (AWG46'). Each copper
wire itself is coating with a polyurethane varnish as electrical insulation. The
copper wire grid in the textile features a spacing of 570um (mesh count in
warp and in weft is 17.5¢m™1). The combination of PET yarn and copper
wires requires a special weaving technology, which includes two yarn systems
in warp and weft direction (3 PET wires and 1 copper wire) with separate
tensioning systems. The wires in warp and weft have undergone different
thermal treatment in advance. Therefore, different mechanical properties are
achieved in the two directions. The wires in warp direction possess a higher
tensile strength compared to the wires in weft direction. These differences
support a reliable manufacturing process and minimize breakage. The PET
yarn has similar tensile strengths in both directions.

The DC resistance of the wire in warp direction is about 15.7Q2/m
whereas the wire resistance has 17.2€2/m in weft direction. This difference is
caused by different tensions in warp and weft during the manufacturing pro-

! American Wire Gauge
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.1|

(a) Version 0 (b) Version 1 (Sefar Inc.)

e

! ﬂﬂt ' s ire, Z40um
byl

N 500um
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(c) Version 2 (Sefar Inc.) (d) Version 3 (Sefar Inc.), variant with
wires only in the weft

Figure 3.1: Iterative steps towards the PETEX hybrid fabric

cess. Considering the pitch of 570um , the wire resistance can be translated in
a sheet resistance of 8.95m /0 and 9.8m /0, respectively. As comparison,
the straight copper wire possesses a DC resistance of 13.82€2/m and a copper
laminated PCB of 1 ounce (35um) has a sheet resistance of 0.49m /O]
PETEX features a thickness of 90um, a mesh opening of 95 £ 10um,
an opening area of 44% and a weight of 74g/m?. The fabric represents a
compromise between preserving textile properties and copper wire density.
The copper wires within PETEX deviate from straight lines and the cop-
per wire pitches vary over the length. Thus, the positions of the wire intersec-
tions indicated in Figure 3.2 vary as well. For the deployment as substrate for
SoT, the locations of these intersections must be known in order to connect
the proper wires (see Section 3.5). Figure 3.3 illustrates the stated problem
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Figure 3.2: PETEX hybrid fabric (Sefar Inc.)

and how the actual wire pitches and the deviations from a straight line are
obtained. Each intersection of wires is tracked in advance and the actual wire
pitches are then determined. Linear regression is applied to derive the devia-
tion of the wires from straight lines.

ff copper wires

target pitch

deviation from  actual pitch
straight line

Figure 3.3: Determination of wire pitch and line variation within PETEX

Figure 3.4 shows the wire pitch distribution in warp and weft direction by
observing over 50, 000 wire intersections. Whereas the distribution in warp
direction is centered around the intended pitch of 0.57mm, the distribution in
weft direction is shifted to the right by about 10xm. Both histograms follow
a Gaussian distribution. The standard deviations in warp and weft direction
are Oyarp = 6.1um and oyepr = 8.0um, respectively. Details to the ap-
plied tracking method of the wire intersections are described in the second
approach of Appendix C.3.

In addition, the deviation of the copper wires from straight lines is shown
in Figure 3.5 for warp and weft direction. Again, the warp direction re-
veals a better result than the weft direction. The standard deviations are
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Figure 3.4: Copper wire pitch distribution in warp and weft direction
within PETEX

Owarp = 19.5um and oyere = 55.5um, respectively. Notice that stretch
within the fabric affects these values. These figures change when using dif-
ferent stretches. The smaller the standard deviation is, the more uniform is
the stretch in the fabric.

wire linearity, warp wire linearity, weft
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Figure 3.5: Copper wire line deviation in PETEX

Figure 3.6 presents SEM? images of fabric version 0 and the final PETEX.
The difference between monofilaments and multifilament can clearly be seen.
PETEX’s copper wires are directly accessible whereas the wires in fabric
version 0 are occluded by the polyester fibers.

2Scanning Electron Microscopy
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Copper wire

(a) Version 0, multifilament (b) PETEX, monofilament

Figure 3.6: SEM image of fabric version 0 and PETEX

3.3. Wire-based textile transmission lines

Fundamental structures in electronic circuits are transmission lines. Due to
measurements of such lines, the electrical properties of their substrate, i.e. a
fabric, can be determined. The goal of this section is to identify the limits of
textile transmission lines regarding maximal signal frequency.

We first define variants of transmission line structures within fabric ver-
sion 3 (Figure 3.1(d)) and PETEX (Figure 3.2). Version 3 features the ad-
vantage of having copper wires only in weft direction whereas the PETEX
always possesses wires in both directions. Thus, the effect of floating cross-
ing wires in textile transmission lines can be studied. The following electrical
parameters are extracted from measurements:

e Line impedance Z
e Bandwidth BW

o Effective relative permittivity e,

Since polyester (PET) has a relative permittivity of about 3 and the fab-
ric contains openings with air, an effective relative permittivity €, < 3 is
expected.

3.3.1. Transmission line structures

Obviously, microstrip line configuration is not applicable for controlled
impedances in textile transmission line since no ground plane is available.
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Instead, wire pair (wp) and triple wire (tw) configurations are investigated us-
ing fabric substrates with copper wire in one direction (version 3) and in both
directions (PETEX). In order to avoid parasitic coupling with surrounding
floating wires, the substrate is cropped that only the required wires remain
as can be seen in Figure 3.7. Further, a CPW-like structure with one signal
wire surrounded by 15 ground wires on each side is analyzed. Eventually, the
wire pair and triple wire transmission lines with surrounding floating wires
are presented for completion. Table 3.1 gives an overview of the transmission
lines analyzed.

(b) Ground-Signal-Ground
line 1) (Version 3, line 3)

(c) Signal-Ground pair with crossing (d) Ground-Signal-Ground with
wires (PETEX, line 2) crossing wires (PETEX, line 4)

Figure 3.7: Configurations of wire pair transmission lines with fabric ver-
sions 3 and PETEX

In order to connect the lines to the measurement equipment, PCB adapters
with SMA connectors have been manufactured. A 502 CPW adapter shown
in Figure 3.8(a) is utilized for triple wires and CPW-like lines whereas a 502
microstrip line adapter is used for wire pairs (Figure 3.8(b)).

3.3.2. Electrical measurement results

This subsection presents the measurement results of the transmission line
configurations listed in Table 3.1. The textile transmission lines are kept un-
der slight strain in order to straighten the fabric during the measurements.
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Table 3.1: Transmission line variants; SG=signal-ground wire pair,
GSG=ground-signal-ground triple wire, .. GGSGG..=CPW-like structure

Line Wire Floating wires  Lengths

# Configuration Substrate in parallel [mm)]
1. SG (wp) V3 - 34.5/149.5
2. SG (wp) PETEX - 31.0/149.5
3. GSG (tw) V3 - 34.5/149.5
4.  GSG (tw) PETEX - 31.0/149.5
5. SG (wp) V3 vV 34.5/149.5
6. SG (wp) PETEX vV 31.0/149.5
7. GSG (tw) V3 vV 46.0/149.5
8. GSG (tw) PETEX vV 133/196.0
9. ..GGSGG.. V3 - 129/200.0

10. ..GGSGG.. PETEX - 131/196.0

(a) CPW adapter for triple wire configura- (b) Microstrip line adapter for wire pair
tion configuration

Figure 3.8: PCB adapters connecting from SMA to fabric transmission line

Secondly, the transmission lines are surrounded by air with at least 15cm
distance to the next solid object. The measurements are performed at room
temperature using the equipment listed in Table 3.2.

Line impedance 7,

The line impedances have been obtained by using TDR/TDT [92] measure-
ments. The corresponding measurement setup is depicted in Figure 3.9.

The obtained curves in Figure 3.10(a) show that signal-ground (SG) and
ground-signal-ground (GSG) configuration lead to line impedances far above
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Table 3.2: Measurement equipment

Measurement  Principle Equipment Manual
Zo TDR/TDT Tektronix CSA-803A [91]
IPA-501 software [92]
BW s-parameter HP VNA 8753E [7]
eff. ¢, s-parameter HP VNA 8753E [7]

CSA-803A

Transmitted signal

Receiver
Reflected
signal

Stimu\u{ — 1
50Q

I SMA! Textile transmission | SMA
' ' line ' '

Figure 3.9: Measurement setup for TDR/TDT measurements of textile
transmission lines

the usual 50€2. The 50f2 line impedance cannot be achieved with common
fabric substrates since a permittivity of about €, = 60 is required. As ex-
pected, a GSG configuration lowers the impedance compared to a SG con-
figuration. All impedances range between 1802 and 300€2. Though the wire
pitch is larger in PETEX, it reveals lower impedances by about 50€2. This be-
havior seems to be because of the crossing wires. Additionally, the wires runs
undulated within the fabrics due to the weaving process. Adjacent wires are
shifted against each other in fabric version 3 (see Figure 3.7(b)). By assum-
ing a sinusoidal shape of the wires, two adjacent wires propagate with 180°
phase shift. As a result, the mean distance between the wires is about 0.6mm
as compared to the wire pitch of 0.5mm. This fact leads as well to higher
impedance. In contrast, the wires in PETEX propagate ’in phase’.

Figure 3.10(b) depicts measurements of the same transmission line con-
figurations as in Figure 3.10(a), but with adjacent floating wires in parallel
within the fabric. Coupling with the floating wires lowers the line impedances
of GSG transmission lines by about 10€2. On the other hand, the impedance
of the PETEX SG configuration rises by about 15{2 when measured within
the fabric. Secondly, the cross-running wires within PETEX smooth the mea-
surement of impedance curves by cutting off parasitic modes. These findings
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Figure 3.10: Measured characteristic impedances of wire transmission lines
determined by TDR/TDT (Table 3.1). The time scale of the x-axis directly
corresponds to the position on the textile transmission line.

generally agree with the results by Cottet et al. [25].

Figure 3.11 shows the measurements of the CPW-like transmission line
configuration (lines 9+10). This configuration reveals about the same line
impedance as the GSG configurations.
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Figure 3.11: Measured characteristic impedances of wire transmission lines
9-10 (CPW) determined by TDR/TDT (Table 3.1). The time scale of the x-axis
directly corresponds to the position on the textile transmission line.

Notice that an ideal CPW sketched in Figure 3.12 features a line
impedance of 2202 assuming w = 40um, s = 0.53mm, h = 90um and
a conductive layer thickness of ¢ = 40um. These values are directly derived
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from the PETEX fabric geometry. The exact relative permittivity €, is not
critical since the impedance Zj ranges only from 210 — 2242 fore, = 1..3
(air..PET). Similar values for Z have been derived using the specifications of
fabric version 3. The formulas to compute €. ¢y and Zg of a CPW as in Figure
3.12 are given in (3.1). K(.) denotes the elliptic integral.

| 4

Figure 3.12: Cross section of a CPW
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Comparing the measurement results in Figure 3.11 with the CPW model
as approximation for a CPW-like transmission line reveals a reasonable
model fit for fabric version 3. The crossing wires of PETEX lower the line
impedance significantly and the CPW model assumption fails.

Frequency response

The HP VNA is utilized to measure the scattering parameters of the textile
transmission lines. The corresponding frequency response is then extracted
according to the principle described in Section A.2. We use the same mea-
surement setup as for TDR/TDT measurements shown in Figure 3.9, but re-
place the CSA-803A with the HP VNA.

Figures 3.13, 3.14 and 3.15 depict the frequency response of the transmis-
sion line configurations listed in Table 3.1. The attenuation of the transmis-
sion lines is normalized to 1em length.

For the following discussion, we define the bandwidth BW as range from
0H z until the first occurring notch below —0.5dB/cm in the frequency re-
sponse.

The transmission line variants feature bandwidths from 1.8 — 6GH z. The
bandwidth of line 4 (GSG, PETEX) actually exceeds the measurement range
of 6G H z as can be seen in Figure 3.14(b). It is obvious from the figures that
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the parallel floating wires do not affect the performance at frequencies lower
than 200M H z. The bandwidth of transmission lines 5-7 even indicate only
small deterioration due to the floating lines until 2G H z. However, parasitic
modes due to coupling with the floating wires and reflections increasingly
disturb signal transmission above 2G H z for line configurations 5-7 and above
200M H z for line configuration 8. Thus, transmission line bandwidths are
mainly limited by these effects [25, 58] but by ohmic losses. These effects can
be seen best in Figure 3.14(b) for the PETEX triple wire and in Figure 3.15
for the CPW-like structures. Secondly, PETEX delivers noisier results than
fabric version 3 due to the crossing wires. The CPW-like structure shows
worst results because of the many parallel ground line introducing the odd
modes.

[dB/cm]

2 3 4
Frequency [GHz]

2 3 4
Frequency [GHz]

(a) Lines 1 & 5 (Version 3) (b) Lines 2 & 6 (PETEX)

Figure 3.13: Frequency response of wire pairs; wp=single wire pair,
wpf=wire pair with floating wires in parallel (Table 3.1)

Relative effective permittivity e,

The relative effective permittivity is obtained from scattering parameter mea-
surements as well. A method to determine e, is explained in Section A.2
along with a smoothing algorithm for ¢,. The smoothing is a crucial tool to
suppress measurement disturbances and to achieve a flat permittivity curve
over the frequency range. The disturbances are caused by odd modes and res-
onances in the transmission line. The resonances and odd modes occur in turn
due to floating wires in the fabric, unequal lengths of the ground and signal
wires in the transmission line configuration, the wavy wire shape within the
woven fabric as well as due to geometrical tolerances in general. These effects
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Figure 3.14: Frequency response of triple wires; tw=single triple wire,
twi=triple wire with floating wires in parallel (Table 3.1)
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Figure 3.15: Frequency response of CPW-like structures (lines 9+10 in Ta-
ble 3.1)

have already been mentioned by Cottet et al. [25].

Figures 3.16, 3.17 and 3.18 show the permittivity of the transmission line
configurations listed in Table 3.1. The extracted permittivities over all trans-
mission line configurations show similar values, ¢, = 1.65 — 1.75 for fabric
version 3 and €, = 2.0 — 2.45 for PETEX.
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Figure 3.16: Extracted relative effective permittivity €. of wire pairs;
wp=single wire pair, wpf=wire pair surrounded by floating wires (Table 3.1)
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Figure 3.17: Extracted relative effective permittivity €, of triple wires;

tw=single triple wire, twf=triple wire surrounded by floating wires (Table
3.1)

Comparison and conclusion

The line impedance values Z; determined by TDR/TDT measurements are
verified with the VNA measurements in Table 3.3. Z; can be computed using
Formula (3.2) given by Ball [14]. This formula is valid for line impedance
computations of symmetrical wire line configurations whereby the extracted
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Figure 3.18: Extracted relative effective permittivity €, of CPWs (line 9+10
in Table 3.1)

permittivities of the VNA measurements are plugged-in. The two measure-
ment methods agree well within a tolerance of about 5% for PETEX and
about 10% for fabric version 3. The CPW-like and the GSG configuration in
PETEX are exceptions.

As illustrated in Table 3.3, textile wire pairs and triple wires can be ap-
proximated with the standard formula for straight wires (Formula (3.2)) de-
spite of the wavy wire shape. This approximation performs more accurate for
the PETEX fabric.

Additionally, HFSS simulations [11] have been conducted to determine
the impedance Z,;, of the PETEX transmission lines. The simulation model
consists of a grid with straight copper wires with no polyester fibers in-
between. Thus, the dielectric is air. An example of such a simulation model
is depicted in Figure 3.19. The values listed in Table 3.3 have been obtained
by using Zy = Zair/ /€ with €, from the VNA measurements. The results
agree within 5% for wire pair configuration and within 15% for triple wire
configuration.

The bandwidths of the transmission lines determined by the frequency
response are listed in Table 3.3 as well.

1 d 1 d n: # of ground lines
Zy = —, [ Ho {ln(—) + = ln(—)} ,  d: distance between wires
21w\ €ger n Wi ;
r: wire radius
(3.2)
The following conclusions can be drawn from the different textile trans-
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Table 3.3: Comparison of textile transmission line impedances obtained by
different methods and transmission line bandwidths

Line Config. Measurement Method BW
TDR/TDT VNA HFSS
# Zo[Q]  Zol] e l-1] Zo[€] | [GHZ]
1 wp 295 313 1.7 - 1.8
2 wp 245 244 2.7 254 2.0
3 tw 235 216 1.75 - 2.9
4 tw 185 179 2.45 159 >6.0
5 wpf 295 313 1.7 - 1.8
6 wpf 260 257 2.45 260 2.2
7 twf 225 216 1.75 - 1.8
8 twf 180 198 2.0 168 0.5
9 cpw 220 219 1.65 - 2.8
10 cpw 180 215 2.3 - 0.3
transmis-

sion line

floating
copper
wires \\“

Figure 3.19: Example of HFSS simulation model for textile transmission line
in GSG configuration with floating wires, length=10mm

mission line measurements:

e Cross-running wires within the fabric increase permittivity and thus,
lower line impedance.
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o First notches in the frequency response occur at about 2G H z. The PE-
TEX triple wire without floating wires in parallel does not show any
major notches up to 6GH z.

e Parallel running, floating wires mainly affect the frequency response
above 2GH z.

e The smoothed curves represent a good approximation of the actual per-
mittivities.

e The analytical wire transmission line model according to Formula (3.2)
reveals a valid approximation for PETEX and for fabric version 3.

e The CPW model delivers valid results for fabric version 3 in CPW-like
configuration.

e Measurement equipment and cables with reference impedance close to
250€2 would improve measurement result by suppressing big reflec-
tions and resonances. However, such equipment is commercially not
available, of course.

Table 3.4 gives a qualitative summary of the effects of floating wires on
the transmission line parameters Zp, BW and €, .

Table 3.4: Qualitative overview of effects of the different transmission
line configurations on Zy, BW and €, (V=decrease, VN =strong decrease,
A=increase, N\=strong increase)

Floating wires orientation within fabric
parallel across  parallel & across
Zo V VvV V
BW | perturbation - strong perturbation
€ - AN A

Generally, an arbitrary wiring structure in PETEX always incorporates
floating wires. Because of this fact, transmission lines in wire pair configura-
tion are recommended when high bandwidth is required. Triple wire configu-
ration is favored when the emphasize lies on low line impedance.

3.4. Screen-printed textile transmission lines

This section presents textile transmission lines as well. However, the trans-
mission lines consist of screen-printed conductive ink instead of copper wires.
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It is shown that a 50€2 line impedance is achievable with this printing tech-
nology.

Secondly, mechanical folding tests are performed in order to analyze the
adhesion of the ink to the fabric.

3.4.1. Textile substrate and printing ink

An acryl-cotton woven fabric with a surface roughness R, = 80 — 100um
is used as substrate for screen-printing of transmission lines. A picture of
this fabric is shown in Figure 3.20. The fabric possesses no mesh openings
such that acceptable printing results are achieved?. It features a thickness of
0.25mm and a relative permittivity ¢, = 2.68. The permittivity has been
determined by capacitive plate measurement.

Figure 3.20: Acryl-cotton substrate for screen-printing

The ink is a silver-filled paste [1] with a solid content of 73.5% — 76%. It
has a viscosity of 10—25m Pa.s and a specific resistance of 0.625Q.mm?/m.
The curing has to be performed at 120°C' for 15 min at least. Curing time is
a crucial factor to achieve good conductivity.

3.4.2. Screen-printing

Screen-printing is a simple, but powerful printing process. Generally, it con-
sists of a structured stencil mounted in a frame for stabilization. The frame
lies on top of the printing media (here: the acryl-cotton fabric) and the ink
(here: conductive silver paste) is pressed through the stencil by a scraper onto
the media.

The stencil for the transmission lines consists of a Sefar PET 1000 48-70
with a mesh aperture of 133um, a sieve opening of 41% and a sieve thick-
ness of 110m. The theoretical ink volume per square meter is 45.1cm3 /m?.

3 Another fabric with mesh openings did not deliver satisfactory printing results
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Smaller mesh openings deliver unsatisfactory results using this ink, i.e. un-
printed areas.

3.4.3. Transmission line structure

In our investigations, coplanar waveguide structures with finite-width ground
planes (FW-CPW) [84] have been printed on the acryl-cotton fabric. A pic-
tures of such a transmission line is shown in Figure 3.21.

—— I ——]
T
[ S,

| 3.5mm

Figure 3.21: Printed textile transmission line (10 print pass)

Figure 3.22 shows a close-up of the transmission line structure printed
with a different number of passes. 10 print passes mean that paste is pressed
through the stencil at the same location for 10 times. It can be seen that
the number of passes affects the fineness of the structures, especially on the
edges. On the other hand, a higher number of passes results in a better penetra-
tion of the fabric and therefore, in a thicker paste layer. It is directly related to
its conductivity. Although the stencil has been designed for 3mm wide lines
with 1mm gaps in-between, the printed line possessed a width of 3.5mm
with 0.5mm gaps in-between in Figure 3.22(b).

(a) 1 print pass (b) 10 print passes

Figure 3.22: Screen-printed structures



3.4. Screen-printed textile transmission lines 39

3.4.4. Electrical measurement results
DC resistance

During printing, the stencil limits the silver paste thickness to 45.1um. For
all samples, a paste thickness of 39.5 — 40um is measured independent on
the number of printing passes. In contrast, the electrical resistance depends
on the number of passes as depicted in Figure 3.23. Multiple print passes
cause a better ink penetration of the fabric. Given the measured resistance of
the printed lines, a paste thickness that agrees with the specific resistance of
the ink can be calculated. We call this thickness effective thickness and it is
indicated in Figure 3.23 as well.

Notice as well that the utilized fabric did not show any conductivity on
the backside.

0.200

3.34 um
0.180 |
Equivalent thickness

0.160 |

= 0.140 A
5121 um
E 0120 | 473 um W
6.25 um

0.100

0.080 -

0.060 . . . . . . .

1 2 3 4 5 6 7 8 9 10

Printing Passes [-]

Figure 3.23: DC resistance as a function of printing passes

Transmission line parameter

The measurement of the transmission line parameters utilizes the same setup
and methods as in Subsection 3.3.2. Again, the transmission lines are kept
straight and are surrounded by air. The presented values and figures are ob-
tained from the transmission line that has been manufactured using 10 print-
ing passes.

The measured line impedance Zj of this line is shown in Figure 3.24.

The bandwidth BW and the effective relative permittivity €, . have been
extracted using techniques as described in Section A.1. These parameters are
shown in Figure 3.25. The printed line features a bandwidth of about 4.7G H z
(—0.5dB/cm-point).
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Figure 3.24: TDR/TDT measurement of the printed transmission line (Fig-
ure 3.21)
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(a) Effective relative permittivity €, (b) Frequency response
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Figure 3.25: Parameters of screen-printed transmission line (Figure 3.21)

Transmission line parameter verification

For verification reasons, line impedance and permittivity have been obtained
and extracted using several approaches. Table 3.5 gives an overview of the re-
sults. VNA and TDR are measurement results using vector network analyzer
and time domain reflectometry, respectively. Ansoft HFSS [11] is a 3D FEM
simulation tool. As comparison, the values for a CPW with infinite ground
planes and no backed ground are given.

The obtained impedances differ by about 10%. A 5012 line impedance can

4Using techniques described by Grzyb ez al. in [41].
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Table 3.5: Printed transmission line parameter summary

Method 72 €rosy
VNA 7204 1.4
TDR 500 —
HFSS 800 1.3
CPW 7092 1.26

be achieved by increasing the trace width to 10mm while decreasing the gap
width to 0.4mm.

3.4.5. Mechnical stresses

Several stress tests are performed to determine the mechanical properties of
the cured paste with regard to creasing. Figure 3.26 illustrates how creasing
of the fabric with the printed transmission lines is conducted. The DC resis-
tance is monitored during the tests in order to register changes in the printed
structure.

We have chosen this setup since no test standards for conductive structures
printed on fabrics exist.

- — —_—
fabric  creasing

Figure 3.26: Creasing of the fabric with printed transmission lines

Figure 3.27 shows the DC resistance change when the transmission line
is stressed with b) a single crease to one side and straightened again followed
by c) a single crease to the other side and straightening again.

Secondly, the resistance is measured in dependence of the number of
creasing iterations at a certain location on the transmission line. It is depicted
in Figure 3.28. Note that the resistance of the 10 times printed line suddenly
increases. The creasing edge has slightly been shifted during the folding it-
erations. This shift has lead to a larger area where the paste crumbled and

therefore, to a higher resistance. Pictures of those effects are shown in Figure
3.29.
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Figure 3.27: DC resistance changes due to creasing

# of crease iterations

—10 print passes =5 print passes

Figure 3.28: DC resistance changes vs. number of creasing iterations

(a) After 1x crease iteration (b) After 5x crease iterations

Figure 3.29: Crumbling occurs after crease iterations
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3.4.6. Results and Conclusions

In contrast to wire-based textile transmission lines, 50€2 line impedance can
be achieved with screen-printed lines. The impedance discontinuity between
measurement equipment and our printed transmission line is about 3 times
lower compared to wire-based transmission lines. Thus, signal reflections are
lowered by this amount and the extracted line parameters, bandwidth and €.,
are less perturbed. The printed line with its bandwidth of 4.7G H z outper-
forms the wire-based transmission lines.

The minimal feature size in the screen-printing process depends not only
on the paste, the stencil and the number of printing passes, but also on the
textile substrate. It is about 0.5mm for line width and spacing on our fabric.
Therefore, printing is a suitable technique for coarse structures such as patch
antennas, ground planes and simple one-layer routing structures.

Bending with a radius larger than 1em does not affect the DC resistance at
all. Bending with smaller radii or even folding results in an increasing resis-
tance due to cracks in the silver paste. The effect is bigger when fewer printing
passes have been applied. Eventually, the paste crumbles from the fabric and
conductivity is lost. Creasing at slightly shifted locations should be prevented
as indicated in Figure 3.28. If folds can be avoided, 5 — 10 printing passes
give good results regarding geometrical precision and electrical performance.

The cured silver paste with a solid content of about 75% suffers from brit-
tleness. Jiang et al. [46] showed for a carbon coating that adhesion improves
the smoother the substrate surface is. Therefore, a rubber-like layer could first
be deposited onto the acryl-cotten fabric to planarize the surface. The silver
paste on top of it should then show better adhesion.

3.5. Textile vias and interconnects

This section focuses on the copper wire based fabric PETEX. A manufac-
turing technology is discussed in order to establish an arbitrarily connected
wiring structure within the fabric. This technology is necessary for SoT to en-
able the wiring of components assembled on the fabric. Such a wiring struc-
ture consists of single interconnects between copper wires called textile via.
Figure 3.30 shows a sketch of such a textile via.

Considering the arrangement of the wires within PETEX, it is obvious that
only perpendicular wiring structures can be implemented with textile vias.
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Figure 3.30: Sketch of a textile via

3.5.1. Manufacturing of a textile via

The wires in PETEX are insulated against each other. Hence, the insulation
needs to be removed at a point in order to interconnect crossing wires. Such
a textile via is the fundamental building block for a routing structure in the
fabric. The four necessary manufacturing steps of a textile via are explained
in the diagram in Figure 3.31.

Figure 3.32 shows a cross-section through a textile via. The rough surface
of the copper wires results from laser treatment.

3.5.2. Determination of the laser parameters

Laser light is applied in three process operations during manufacturing of a
textile via. The goal is to determine the laser parameters for the three opera-
tions:

a) Removal of polyesterimid (or polyurethane) coating of the copper wire
(laser ablation)

b) Removal of polyester yarn
c) Cutting of the copper wire

Laser ablation is a method to remove a layer of a specific material (e.g.
polymer) without damaging the underlying other material (e.g copper). An
introduction about the fundamentals of laser ablation is given by Lippert et
al. in [56] and by Duley in [31].

Removal of the polyester and the coating needs special attention. On the
one hand, the polyester as well as the coating can carbonize during laser
treatment. Secondly, the polyester can melt and plaster up. In both cases, the
treated spot might be contaminated or overcast with polyester again.

On the other hand, the varnish must entirely be removed without dam-
aging the copper wire. Figure 3.33 illustrates the procedure to determine the
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Coating removal on copper wires at de-
fined intersections. Laser ablation removes
the coatings of the copper wires using stan-
dard laser machines for microvia manufac-
turing. Additionally, the adjacent polyester
yarns are removed to make the wire inter-
section better accessible.

!

Cutting of certain wires in order to avoid
short-circuits with the rest of the rout-
ing (since the wires span the entire woven
area). Cutting of the wires is achieved with
laser light using a higher fluence than ap-
plied for ablation.

Interconnection of the skinned wire sec-
tions. A drop of conductive adhesive is dis-
pensed on the ablated spot connecting the
two crossing wires.

Adding mechanical and electrical protec-
tion to interconnection. Epoxy resin pro-
tection is deposited as encapsulation on the
connection established.

Figure 3.31: Manufacturing steps of a textile via

45
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Conductive adhesive

Copper wires

Figure 3.32: Cross-section through a textile via

optimal laser ablation parameters. The absorption spectrum identifies the op-
timal laser wavelength A and the profilometry specifies the ablation rate d(F’).

i i A i d(F :
Specimen Absorption Ablation ! (F) Ablation rate
preparation spectrum matrix diagram

Figure 3.33: Procedure to obtain the optimal laser parameters for ablation.

Cutting of the copper wires is not critical since those laser parameters are
already known from literature.

In the following subsections, we first identify the ablation parameters for
wire skinning with a XeCl excimer laser. Secondly, we give the parameters for
a Nd:YAG laser at 355nm wavelength since such lasers are used in industrial
machines for PCB manufacturing, e.g. [35, 64]. This laser type can remove
the wire coating (operation a) and the polyester yarn (operation b) in one pass.

Preparation of the varnish specimens

The light absorption spectrum of the wire varnish determines the optimal laser
wavelength for skinning. The spectrum is measured with a Varian Cary 500
spectrometer [99]. Since this device cannot directly measure the spectrum of
the coated wire, specimens are prepared on glass substrates. A wire varnish
layer of 2.5um thickness is spin-coated onto glass substrates at 2000rpm.
Curing of the varnish is then performed according to Table 3.6. It is important
to achieve an entirely cross-linked polymer coating.
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The spectrometer measures the transmittance of the coating by comparing
the specimen to a reference glass substrate without coating. With this method,

the spectrum of the pure coating is determined.

Table 3.6: Curing parameters of the wire varnish

Temperature  Time

Specimen 1 500°C 1 min
Specimen 2 300°C 20 min

Absorption spectrum of the wire coating

The absorption spectrum of the wire coating is shown for the two specimens
in Figure 3.34. The absorbance is defined as A = —log19(T") whereas T'
corresponds to the transmittance [103].

According to Elektro-Feindraht AG>, the coating of the wire is deposited
and cured in several iterations during the manufacturing process. Since the
measured spectra coincide for the differently cured specimens, we conclude
that the polymer is entirely cross-linked for both specimens. Thus, the coating
on the glass substrate is equal to the wire varnish.
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= Specimen 1 - - - Specimen 2

Figure 3.34: Light absorption spectrum (UV-Visual spectrum) of the wire
varnish

Figure 3.34 indicates that the wavelength of a XeCl excimer laser (wave-
length 308nm) is nearest to the absorption maximum at 291nm.

SElektro-Feindraht AG is the manufacturer of the copper wires
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Ablation matrix and profilometry

In order to determine the ablation rate at 308nm, an ablation matrix is gener-
ated on a specimen with ascending number of laser impulses in one direction
of the matrix and with increasing laser fluence F' (energy density) in the other
direction. Afterwards, the surface of the specimen is inspected by profilome-
try for each row in the matrix. Figure 3.35 illustrates such an inspected row
for a constant number of laser impulses.

0.4
depth of removed ‘
0.2 coating I— specimen surface
0 j| n n n P
£ 02 V\‘J W
£ | »
S -0.4
©
0.6 1 j fluence_
decreasing
-0.8 -
-1 : - T
0 1000 2000 3000 4000 5000 6000 7000
position [um]

Figure 3.35: Row of the ablation matrix inspected by profilometry (con-
stant # of laser impulses)

The ablation rate shown in Figure 3.36 is then obtained from the depths in
the ablation matrix. It is depicted for one and five laser impulses. The coating
layer on the glass substrate has entirely been removed when using more the
five laser impulses. The measured ablation curve is usually approximated with
Formula (3.3) [57] where F}j, is the laser fluence threshold. Laser fluences
below the threshold Fy;, do not ablate coating. The approximation (3.3) is
shown in Figure 3.36 as well. For a better fit at small laser fluences, only
measurements until 400m.J/cm? are considered for the approximation.

a(F) = ——1n - {L} (3.3)
oefr  Fin impulse

The identified laser parameters are given in Table 3.7. The effec-
tive absorption coefficient aery [57] is determined with an accuracy of
+0.18 - 1073em~!. Thus, an ablation rate of about 200nm per impulse
is achieved above a laser fluence of 400m.J/ c¢m?2. In conclusion, the entire
coating layer on the copper wire (~ 7um thickness) is removed with about
35 laser impulses.
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fluence F [mJ/cm?]
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Figure 3.36: Ablation rate d(F') of the wire coating (@ 308nm)

For comparison, the ablation parameters for copper at 308nm are listed in
Table 3.7 as well. These parameters have been taken from Torrisi et al. [96].
The fluence threshold for copper is about 15 times higher than the threshold
for the coating. Thus, the copper will not be damaged during ablation of the
coating.

Table 3.7: Laser ablation parameters at 308nm

Material  aeyy [m~1] Fyp, [mJ/cem?]
Coating  0.28 200
Copper  7.5-107,[96] 3000, [96]

Nd:YAG laser parameters for wire skinning

A XeCl excimer laser is optimal for skinning of the wire coating. However, a
Nd:YAG laser at 355nm wavelength is used later on since industrial machines
in PCB manufacturing work at this wavelength. Note that the absorbance in
Figure 3.34 has already dropped significantly at a wavelength of 355nm.

Such a laser can remove the wire coating (operation a) and the polyester
yarn (operation b) in one step using an impulse energy of 80u.J at a focal
diameter of 20um and an impulse repetition rate of 30kH z with impulse
length of 100ns. The processing point (laser spot) is moved with a velocity
of 3.2um/impulse (= 100mm/s) during laser treatment.
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According to literature [104], the ablation threshold for copper is at Fy;, =
3J/cm? and the absorption coefficient for copper is ey = 7.31 - 107m 1
at 355nm wavelength.

Cutting of the wires using laser light (operation c)

Higher laser fluence is needed in the wire cutting step (operation c). A laser
energy of 250..J at a focal diameter of 20pm is needed at 355nm wavelength
at an impulse rate of 15 — 18k H z with impulse length of 100ns and a mark
speed of 100mm/s.

3.5.3. Wire interconnect with conductive adhesive

The adhesive drops of about 0.5n/ are dispensed using a needle with diameter
0.2mm (Gauge 27). We apply a silver-filled conductive epoxy (E4110 by
EPO-TEK [34]) that is cured at 100°C during 3 hours.

3.5.4. Epoxy encapsulation as mechanical protection

The epoxy encapsulation is dispensed as well using Stycast 2850 by Emerson
& Cuming [33]. Its viscosity of 10 — 15 Pa.s allows deposition onto the fabric
without spreading and therefore, no casting mold is necessary. The curing
happens at room temperature. Currently, dispensing of epoxy is applied on
both sides of the fabric in order to encapsulate a textile via. Lowering of
the viscosity would enable the epoxy to flow around the entire textile via
while deposited only on one side. This step would ease the manufacturing
process. However, a lower viscosity could then lead to spreading of the epoxy.
Eventually, the optimal viscosity depends on the fabric mesh openings.

A feasible alternative is the use of the so-called ’dam and fill’ approach
from glob-tops in chip packaging [2, 52, 75]. There, an epoxy dam is first
dispensed around a chip. Afterwards, the cavity inside the dam is filled with
epoxy. The dam prohibits spreading of the filler epoxy over the entire area.
Figure 3.37 illustrates the glob-top manufacturing process. The dam epoxy
usually has a viscosity of > 500Pa.s and the cavity fill epoxy about 30Pa.s
[2]. Both epoxies feature similar chemistry, but the cavity epoxy has a lower
fill loading compared to the dam epoxy.

An introduction to the use of polymers and polymer encapsulations in
electrical engineering is given by Schaumburg in [82] as well.
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(a) Dam process (b) Fill process

Figure 3.37: Manufacturing of a glob-top encapsulation [75]

3.5.5. Electrical characterization of a textile via

In this subsection, textile vias and textile via configurations are character-
ized regarding DC resistance, line impedance discontinuity and frequency re-
sponse. Five textile via configurations are presented in order to interconnect
the SG and GSG transmission lines introduced in Section 3.3.

DC resistance

The DC resistance of a textile via is obtained by measuring a cascade of
vias using the 4-wire resistance measurement method [3]. The resistance of a
single via R,;, can then be determined by Formula (3.4). R, cqs corresponds
to the measured resistance whereas Ryire;; and Ryire, correspond to the
resistance of the plain copper wire (50um diameter) in horizontal and vertical
direction, respectively. The two values are known from the overall wire length
in the cascade structure and the wire resistance in warp and weft direction
given in Subsection 3.2.2. The term ’-2’ in the denumerator occurs since the
two outermost vias do not induce any voltage drop. They are just used to
connect the voltage sensing. Figure 3.38 illustrates such a cascade of textile
vias.

R — Ry — Ry
Rm'a _ meas wiremy wirey Q 3.4
The average resistance R,;, reaches 14.1mf2 over N = 21 vias. The
standard deviation is o = 0.18mf2.

Textile via variants for RF measurements

Textile transmission line configurations have been introduced in Section 3.3.
In order to enable routing capability of such transmission lines, suitable via
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textile vias

Figure 3.38: Cascade structure to measure the DC resistance of textile vias

configurations are essential. Figure 3.39 illustrates five possible via variants,
two for wire pair configuration and three for tripe wire configuration. Whereas
variant 1 in Figure 3.39(a) has the disadvantage of unequal wire lengths (here:
the signal wire is longer than the ground wire), variant 2 in Figure 3.39(b) re-
alizes a cross-over to maintain equal wire lengths. Variant 3 in Figure 3.39(c)
and variant 4 in Figure 3.39(d) show similar properties. Finally, variant 5 in
Figure 3.39(e) is a mix of variant 3 and 4.

'15mm' I15mmI PRELLE < 15mm » < 15mm >

(a) Variant 1, (b) Variant 2, (c) Variant 3, (d) Variant 4, (e) Variant 5,
SG-SG SG-GS GSG-GSG GSG x GSG GSG 1 GSG

Figure 3.39: Textile via variants using PETEX

The feed transmission lines to the vias have been isolated in advance to
remove floating wires in parallel. The same SMA adapters as for the trans-
mission lines in Section 3.3 have been applied for measurement of the textile
vias as seen in Figure 3.40. Secondly, the same measurement equipment and
setup as in Section 3.3 have been used during the via measurements.

TDR measurements

Figure 3.41(a) depicts the TDR measurements of via variants 1 and 2. The
vias introduce discontinuities in line impedance. For comparison, the mea-
surement of a transmission line of the same length is given in Figure 3.41(b).
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(a) Adapter to textile via variants 1+2 (b) Adapter to textile via variants 3-5

Figure 3.40: Pictures of SMA adapters for textile via measurements

250 2501

200 2001

2 150+ Z 150F
100F 100F

50 50

00 0.5 1 15 2 00 0.5 1 15 2
[ns] [ns]

(a) TDR measurement of SG vias (b) TDR measurement of SG transmission line
only (Table 3.1, line #2)

Figure 3.41: TDR measurements of textile via variants 1+2

Figure 3.42(a) depicts the TDR measurements of via variants 3 till 5. The
vias cause a big notch in the impedance characteristic. The TDR measurement

of a transmission line of the same length in triple wire configuration is given
in Figure 3.42(b).

Scattering parameters

Figures 3.43 and 3.44 show the scattering parameter (s-parameter) Ss; of
the via variants. Since a via is a passive structure its s-parameters are sym-
metrical, thus, Soo = S11 and S12 = Ss;1. Some figures contain 2 curves
corresponding to two measured specimens of the same via variant.
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Figure 3.42: TDR measurements of textile via variants 3-5

The s-parameters of the plain vias have been deembedded using s-
parameter measurements of two corresponding textile transmission lines as
well as an s-parameter measurement of the textile via including the feed lines.
The deembedding applies an extended approach of the method to extract
transmission line parameters from measurements described in Section A.l.
This extension is based on the paper of Grzyb et al. [41]. Since the extrac-
tion of the textile transmission line parameters already includes many error
sources such as odd modes (See section A.1), it is clear that the via deembed-
ding faces the same problems. The figures also contain these odd modes.

Among the five variants, variants 142 show the best performance. Both
variants feature a bandwidth of approximately 500 — 600 M H z whereas vari-
ants 3-5 possess a bandwidth of only about 300M H z.

Conclusion

From the s-parameter measurements, it can be seen that vias in wire pair
configuration perform better than in triple wire configuration. The adjacent
ground wires and vias in triple wire configuration generate odd modes at
lower frequencies than in wire pair configuration. The unequal lengths of sig-
nal and ground wires do not affect the frequency response in any via variant.

It is obvious that the vias limit the bandwidth of a wiring structure when
compared with the results of the transmission lines in Section 3.3. Since an
arbitrary wiring structure in PETEX is always surrounded by floating wires,
the SG transmission line configuration along with via variants 1 or 2 are re-
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Figure 3.43: Scattering parameters of SG vias

commended to achieve the best overall bandwidth.

3.6. Interposer Technology

Whereas Section 3.5 focused on interconnects within the fabric, electrical
component assembly onto the fabric is described in this section. The proposed
interposer technology adapts the pitch mismatch between components and
fabric and allows the wiring of arbitrary components.

Firstly, the problems of a direct component assembly on fabrics are
identified and the use of interposer is motivated. Secondly, the princi-
ple build-up of such an interposer is illustrated. We distinguish between
application-dependent and application-independent interposers. An optimiza-
tion of application-indepent interposers is presented regarding shortest overall
trace lengths. Eventually, we give formulas to compute the fabric area con-
sumption of interposers.

3.6.1. Introduction and Motivation

There is a significant difference between PETEX and conventional substrates
(e.g. FR4). The trace pitch can vary on conventional substrates whereas the
wire pitch within PETEX is constant.

Even though the component pitch matches the fabric pitch, several aspects
must be considered. Figure 3.45 points these aspects out. Since the pads are
aligned in columns in Figure 3.45(a), they connect to the same copper wires.
Thus, cuts are needed to prevent shorts between component pads. Such cuts
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Figure 3.44: Scattering parameters of GSG vias

result in a weakened mechanical stability of the substrate as well as in an
additional step in the manufacturing process.

Secondly, connection of components such as BGAs necessitates several
wiring layers in general. Methods to estimate the number of routing layers on
conventional substrates are given in [21, 37, 42, 98]. However, these methods
are not valid for PETEX. As soon as more than one pad row exists on each
side of the package, an escape routing is not feasible anymore as depicted in
Figure 3.45(b).

In conclusion, an interposer has to be inserted between component and
fabric substrate that re-distributes the pads of the component to the wires in
the fabric as shown in Figure 3.46.
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Figure 3.45: Problems of direct mounting of packages onto PETEX

Component
am—

1 ]

Interposer «——

.

Fabric

Figure 3.46: Component assembly with interposer on the fabric

3.6.2. Interposer Approach

An interposer adapts the component pitch to the substrate’s pitch. This prin-
ciple is already established in the BGA technology [17, 36] in order to adapt
the chip pitch to the pitch of the substrate, e.g. FR4.

Applied to PETEX, an interposer can even eliminate the cuts shown in
Figure 3.45(a) by re-distributing the component pads in an orthogonal manner
seen in Figure 3.47.

Such an interposer features several advantages in comparison to a direct
component attach:

e No cuts in the fabric are needed for the escaping routing of a compo-
nent. Therefore, mechanical stability of the fabric is unaffected.

e The pitches of the components and the fabric can be adapted to each
other.
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Figure 3.47: Interposer re-distributes the component pads to align with the

fabric pitch

e No restrictions of the number of component pads exist.

e The interposer enables assembly independent of the component pack-
age. Therefore, the interposer supports chip packaging technologies
such as bare dies, flip chips, CSPs, BGAs and SO packages.

e The interposer pad assignment can be optimized to the application cir-
cuit. Thus, a pre-routing can be introduced on the interposer.

Figure 3.48 illustrates a possible interconnect structure between two inter-

posers mouted on the fabric. Since the copper wires in the fabric are insulated
against each other, no cuts are needed.

Textile Via Interposers Copper wire

Routing on  Connected Wires
Interposer

Figure 3.48: Electronic circuit on the fabric using interposers
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3.6.3. Interposer types

Two options are feasible for interposers. The interposers are either tailored
towards the application circuit or independent of the circuit. Further, we call
the pads on the interposer on the component side ’component pads’ and the
pads towards the fabric ’interposer pads’.

Application-dependent interposer

The use of an application-dependent interposer results in a simple wiring
structure in the fabric. The component pad assignment to the interposer pads
on the fabric is arbitrary. Therefore, the pad assignment can be used to sim-
plify the wiring structure within the fabric. Ideally, only transmission lines
with few branches remain in the fabric wiring.

On the other hand, this approach leads to a countless number of interposer
variants for similar electronic components.

The principle build-up of an application-dependent interposer is shown in
Figure 3.49.

Component

pad N\ Component side
[ J pos]
via ' x fabric side
¥~ Interposer
Trace pad
(a) Top view (compo- (b) Cross-section sketch

nent side is translucent)

Figure 3.49: Example for an interposer build-up (component pads on top
side, interposer pads on bottom side)

In fact, vias in interposers cannot only be used as connect from the top
to the bottom side, but as interposer pads to the fabric simultaneously. This
design is utilized for the interposer example in Figure 3.50.
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Application-independent interposer

An application-independent interposer has a fixed assignment of the compo-
nent pads to the interposer pads. The assignment can for instance be opti-
mized for shortest connects between these pads.

Figure 3.50 shows the two sides of an application-independent interposer.

(‘r

\T/‘

)_; Component pads

Interposer —¥ &
pads \ &)
@)

(a) Bottom side of the inter-  (b) Top side of the inter-  (c) Interposer with assem-
poser (towards fabric) poser (component side) bled chip package

Figure 3.50: Application-independet interposer to adapt a uSOP chip
package to PETEX

Application-independent interposer with shortest trace lengths

As mentioned before, application-independent interposers can be optimized
such that the total trace length on the interposer is minimal.

Note that there exist n! potential assignments of the n component pads
to the interposer pads. Secondly, there are n! arrangements to distribute the
interposer pads on the fabric. In total, (n!)? variants have to be tested in order
to find an optimum.

The problem of the pad assignment is known as bipartite weighted match-
ing problem with complete matching in graph theory [30]. Figure 3.51 il-
lustrates the graph problem for one interposer pad arrangement where wy,
corresponds to the distances between component pads and interposer pads.
Approach (3.5) states the optimization problem. A unique solution does not
exist: if weights wy, are equal, the edges in the graph can be interchanged.

min Z Wk (3.5

s.t. complete matching
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Figure 3.51: Pad assignment problem illustrated for one interposer pad ar-
rangement (wy. distance between component and interposer pads = weights
in the graph)

An approach to solve the assignment problem is given in Formula (3.6)
and (3.7) where i,c € C". i denotes the coordinates of the interposer pads
and ¢ denotes to the coordinates of the component pads. The dimension n of
the two vectors is equal to the number of component/interposer pads. Real
parts of ¢ and ¢ correspond to the x-coordinates of the pads and imaginary
parts correspond to the y-coordinates of the pads as depicted in Figure 3.52.

y .
Im(i) o'

Im(c) m

Re() Re(c) *

Figure 3.52: Interposer coordinate notation for optimization problem (3.7),

i,ceC
0 1 ... 0 il C1
0 0 e 1 ig C2
A=Adi—c=| . . . -] (3.6)
0 1 0 in Cn
min  min A*A (3.7)
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c is a constant containing the coordinates of the component pads. ¢ con-
tains the coordinates of the interposer pads for one of the n! existing inter-
poser pad arrangements. A is a full-rank matrix containing only one ’1” in
each row and column. It conducts the assignment of the interposer pads to
the component pads. The inner minimization in (3.7) shuffles the ’1’s in A
such that the overall lengths between interposer pads and component pads are
minimal for a given interposer pad arrangement ¢. The given constraints guar-
antee that only one ’1” is in each row and column of A and that A is full-rank.
The outer minimization iterates over all possible interposer pad arrangements
2 to find an optimum.

Figure 3.53 depicts an optimal solution of an interposer pad arrangement
and a component pad assignment, which minimizes the total trace lengths on
the interposer. Solid squares denote the center of the component pads whereas
solid circles denote the interposer pads towards the fabric.

2 °
1+l PS ‘|
TN L g
E P .
o
-1+ R |
_2 .
-2 -1 1 2
[mm]

Figure 3.53: Interposer pad arrangement with component pad assignments
of minimal total trace length for a pnSOP package (B: center of component
pads, e: interposer pads)

Note that the computational amount for optimization of an application-
independent interposer rises rapidly by (n!)2.

3.6.4. Footprint area of an interposer

The routing structure on an interposer depends on the component package
(i.e. component pitch) and the fabric wire pitch. Further, either component
pitch or fabric pitch directly defines the minimum interposer area A, ;. This
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relation is formulated in (3.8) where n is the number of interposer pads, P,
is the fabric wire pitch and A, is the area occupied by the component
package.

Amin = max [Acomp7 (77, . ptex)2] (38)

3.6.5. Reduction of occupied interposer area

Specific cuts in the fabric can reduce the occupied area of an interposer when
(n- ptm)2 > Acomp- Figure 3.54 shows three examples along with the corre-
sponding formula for the reduced area A;,. Note that only the interposer pads
are drawn in the Figure. The symbols in the given formulas have the the same
meaning as in Formula (3.8). Formula (3.9) determines then the occupied area
Apnin of an interposer.

Apin = max [Acomp7 Azp] (3.9
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Figure 3.54: Examples of interposers with cuts in the fabric to reduce the
occupied area

A diagonal cut as in Figure 3.54(a) delivers the smallest area A;, for all n.
However, the larger the number of pads is, the longer the interposer becomes
while its width stays constant.

The principle in Figure 3.54(b) is recommended to achieve a quadratic
or nearly quadratic interposer shape. Notice that at least a horizonal and a
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vertical cut are necessary to obtain an area reduction in comparison to an
interposer without cuts in the fabric. If the number of pads cannot be divided
into even groups by cuts, the expression n/2 in A;, extends to n/2 + 1.

Figure 3.54(c) finally is the continuation of the principle in Figure 3.54(b).
A single cut must be kept in either the horizontal or the vertical direction.
Otherwise, certain pads are not electrically accessible anymore. c,, denotes
the number of cuts in the direction with more than one cut (in the figure:
horizontal cuts). The limit is achieved when a cut is placed between every
pad. Such a case corresponds to Figure 3.45(a) and the pad area A;, coincides
with that one in Figure 3.54(a). Again, the higher the number of pads is, the
longer the interposer becomes.

As soon as cuts are introduced in the fabric, the escape directions for the
wiring of an interposer pad become limited to 2 directions (case a+b) or even
to 1 direction (case c).

3.6.6. Further considerations
Interposer manufacturing

Vias/interposer pads must be plated with gold to ensure a oxidation-free elec-
trical connection with the conductive adhesive. Vias of an interposer that only
function as vias should be tented such that probable shorts with the fabric can
be avoided.

RF performance

A final note is given regarding RF behavior of the interposer. If no cuts are
placed in the fabric, signal lines possess open ends of unknown lengths that
introduce reflections. Thus, high frequency applications are limited. On the
other hand, dedicated cuts in the fabric close to the interposer pad can relax
this problem.

3.6.7. Assembly of an interposer

Figure 3.55 illustrates how an interposer is connected to the fabric. As easily
can be seen, no cuts are necessary anymore and mechanical stability of the
fabric is ensured.

Figure 3.56(a) shows a laser ablated fabric with interposer underneath.
The wire coating and the polyester yarn is removed at each laser treated point
in the fabric.
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Figure 3.55: Mounting of an interposer to the fabric

Figure 3.56(b) depicts the same interposer connected to the fabric. The
conductive adhesive establishes the electrical connection between the inter-
poser pads and the copper wires in the fabric.

(a) Laser ablated fabric (b) Interposer connected
with interposer underneath to the fabric

Figure 3.56: Interposer and fabric assembly

For a better understanding, Figure 3.57 presents a cross-section through
an interposer. The cut has been placed where an interposer pad connects to
the fabric.

3.6.8. Inductivity of an interposer connect

The inductance of a 33um bond wire ranges from 2 — 4.4nH [8, 69] for
lengths of 2 — 4mm. In contrast, a 30m4l solder ball of a BGA packages only
features about 0.2n H [69]. For comparison reasons, an interposer connect is
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Figure 3.57: Cross-section through interposer-to-fabric connect

modeled as shown in Figure 3.58 and simulated with FastHenry [50]. The
copper wire in the fabric is kept short (0.5mm) and the trace on the inter-
poser is 3mm corresponding to an average length. The via through the inter-
poser has a height of 1mm. Notice that the interposer PCB is not shown here.
The simulations revealed an inductivity of 2.9n.H for such an interconnect. A
longer copper wire would add about 1.05nH /mm due to self-inductance.

43rn/m’
via— .
interposer

“~pad & adhesive
0.5mm connect

Figure 3.58: Simulation model of interposer connect

Thus, the inductivity of an interposer connect lies in the same region as a
bond wire connects.

Further, the parallel wires within the fabric couple to each other. Simu-
lations are performed in FastHenry to obtain the mutual inductances among
adjacent wires within PETEX. Figure 3.59 shows the simulation model and
the mutual inductance of one wire to its adjacent wires. As expected, the
simulations indicate an exponentially decaying coupling following the law of
magnetic coupling.
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Figure 3.59: Mutual inductance among the wires within PETEX

3.7. Circuit protection tests

Interposers assembled on PETEX as well as textile vias are protected with
epoxy resin.

In this section, the behavior of PETEX and the epoxy circuit protection
is analyzed under tensile stress. The plain PETEX is tested until breakage in
warp and weft direction while monitoring its electrical conductivity. The goal
is to determine whether the woven polyester yarn frame of PETEX protects
the copper wires from breakage.

Secondly, a two-pad interposer is assembled on the fabric and encapsu-
lated. The fabric with interposer is then strained until breakage. The question
is *what breaks first’, the fabric itself or does the interposer pop off.

Apart from that, the epoxy encapsulation on the fabric is exposed to a
humidity of 85% RH at 85°C. The creepage current is then measured to de-
termine moisture penetration and sealing of the epoxy.

An overview of mechanical test for fabrics is given by Saville [81].

3.7.1. Tensile stress test on fabric

Several fabric samples of 44mm width are analyzed in a tensile test machine®.
The sample lengths in warp and weft direction feature 10cm. The resistance
of the copper wires in the fabric is observed during the tests with the internal
ohmmeter of the Agilent 34980A switch unit [4]. Depending on the fabric

SBrand: Zwick Roell
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sample, 20 up to 70 wires could be contacted in parallel to measure resistance.
Figure 3.60 depicts the measurement setup.

Figure 3.60: Tensile test setup. The resistance of the copper wires in PE-
TEX is monitored during the tensile tests.

All tensile tests are performed at room temperature. Figure 3.61 shows
the obtained measurement curves. The fabric breaks at about the same force
at an elongation of 32% and 23% in warp and weft direction, respectively.
Whereas the copper wires break while the fabric (polyester) still yields in
warp direction, the polyester yarns break while the copper wires are still intact
in weft direction. This effect originates from the different stresses in warp and
weft direction during manufacturing according to Sefar Inc.

The measured resistance change is caused by yielding and breakage of
the copper wires. Yielding leads to constriction of the wires that results in
a steadily increasing resistance. Breakage results in a sudden change of the
resistance. Notice the steps in the resistance curve corresponding to the break-
age of single copper wires.

It is interesting to mention that the copper wires do not break at the tear
edge of the polyester at a first stage. Instead, the copper wires start breaking at
random locations within the fabric as can be seen in Figure 3.62. Correspond-
ing to the stress-strain figures, this effect is much stronger in warp direction.
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Figure 3.61: Stress-strain diagram of PETEX including measurements of
electrical resistance change of the copper wires

Figure 3.62: Broken copper wires within the fabric due to tensile stress
(warp direction)

Tensile stress on fabric with interposer

The same tensile tests are conducted with PETEX samples including an in-
terposer encapsulated in epoxy. In fact, the interposer just forms a bridge be-
tween two wires. The conductivity between these two wires is then monitored
during the tests. Further, we are interested whether to interposer weakens the
fabric.

Most samples break right at the edge of the interposer. However, the in-
terposer sometimes unhinges of the fabric before breakage as can be seen in
Figure 3.63.

The measured curves in Figure 3.64 behave similar in warp and weft as
the plain fabric. The breakage occurs about 5 — 10% earlier in elongation
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Figure 3.63: Unhinged interposer during tensile tests

compared to the plain fabric. The difference originates from the interposer
assembly as well as from the different sample dimensions. A fabric sample
with interposer has a width of 50mm and a length of 185mm.
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Figure 3.64: Stress-strain diagram and electrical resistance change of PE-
TEX with assembled interposer

Results and conclusions

Table 3.8 lists the measured tensile strengths and elongations of PETEX with
and without interposer. The numbers in bold face indicate the weaker compo-
nent in the tests, either the polyester (PET) or the copper wire.

In weft direction, the copper wires even break after the polyester yarns.
Secondly, assembled and encapsulated electronics slightly weakens the fab-
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Table 3.8: Tensile strength of PETEX

Plain PETEX PETEX with interposer
Tensile  Elong. at break | Tensile  Elong. at break
strength  PET Wire strength  PET Wire

[N/mm] %] (%] | [N/mm] [%] [%%]
Warp 55 32.0 27.0 43 22.5 21.0
Weft 55 23.0 26.0 4.9 18.0 18.5

ric. Breakage in the fabric occurs right at the edges of an encapsulation since
the stiff epoxy resin causes a scoring guide.

The yield strain of polyester is about 1%. Almost total length recovery oc-
curs even after an elongation of 10% [43]. Stresses above these values are not
expected in daily life. Hence, the polyester yarn frame in the fabric protects
the copper wires from tensile stresses.

3.7.2. Moisture absorption of epoxy encapsulation

The moisture absorption measurements determine the seal effect of the epoxy
encapsulation. We want to know if such an encapsulation is suitable to pro-
tect electronics from moisture. The datasheets for the polyester material of
PETEX and the epoxy resin [33] give only limited information on their be-
havior in moisture, viz 0.4% moisture content at 20°C, 60%RH and 0.15%
maximal moisture content, respectively.

In a first step, we determine the exposure time to humidity until mois-
ture saturation within the encapsulation is achieved. In a second step, we
actually measure the creepage current for two climates, 30°C, 60%RH and
85°C, 85%RH, respectively.

Exposure time until saturation

The exposure time to humidity until water saturation occurs has not been
known for the epoxy resin and the polyester previously. Literature [18, 97]
gives imprecise numbers. Therefore, measurements to determine this time
have been performed in advance using similar capacitive measurement tech-
niques as described in [95]. In short, plate capacitors with PETEX as dielec-
tric between the plates have been manufactured and encapsulated in epoxy
resin. A plate has dimension 5x5mm?2. Some capacitors have been left un-
protected. The capacity has been measured with the HP4192 impedance ana-
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lyzer [6].

Accumulated water between the plates causes a raised capacity. We have
measured the time until the capacity stopped increasing. Our samples show
saturation after about 80 hours exposure to 85°C, 85% RH.

Creep measurement specimens

Troyk et al. [97] suggest a comp pattern to measure moisture penetration in
chip packages. Following their approach, a comb pattern is built within PE-
TEX as depicted in Figure 3.65. The wire coating under the epoxy protection
has been removed in advance simulating electrical connects to an interposer.
Different specimens, with and without epoxy protection, have been prepared
as listed in Table 3.9. The fabric size of all specimens is 4z4cm?.

All feeding cables have been equipped with a teflon (PTFE) cladding in
order to minimize measurement errors. Since literature does not agree about
the use of shielded or unshielded cables’, specimens in both variants have
been prepared.

A
Epoxy \Copper
wires
1 114 mm
Wire coating
removed

B

Figure 3.65: Utilized comp pattern for creep measurement in PETEX

Specimens 142 of Table 3.9 are shown in Figure 3.66. The comp pattern
of Figure 3.65 is underneath the epoxy encapsulation in Figure 3.66(a). The
same PETEX piece as in Figure 3.66(a) is located inside the metal shielding
in Figure 3.66(b) and connected to the coax cables.

7Shielded cables reduce the noise caused by scattering fields compared to unshielded cables.
On the other hand, the signal wires are tightly together in shielded cables introducing an potential
parasitic creep among these wires.
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Table 3.9: Specimens for creep measurements

Specimen Comment Epoxy Protection  Shielding
1 without shielding lzlem?
2 with shielding lzlem? Vv
3 without epoxy
4 plain fabric

(a) Unshielded (b) Shielded

Figure 3.66: Specimen 1+2 of Table 3.9 to measure moisture penetration

Creep measurement setup

The creep is measured with a Keithley 485 picoampere meter [51] at 50V
using an Agilent E3631 power supply [5]. The measurements are performed
in a Heraeus HC4015 climate chamber. The measurement setup is shown in
Figure 3.67.

Climate chamber Picoampere
meter
Specimen
=
50V
Power
supply

Figure 3.67: Setup for moisture penetration measurement

First, the climatic has been stabilized at 30°C, 60%RH for one week. Af-
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ter that, temperature and humidity have been elevated to 85°C, 85% RH for
two weeks. These climates correspond to the IPC/JEDEC J-STFD-020B level
1 standard for Moisture/Reflow Sensitivity Classification for Non-hermetic
Solid State Surface Mount Devices. ®

Creep measurements

Figure 3.68 depicts averaged creep curves of specimen 2. Its characteristic of
an exponentially decaying curve is typical for polymers [71, 97] in general.
Table 3.10 lists the maximal end values of the decayed creep current of the
specimens.

asy

0 10 20 30 40 50 60 0 10 éO 30 40 50 60
time [min] time [min]
(a) 30°C,60%RH (b) 85°C,85%RH

Figure 3.68: Specimen 2: creep curve of repetitive measurements at 50V

Table 3.10: Creep measurement results

Specimen Maximal current @ 50V
30°C,60%RH 85°C,85%RH

1 700pA 4.0pA

2 35nA 3.0uA

3 0 1.3uA

4 0 250pA

8The Pressure Cooker Test (PCT) or Autoclave test [90] has not been applied since the condi-
tions of 121°C, 100% RH at 2atm are far off the normal operation point of the SoT. Secondly,
121°C' is just at the edge of the maximum allowed temperature for polyester.
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Conclusion

As expected, the epoxy encapsulation lowers the insulation resistance as com-
pared to air. The maximal current occurs in specimen 1 at 85°C,85%RH.
This current corresponds to a resistance of 12.5M €.

No significant difference could be noticed between shielded and un-
shielded specimens. The measurement difference is probably so small that
it is occluded by the rather high creep in specimens 1+2.

The wire coating in the plain fabric is robust against moisture as long as
it is not damaged. No creep current can be measured at 30°C, 60%RH and
only a minor current appears at 85°C, 85%RH.

Depending on the electrical application, the occurring creep in the epoxy
encapsulation might already be unacceptable at the given climates. Thus, the
epoxy resin is subject for further optimizations regarding insulation proper-
ties.






Textile Routing*

After having shown in Chapter 3 that the PETEX fabric substrate
as well as the embedded copper wires possesses promising prop-
erties for electrical signal transmission we focus on the design
of circuits on fabrics in this chapter. We discuss textile-specific
constraints for component placement and routing. Some of these
constraints might already be supported by EDA' tools and others
probably need modifications, e.g. macros. We also present two
methods to implement the cutting step of wires into the design
process. Our motivation is to utilize standard EDA tools with few
modifications for fabric substrates. Finally, a strategy for reliable
signal and power supply wiring is proposed.

*partially based on [60]
'Electronic Design Automation
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4.1. Introduction

This chapter presents design aspects for implementation of circuits on fabrics
with a wire grid structure such as in PETEX. We point out specific design
rules and constraints for a textile routing structure.

First, the component and interposer placement is addressed in order to
preserve drapability of the fabric. Second, the wire cuts introduced in Section
3.5 are discussed with regard to the textile layout and two methods to place
them are described. Further, a routing design flow is proposed for the signal
and power wiring in the fabric.

4.2. Component placement

Among the usual constraints of circuit layouts such as having short connec-
tions and few vias, an important new requirement is introduced for fabrics.
Even though placement of electrical components on fabrics results in rigid
spots as much drapability as possible should be maintained. An approach is
to place components and interposers in a quadratic grid. Such a grid is shown
in Figure 4.1 for an example with 9 equal interposers. A maximum number of
folds and folding directions can be achieved with such an arrangement while
having interposers with minimal distances to each other. Eventually, best dra-
pability is ensured. The components and interposers should be small and of
equal size. The grid spacing is determined by the longest edge of a compo-
nent/interposer indicated with a in Figure 4.1. Hence, the grid spacing would
be at least 2a. As result, a circuit with n? components placed in such a manner
with n components in a row features 6(n — 1) possible folds.

4.3. Textile routing implementation

In contrast to PCB layouts, a textile wiring must be entirely perpendicular
determined by the structure of the fabric. Such a layout can be enforced by
adjusting the design rules of EDA tools [9, 22] or by the user. Favorably,
different layers for horizontal and vertical traces are chosen to enforce the
placement of vias at each change of trace direction. These vias will be the
textile vias in the manufacturing process later on.

Additionally, proper cuts need to be placed around the vias avoiding
shorts with other signals. Two methods for this step will be discussed in the
subsequent sections. It will be shown how this cuft step is integrated in the
existing EDA process.
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Figure 4.1: Placement of 9 components on a fabric that ensures drapability

4.3.1. Method 1 for ’cut step’

In the first approach, we need to define three types of vias including their 90°
turns as shown in Figure 4.2. Their shape resembles thermal vias. Each trench
of a via represents a cut in the fabric whereas the via drilling hole defines the
electrical connection of wires. Further, the definition of a power plane in the
layer stack-up is essential.

One of the vias in Figure 4.2 must be placed at each change of trace di-
rection in the layout process. The via and its orientation must be chosen such
that no unwanted connections to other electrical nets occur. Secondly, the vias
must be placed in the wire grid of the fabric. Interposer pads need to be re-
placed by vias. Finally, only the Gerber file of the power plane and of the via
drilling holes will be needed for manufacturing. The power plane file defines
the cuts whereas the drilling defines the positions for the laser skinning, for
the adhesive drops and for the protective epoxy. Figure 4.3 illustrates the first
approach whereby the gray lines indicate the grid of copper wires.

-
e ©O) o)
@) ® ©

Figure 4.2: Three via definitions in EDA tool for ’cut step’ method 1 (Sec-
tion4.3.1)
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via drilling file

d 7

power plane file

Figure 4.3: Necessary manufacturing layers for 1st method (Section 4.3.1)

4.3.2. Method 2 for ’cut step’

The second approach is similar to the first one, but no attention to the choice
of vias must be paid and no power plane is necessary. It is based on the IPC-
D-356B [45] file generated by EDA tools such as Altium DXP and Cadence
Allegro [9, 22]. This file contains all information about via/pad positions in
the layout and the nets they belong. A script has been implemented that reads
this file and generates a Gerber file with the vias and pads. It then analyzes
the vias/pads positions and generates a second Gerber file containing the po-
sitions and lengths of the cuts. The algorithm is explained in more detail in
the next subsection. The two Gerber files represents the manufacturing data
as depicted in Figure 4.4.

Implemented algorithm for placement of the cuts

The algorithm of the script goes through the list of vias and pads. It selects
a via/pad and perpendicularly seeks in all four directions in the plane until it
hits another via/pad, a cut or the border of the board. In case of a via/pad, the
algorithm checks whether it belongs to the same net. If not, a cut of appropri-
ate length is placed at the appropriate location in order to electrically separate
them. If a cut or the border is hit, the selected via/pad is already insulated and
nothing needs to be done. After that, the next via/pad in the list is selected
and the algorithm is iterated again. The principle of this algorithm is shown
in Figure 4.5(a) where the arrows indicate the seek direction and the letters
denote the electrical nets the via/pad belongs to. Figure 4.5(b) expresses the
result with the added cuts after iterating over pad A.
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Figure 4.4: Necessary manufacturing layers for second ’cut step’ method
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shape)

Figure 4.5: Principle of 'cut step’ method 2 (Section 4.3.1)

Discussion of method 2

Main goal of the second method is to preserve the mechanical strength of
the textile. It analyzes the structure and places cuts only when necessary. In
comparison, method one places cuts at all bendings of a signal path, which is
not always needed. This drawback is, however, relieved when vias and pads
are cast in epoxy later on. Nevertheless, approach one is rather error prone
since the user has to choose the vias for the right cuts whereas the cuts are
placed automatically in approach two.

Approach two produces open-ended traces in the electrical path leading to
worse electrical performance, though this effect is not severe at low frequen-
cies. Besides, the algorithm for method two can easily be changed so that cuts
are always placed similarly to approach one.

Method 2 has already been successfully applied to several projects. An
example for a blinking LED is shown in Figure 4.6.
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tablished with the wires.

Figure 4.6: Example of "cut step’ method 2 for a blinking LED on PETEX

4.3.3. Routing considerations

Although PETEX is a precision fabric, its geometry is still about 10 times
less accurate than a PCB, e.g. FR4. Thus, the localization of a specific wire
within the fabric is critical over longer distances. A work-around to relax this
problem proposes a strategy to use single wires for local routing structures
and several wires in parallel for global routing. A misalignment by few wires
is then not critical anymore. Of course, such a strategy consumes more space
in the fabric.

An alternative approach by visually tracing each single wire within the
fabric is presented in Appendix C.

4.4. Signal wiring

In this section, we address three specific signal types, which can occur in
electrical circuits. They are discussed with respect to their implementation in
fabrics.

e Analog signals: In order to avoid inducing noise due to stray fields, an
analog signal should always be accompanied with a ground line. Thus,
the area for induction of scattering fields is kept small and the signal is
somewhat shielded from noise. Generally, analog lines should be kept
short.

e RF signals: As soon as a signal line length exceed about 1/10 the wave-
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length A of its signal, controlled line impedances of the lines become
important. For instance, a 3G H z signal in air features a wavelength of
10cm. For other dielectrics, the wavelength is even shorter. Discontinu-
ities in impedances lead to reflections, odd modes and losses in general.
Thus, wire line configurations as proposed in Chapter 3 are recommen-
ded for RF signals. RF signal lines should be kept short.

e Power supply: Since a copper wire in the fabric has a resistance of
about 15€2/m, the voltage drop along the wires must be considered in
the routing design. Wires in parallel lower this resistance.

4.5. Routing strategy

After having discussed the implementation of a textile routing and aspects of
some critical signals, a feasible routing strategy is proposed for a textile lay-
out. Figure 4.7 depicts the iterative design flow of the textile routing process.

Explanations and comments to each box is given in the list below:

1. Current & Voltage Budget. The current consumption and supply volt-
age of each component and sub-circuit must be determined with the
datasheets.

2. Grouping of Components. The components must be arranged in func-
tional groups. Each group will be realized as an interposer later on. The
grouping process must consider several aspects. The consumed area of
the components of a group must be small; hence the interposer will be
small. Secondly, the number of traces to other groups should be min-
imal in order to minimize the routing effort in the fabric. Note that a
group with small area, but many connects to other groups artificially
enlarges the interposer size due to the high number of interconnects to
the fabric.

3. Number of Power Lines. The thin copper wires only allow a current of
less than 10m A (according to AWG46). To each group, the number of
power lines must be assigned in order not to exceed this current per
wire. Notice as well that the current of each group accumulates in the
power supply wiring and at the battery plug. If the number of power
lines exceeds a given limit, the components must be regrouped.

4. Maximal Length of Power Lines. The DC resistance of the copper wire
causes a voltage drop in the power supply. The voltage requirements
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Figure 4.7: Textile routing process flow

of each group determine its maximal allowed power line length (VCC
and GND) to feed the circuit. Figure 4.8 may help to determine the
maximum wire length as well as the number of wires. The maximum
length L, 4, is given by Formula (4.1) where N is the number of wires,
AVpee the allowed voltage drop, Igroup the required current for a
group and Ry ;. the wire resistance per meter.

AViae - N
L =— 4.1
e IGroupRWire ( )
Consider the current accumulation in the wires, especially at the power
supply and power plug. If the power lines need to be longer than its
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maximal voltage drop allows, the number of power lines must be in-
creased to lower the DC resistance.

5. Interposer Routing. The components within a group are routed forming
the interposer. Secondly, the interconnect pads towards the fabric are
placed orthogonally such that no cuts or only few cuts in the fabric are
necessary. The routing and the pads towards the fabric will determine
the final size of the interposer. If the interposer becomes too large, the
components must be regrouped.

6. Interposer Placement. The interposers are placed such that drapability
of the fabric is preserved as well as the routing effort within the fabric
is minimal.

7. e-Fabric Routing. The interconnecting structure to the interposers is
routed within the fabric. Avoid current (ground) loops and add cuts if
necessary. Make sure that the routing structure preserves the wire pitch
of the fabric. Consider transmission line configurations for RF signals.

e 10° \
S, \\

o V*N =3V
E 10 \vw:w
= 10 \V:N:O.SV
B , ~V*N =0.1V
5 0 \V*N:0.0BV
- 10 g = V'N=001V
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10 Current [mA] 10

Figure 4.8: Maximum wire length as function of current, voltage and num-
ber of wires

4.5.1. Routing strategy applied to the Fabric Integrated Wireless Tem-
perature Sensor

This routing strategy and design process has been applied to the Fabric Inte-
grated Wireless Temperature Sensor presented in Chapter 2. The correspond-
ing results are given in Table 4.1. The current distribution from battery con-
nector to the circuit is looped the following way: Battery connector —
Bluetooth — pC — Amplifier — Current Source.
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Table 4.1: Number of power/ground wires & maximal power supply wire
lengths for the Fabric Integrated Wireless Temperature Sensor (Chapter 2)

Group Icroup Vimin | #0f | Lpar  AVpee | Interposer
[mA] [V] | wires | [m] [vi size [mm?]
Current src 2.55 2.7 1 22.9 0.9 11x10.3
Amplifier 0.20 2.7 1 21.2 0.9 8x10

uC 0.35 2.0 1 33.5 1.6 8.5x9.7
Bluetooth 40.0 3.0 4 3.6 0.6 13.3x 14.2
Battery con. 43.1 3.6 5 - - 10x 13.5
Process step | (1) | 3) | “4) |

IGroup and V,,,;,, are obtained in process step (1) of the process flow in
Figure 4.7. The number of wires result from step (3) and the maximal power
wire length L, ., and the maximal voltage drop V4, are determined in step

G2

4.6. Routing constraint summary

A short overview of the routing rules and constraints in fabrics such as PE-
TEX is summarized below.

e Components/Interposer must be placed in a quadratic grid.

e Interposer pads and vias must be aligned to the wire pitch within the
fabric.

e A perpendicular routing must be ensured.
e A vianeeds to be placed at each change of trace direction.
e There are no ground/power planes available.

e Wire configurations with controlled impedances should be utilized for
RF signals (see Section 3.3.1).

e The rather high resistance of thin copper wires must be considered,
especially for power supply nets.

e A script according to method 2 should be applied to ensure reliable
insulation of the electrical nets (Section 4.3.2).



Wireless Connection
Technology In
Fabrics*

This chapter addresses textile Bluetooth antennas for Wireless
Personal Area Networks (WPAN). Four antenna variants and
their materials are discussed along with different manufacturing
technologies. The antennas are electrically characterized using
S11 and radiation pattern measurements. Additionally, the an-
tenna performance under bent conditions is analyzed.

*based on [62]
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5.1. Introduction

In this chapter, four purely textile patch antennas are presented for Blue-
tooth applications [19] in wearable computing using the frequency range at
2.4GH z. We want to know how purely textile antennas behave and what ef-
fects bending of the antenna induces.

The fundamental composition of a patch antenna is shown in Figure 5.1.
More information about antennas including an overview of antenna specific
terms is given in [20].

Antenna Patch
Microstrip
Feedline \

2

Conductive
Substrate Textiles
(Dielectric)

Ground Plane '
Figure 5.1: Composition of a patch antenna with microstrip feedline

The four manufactured antennas differ in the deployed materials and in
the antenna polarization. All of them feature a microstrip line as antenna
feed. Two of the four antennas have linear polarization and two of them have
left-handed circular polarizations (LHCP). A manufacturing process has been
developed that guarantees unaffected electrical behavior of the individual ma-
terials when composed to an antenna.

The flexible nature of the antennas allows embedding into clothing as
depicted in Figure 5.2(a). Flexibility is important since bending radii as small
as 10mm can occur in garments along the body, especially around joints.
Figure 5.2(b) qualitatively shows the curvature distribution along the human
body. The darker a region appears, the smaller the radius is. A curvature on a
human body consists of a superposition of bends in arbitrary directions.

5.2. Patch antenna design approach

Targeting wearable applications, a planar structure of the antenna is favored
as well as a planar antenna feed. Thus, we discarded probe feeds. Instead,
we use microstrip feed lines. In the design of the microstrip antenna patches,
transmission line model formulas (5.1) and (5.2) such as given in Balanis [13]
have been applied for a rough estimate. f. is the resonance frequency of the
antenna and AL is the extended distance of the principal E-plane. The cor-
respondence of the formula symbols L and W to the actual antenna shape is
shown in Figure 5.3. The truncated corners c in Figure 5.3 introduce circular
polarization (in our case: left-handed circular polarization; LHCP). For fur-
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(a) Body mounted textile (b)  Curvature
patch antenna radii along the
human body

Figure 5.2: Textile patch antenna on the human body

ther information, please consult Balanis [13]. We will refer to these symbols
later on in the chapter.

1 2
VsV ar: M e-b
1

L=— " —2.AL [m] (5.2)
2. fmxﬁreff/lofo

Figure 5.3: Patch antenna sketch
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5.3. Related work

Fabric antennas presented by Salonen [79] and by Massey [68] are partially
based on textiles possessing an inverted-F shape that results in a stiff structure
(Figure 5.4(a)). Other textile antennas described by Tanaka et al. [89] and by
Salonen et al. [78] are designed as rectangular patches with probe feed and
linear polarization (Figure 5.4(b). Antennas such as presented by Salonen et
al. in [80] only utilize fabrics as substrate whereas the patches and ground
planes are copper foils.

becatiable
foam shect

(a) Textile inverted-F (b) Linearly polarized textile an-
antenna [68, 79] tenna with probe feed [78, 89]

Figure 5.4: Different textile antennas

5.4. Textile materials

Inspired by the simple build-up of printed microstrip antennas, we adapted
this technology to textiles. Therefore, we needed an electrically conductive
fabric for the ground planes as well as for the antenna patches. Secondly, we
required a fabric substrate with constant thickness and stable permittivity. The
composition of a patch antenna is given in Figure 5.1.

In this section, we first study the electrical properties of two variants of
conductive fabrics. Secondly, a felt and a spacer fabric are discussed as di-
electric for the fabric Bluetooth antennas.

5.4.1. Electrically conductive fabric

Among the many electrically conductive fabrics, we choose two variants for
further investigations of their electrical properties:
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Table 5.1: Properties of conductive knitted and woven fabric

Property Knitted (1) Woven (2)
Fabric thickness 0.55mm +10%  0.15mm
Yarn polymer Polyamide Polyamide
Yarn pitch 0.35mm 0.23mm
Fibers per yarn 6 12
Weight 180g/m? 72g/m?>
Plating Ag Ni/Cu/Ag
Sheet resistance < 10/0 0.02Q/0
Equivalent Ag thickness 16.3nm 815nm

1. A silver plated knitted fabric from Statex [88].

2. A silver-copper-nickel plated woven fabric from Statex [87].

Table 5.1 states the properties of the two fabrics. In the last row, the table
also gives the equivalent thickness of a pure silver foil to achieve the conduc-
tivity of the fabric. Pictures of the fabrics can be seen in Figure 5.5.

(b) Woven fabric (2),
P130 [88] (T y, — =) Nora [87]

Figure 5.5: Electrically conductive fabrics

The two fabrics are discussed in detail in the following subsections.

Note that the fabrics can only be shaped with finite precision given by the
yarn thickness. In fact, the yarn pitch virtually ’discretizes’ the possible sizes
of the conductive patches as illustrated in Figure 5.6.
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woven fabric

‘Discretization’
of the shape

L

Figure 5.6: Cuts parallel to the yarn direction ’discretizes’ the feasible
patch sizes

5.4.2. Silver plated knitted fabric (1)
Geometrical precision

The fabric consists of entirely plated polyamide fibers. Given by the nature
of knitting, fabric 1 is viscoelastic featuring an approximated Young’s mod-
ulus of £ = 150k Pa. The elasticity is a drawback during manufacturing of
the antenna because precise shaping as well as assembly of the antenna with-
out warpage is difficult. The antenna shapes manufactured finally achieved a
geometrical accuracy of about £0.5mm.

Resistance change due to stretch

Fabric elongations as they happen during bending of an antenna affect the
sheet resistance of the conductive fabric. We measured this resistance change
depending on elongation (and strain stress) in x- and y-direction. Figure 5.7
depicts a typical resistance change curve of the silver plated fabric. Since the
knitting possesses a column-like structure (see Figure 5.5(a)), this resistance
change behaves differently in the orthogonal axes (anisotropy). Elongation in
y-axis has only minor effect on the resistance whereas the resistance increases
significantly when elongated in x-axis. Both curves progress linearly for small
elongations and flatten out for larger elongations.

5.4.3. Silver-copper-nickel plated woven fabric (2)

The fibers of this fabric are plated before weaving resulting in a low electrical
resistance (Table 5.1).

Compared to the knitted fabric 1, fabric 2 features low elasticity due to its
woven structure (see Figure 5.5(b)). Thus, bending of a composed antenna is
limited. The Young’s modulus of about 2.4G Pa is mainly determined by the
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Figure 5.7: Sheet resistance change due to elongation of knitted fabric (1)

polyamide material of the yarn in fabric 2.

The edges of this fabric tend to fray easily due to the nature of woven
fabrics. This effect can be minimized by using manufacturing techniques
explained in Section 5.6. Antennas with geometrical accuracies of about
+0.15mm are feasible.

5.4.4. Plating thickness

The targeted frequency range (2.4G H z) features a skin depth of about 1.3um
given by formula (5.3) where Ag plating is assumed. ¢ is the skin depth, f the
frequency, i the magnetic permeability and o is the electrical conductivity.
The skin effect increases the electrical resistance that causes additional losses.
Moreover, the plating thickness of the fabrics is restricted to several hundred
nanometers in order to maintain textile properties. This fact as well increases
damping in the final antenna occluding the skin effect.

1

5=
VT fuo

[m] (5.3)

5.4.5. Textile substrates

The textile substrate provides the dielectric between the antenna patch and
the ground plane (see Figure 5.1). The thicker the substrate and the lower the
permittivity is, the larger the antenna patch becomes for a specific resonance
frequency. The larger an antenna patch is, the less influenced is its antenna
characteristic by absolute tolerances in geometry. Thus, we aim for substrates
with thicknesses in the millimeter range.

We choose a woolen felt with a thickness of 3.5mm and a polyamide
spacer fabric with a thickness of 6mm as substrates. The felt with a density
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of 1050g/m? is mechanically more stable and harder to bend whereas the
spacer fabric with 530g/m? is lighter and elastic due to its knitting-based
structure. Further, the spacer fabric can easily be compressed as can be seen
in Figure 5.8. A pressure of about 25k N/m? leads to a compression of 3mm.
Nevertheless, the fabric totally recovers after release of the load. Foam could
be another alternative, though not considered in this chapter.

Figure 5.8: Cross-section of spacer fabric substrate

We use techniques explained in Appendix A.2 to extract the effective rel-
ative permittivity of the textile substrates and to eliminate impedance discon-
tinuities of the measurement setup. This method utilizes scattering parameter
measurements of two transmission lines of different lengths. For the mea-
surements, we have built microstrip transmission lines in two lengths (12cm
and 18cm) using the conductive woven fabric (2) and the substrate under in-
vestigation, i.e. the felt and the spacer fabric. From the extracted effective
relative permittivity €,, 5> WE Can conclude to the relative permittivity €, of
the substrate using formulas from microstrip line theory, e.g. given in Balanis
[13].

The connection to the measurement equipment is established using the
same adapters as for the final antennas themselves (see Figure 5.13(a) as
well). The same measurement setup and methods are deployed as described
in Subsection 3.3.2.

Finally, a relative permittivity €, = 1.45 & 0.02 for the felt and ¢, =
1.14 + 0.025 for the spacer fabric have been extracted at a frequency of
2.4G H z. Extensive humidity measurements covering a range from 20%RH
to 80%RH within a temperature range of 25°C' till 80°C' showed that per-
mittivity variations are negligible compared to the measurement uncertainty.
This result closely corresponds to the numbers given in [23] for the humidity
effect on permittivity of air since both substrate permittivities are close to 1.
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Table 5.2: Designed antenna variants and materials

Antenna  Subst-  Substrate Conductive Polari- Feed line

name rate height material zation Zy

LF felt 3.5mm knitting (1) linear 500

CF felt 3.5mm knitting (1)  circular 5002

LS spacer 6mm knitting (1) &  linear 750
woven (2) *

CS spacer 6mm woven (2) circular 750

* knitted antenna patch / woven ground plane

Table 5.3: Dimensions of the four antennas including tolerances [mm]

Dimension LF CF LS CS

W 64 44 58 47
L 49 51 53 57
c 0 85 0 8
Yo 13 8 14 9
0 1 3 3 3
wo 14 14 14 14

Tolerance +0.5 +£05 =£0.5 =+0.15

5.5. Antenna design

This section presents the design of the four patch antennas regarding mate-
rial choice, antenna geometry, feed line and insets. The mentioned symbols
correspond to the symbols in Figure 5.3.

The applied materials for the four antennas (2 linearly and 2 circularly
polarized) are listed in Table 5.2. The geometrical dimensions to the antennas
are given in Table 5.3. The goal for the antennas is to satisfy the bandwidth
specifications of Bluetooth [19] ranging from 2400M H z to 24.835M H z.

5.5.1. Antenna feed

We have chosen a 75Q2-microstrip feed line for the spacer fabric since a 50€2-
line would become about 28mm wide, leading to a disturbed radiation char-
acteristic of the antenna. However, a 50€2-microstrip feed line has been used
for the felt substrate with its higher permittivity. To avoid losses due to mis-
match between feed line and antenna, we have applied commonly known
techniques described by Chen et al. [101]. There, insets along the feed line
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are incorporated into the antenna patch in order to adjust the antenna’s input
impedance (Figure 5.3). The width wg of the microstrip feed to meet 50€2-
and 75Q-line impedance, respectively, have been computed using the stan-
dard formulas given in Balanis [13] as well.

5.5.2. Antenna insets

During the design process and first implementations, we have noticed the im-
portance of an accurate transition from microstrip feed line to the antenna
patch. Whereas accuracies better than 1pm are achievable in PCB manu-
facturing, tolerances for textiles lie in the range of 0.5mm as explained in
Section 5.4. Secondly, the feed to the antenna has microstrip configuration
(MS), however, as soon as the insets begin, it more resembles a finite-width
conductor backed coplanar waveguide structure (FW-CBCPW), i.e. a mi-
crostrip line surrounded with ground planes. Figure 5.9 shows the charac-
teristic impedance of coplanar waveguides (CPW) with respect to the gap
width between trace and these ground planes for the two textile substrates. In
our context, the gap width of the CPW corresponds to the inset width xg of
the antenna. As expected, the impedance asymptotically approaches an upper
bound given by the impedance of the microstrip line (MS), where the ground
planes on the microstrip line side can be assumed as infinitely far away. A
constant trace width of wy = 14mm has been assumed in Figure 5.9. The
shape of the curve further implies that variations, e.g. imprecision in manu-
facturing, have bigger impacts on the impedance when the gap width is small.
Figure 5.9 also indicates the impedance range of the feedlines due to manu-
facturing tolerances (see Section 5.4) for the four antennas. For instance, the
CPW of the CS antenna features smaller tolerances than the CPW of the LS
antenna since it is made of the woven fabric.

In conclusion, wide insets xy smooth out the transition from microstrip
feed line (MS) to CPW antenna inset regarding impedances. Secondly, the
CPW impedance curve flattens out for wide insets that introduce higher ro-
bustness against dimensional tolerances due to manufacturing and deforma-
tion of the antenna.

5.6. Antenna manufacturing

First prototype trials have shown that composition of the conductive antenna
patches with the dielectric substrate is critical. First of all, the dimensions of
the patch must be retained while being attached to the substrate. Secondly, the
attachment procedure must not affect the electrical properties of the patch,
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Figure 5.9: Characteristic impedances of CPWs w.r.t gap width xo (wg =
14mm) including manufacturing tolerances indicated by arrows

e.g. the sheet resistance. Thus, we run four experiments to find a feasible
manufacturing approach for the patch antennas. The four approaches are ex-
plained in more detail below.

1. Liquid textile adhesive (brand: Golden Fix). Application of the lig-
uid textile adhesive on conductive fabrics has shown soaking effects
such that distribution of an evenly thin film of adhesives has been im-
practical. As a result, the adhesive acts as insulator among the conduc-
tive yarns. Because of the uneven distribution, electrical resistance has
shown inhomogeneity and it can rise by a factor of ten at certain spots.

2. Point-wise application of conductive adhesives. A point-wise deposi-
tion of conductive adhesive in a 1lem-spacing does not increase the
sheet resistance However, mechanical stability has been significantly
worse compared to the textile adhesive (1). Secondly, accurate attach-
ment of the antenna patch has not been ensured in terms of preserving
geometry.

3. Sewing. Similarly for sewing, attention needs to be paid preventing
warpage during the sewing process. Secondly, the seam spacing has
been chosen to be < 2c¢m in order to minimize wrinkling. This be-
havior is illustrated in Figure 5.10. A wrinkling corresponds to uneven
distances between the antenna patch and the ground plane resulting in
distortion of the antenna characteristic.

Further, the sewing machine has stitched through both the patch and the
ground plane of the antenna. Electrical measurements have revealed
shorts between antenna patch and ground plane because the sewing
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needle has pulled small conductive fibers from the patch through the
substrate and has shorted them with the ground plane.

Besides, sewing cannot be used with the spacer fabric substrate since
the high pressure of the sewing seam compressed the substrate perma-
nently.

Antenna
Patch
Seams

¥ ¥
Wrinkling /

Substrate
(a) Sewed antenna (b) Wrinkling of antenna
patch with seam patch  between  seams
Grid (Cross-section)

Figure 5.10: Sewed antenna

. Adhesive sheets, which are activated by ironing. The adhesive sheets

show the best results. It evenly deposits as thin layer on the conductive
textile by ironing. Moreover, the adhesive only penetrates the surface
of the conductive textile such that patch sheet resistance and substrate
permittivity are not changed.

Nevertheless, maintaining of the geometrical dimensions needs to be
guaranteed during attaching of the conductive antenna patch to the sub-
strate. The knitted fabric is particularly challenging because it tends to
curl. Therefore, we deploy a temporary stabilization and stiffening of
the fabric until after its attachment. This is done by application of a
water-soluble foil to the fabric. After ironing of the stiff, conductive
fabric onto the substrate, the foil can entirely be dissolved in water.

From the mechanical point of view, the spacer fabric substrate too is elas-

tic and stretchable because it is based on knitting as well (see Figure 5.8).
By stretching the substrate, a knitted antenna patch (fabric 1) can be varied
by several millimeters resulting in a big change of the antenna characteristic.
As a consequence, we utilize a patch of non-elastic conductive woven fabric
(fabric 2) for mechanical stabilization of the spacer fabric. In the case of the
linearly polarized antenna with spacer fabric substrate (LS antenna), a woven
ground plane has fulfilled our demands whereas we have had to apply the
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woven fabric for both the antenna patch and the ground plane in the case of
the circularly polarized antenna with spacer fabric substrate (CS).

Finally, we have achieved textile antennas with accurate shapes, good me-
chanical stability as well as stable and low sheet resistance by utilization of
adhesive sheets and water-soluble foil. Two of the four antennas are shown
for illustration in Figure 5.11.

(a) LF antenna (b) CS antenna

Figure 5.11: Two of the four antennas manufactured (top view)

5.7. Antenna simulation and measurement results

In this section, we compare the simulated antenna characteristics with the
measurements conducted in the anechoic chamber. For the antennas, we show
S11 (input reflection coefficient), radiation patterns and for the circularly po-
larized variants (CP) the axial ratio. Secondly, we carry out measurements
with the antennas bent around cylinders (see Subsection 5.7.1) in order to in-
vestigate their potential behavior in wearable applications. Special attention
has also been paid to the interconnect between measurement equipment and
fabric antenna. Due to modeling of this connection using Ansoft HFSS, we
could deduct its effect from the S7; measurements.

5.7.1. Antenna bending gauge

The bending gauge must not affect the measured antenna characteristic.
Hence, we choose a thin-walled PVC (dielectric constant between 4 and 5)
pipe with additional drilled holes such that the amount of air is maximized.
S11 measurements of the antennas mounted on this pipe show minor differ-
ences to measurements on a solid pipe proofing that the PVC pipe minimally
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effects the antenna characteristic. Secondly, by using pipes in contrast to just
folding the antennas as conducted by Tanaka et al. in [89], we can guarantee
a well-defined bending radius and therefore reproducibility.

The radii for bending are chosen to be 37.5mm and 100mm for radia-
tion pattern measurements, respectively. These radii are supposed to approx-
imately correspond to the diameters of a small upper arm and a thick thigh.
Additional bending radii are used in the S;; resonance frequency measure-
ments.

In the following, only radiation pattern measurements conducted with the
37.5mm bending radius are presented since this radius has a larger effect
on the antenna characteristic than the 100mm radius. Figure 5.12 shows the
bending gauge (75mm diameter) used in the radiation pattern measurements.

(a) Case 1: Antenna bent (b) Case 2: Antenna bent
around its x-axis around its y-axis

Figure 5.12: Bending gauge with 7T5mm diameter

5.7.2. Antenna interconnect for measurements

In order to interconnect the antennas with the measurement equipment, a PCB
adapter with two connectors has to be deployed consisting of a SMA on one
side and a special PCB-antenna connector on the other side. This transition
actually serves the mechanical purpose of connecting from the PCB substrate
to the much thicker fabric substrate as can be seen in the magnified section
of Figure 5.13(a). Secondly, it electrically contacts the 50§2-microstrip line
of the PCB to the 50€2- and 75Q-microstrip feed line on the felt and spacer
fabric, respectively. The two connectors on the PCB board can be regarded as
discontinuities. In the impedance profile in Figure 5.13(b) obtained by time
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domain reflectometry (TDR) [92], we can easily identify all parts of the inter-
connect, from the SMA connector over the 50€2-line on the PCB, through the
PCB-antenna connector to the antenna microstrip feed line (here: 75¢2). Espe-
cially the connection from PCB to the textile substrate introduces a significant
discontinuity.

PCB-antenna
connector

(a) Antenna with PCB measurement adapter
and magnified PCB-to-antenna connector

PCB-antenna
connector

tentile
transmmision

200 L

Idiv

SMA

750

S02line
PC8

(b) TDR measurement curve of antenna with PCB mea-
surement adapter

Figure 5.13: Measurement of the antenna interconnect

Thus, measured and simulated .S parameters of the antennas cannot sim-
ply be re-normalized to achieve agreement. To remove this discontinuity, we
model the PCB measurement adapters for the felt and spacer fabric antenna
and deembed them from the S;; antenna measurements.

5.7.3. Return loss

The return loss or S7; describes the impedance mismatch between feed line
and the antenna feed point. In our case, the feed line is the microstrip line and
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the antenna feed point is located where the insets ends into the antenna patch
(see Figure 5.3). We use a vector network analyzer (VNA) [7] to measure S17.

Figure 5.14 shows the simulated and measured S7; characteristics of the
four antennas when kept flat. All antennas except the CS antenna possess a
good matching such that Sy, is less than —10d B at their resonance frequency.
Their —10d B-bandwidth features more than 200M H z. The CS antenna can
be optimized by further adjusting the antenna insets to 75¢2 input impedance.
The dielectric losses of the substrates introduce magnitude offsets of —3dB
and —5dB for the spacer fabric and the felt, respectively. This behavior can
be seen best at a frequency of 2G H z in Figure 5.14.

0

. . . . . ; . |
22 2.4 26 2.8 3 2 22 2.4 2.6 28 3
Frequency [GHz] Frequency [GHz]

(a) Simulated S11 (b) Measured S11

Figure 5.14: Simulated and measured S11 of the four planar antennas

Return loss under bent conditions

We also conduct S1; measurements under defined bending conditions of the
antennas. Figure 5.15 shows the change of the resonance frequency notch as
a function of the bending radius. In this section, we focus on the LS and CF
antennas for these and the later measurements under bent condition.
Generally, the resonances are shifted towards lower frequencies and the
bandwidth becomes smaller when bent, independent of the bending direc-
tion. The smaller the bending radius is, the lower the resonance frequency
becomes. Bending of a linearly polarized antenna according to case 1 (see
Figure 5.12) elongates the antenna patch (L becomes bigger) and therefore,
the resonance length. Formula 5.2 confirms such a behavior. Similarly, bend-
ing in case 2 widens the antenna patch whereby Formula 5.1 predicts a low-



5.7. Antenna simulation and measurement results 103

ered resonance frequency.

Bending of circularly polarized antennas (CF and CS) affects both or-
thogonal radiation components at the same time. In case 1, the CF antenna
performs like the LS antenna whereas the resonance frequency shows high
immunity against bending in case 2.

1.02

1.01

— CF, Case 1
== CF,Case2
0.93 — LS, Case 1
-- LS, Case2

30 40 50 60 70 80 90 100
Radius [mm]

Figure 5.15: Measured resonance frequency fypent as a function of bend-
ing radius normalized to the resonance frequency f, fiq: of the flat antenna.
Bending axes correspond to the two cases given in Figure 5.12.

5.7.4. Radiation patterns

A radiation pattern characterizes the variation of the radiated far-field inten-
sity of an antenna as an angular function at a specific frequency. Usually,
they are shown as cuts along the XZ and YZ planes according to the co-
ordinate system given in Figure 5.3. The simulated and measured radiation
patterns of two of the four antennas at 2.4G H z are plotted in Figure 5.16
and 5.17 for the two orthogonal planes XZ and YZ. The measurements agree
well with the simulation results. We observe only small differences, which
are probably caused by manufacturing imperfections. The CP antennas show
good left-handed circular polarization properties (only the Figures for the CF
antenna are depicted). The results of the CP antennas should especially be ap-
preciated since the current distribution in the two orthogonal directions is not
obvious in the actual conductive textiles (see Figure 5.5). In the design pro-
cess, we assumed isotropic parameters for the materials, which simplifies the
actual inner structures of the materials. Our results prove that this assumption
is reasonable.
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(a) XZ plane (b) YZ plane

Figure 5.16: Simulated (solid) and measured (dashed) radiation pattern (co-
polarization component) of LS antenna at 2.4GH z

(a) XZ plane (b) YZ plane

Figure 5.17: Simulated (solid) and measured (dashed) radiation pattern (co-
and cross-polarization components) of CF antenna at 2.4GH z

Radiation patterns under bend conditions

Since small bending radii show bigger effects on the antenna characteristic,
we focused on radiation pattern measurements of bent antennas using the
bending gauge with a radius of 37.5mm as shown in Figure 5.12. Secondly,
we only measured the LS antenna and the CF antenna in the two bending
directions. The obtained patterns are presented in Figure 5.18 and 5.19, re-
spectively. We can see that the bent antenna patterns are less directional for
both antennas as compared to their patterns in flat shape. Secondly, bend-
ing according to case 1 shows bigger influence on the radiation patterns than
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bending in case 2. Table 5.4 compares the half-power beamwidths of the an-
tennas in flat and bent shape. The half-power beamwidth is the angle between
the two points (on the same plane) at which the radiation falls to half (—3dB)
of the maximum power (normalized to 0d B). Evident is the increased level of
back-radiation resulting from decreased shielding due to ground plane bend-
ing. In case of the CF antenna, we observe a degradation of CP performance,
i.e. higher level of the cross-polarized RHCP component.

aaaaa

(a) XZ plane, bending case 2 (b) YZ plane, bending case 1

Figure 5.18: Simulated (solid) and measured (dashed) radiation pattern (only
co-polarization component) of bent LS antenna (Radius 37.5mm) at 2.4GH z

(a) XZ plane, bending Case 2 (b) YZ plane, bending Case 1

Figure 5.19: Simulated (solid) and measured (dashed) radiation pattern (co-
and cross-polarization components) of bent CF antenna (Radius 37.5mm) at
24GHz
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Table 5.4: Measured half-power beamwidth of LS and CF antenna

Configuration LS CF

XZ plane, Flat 57°  73°
YZ plane, Flat 62°  75°
XZ plane, Case 1~ 78° 82¢
YZ plane, Case 2 87° 100°

5.7.5. Axial ratio (AR)

The axial ratio is a parameter to describe either elliptical or circular polar-
ization [13]. It is defined as the ratio of the major to the minor axis of the
polarizations ellipse of an antenna. To achieve circular polarization, the field
vector (electric or magnetic) must fulfill the following conditions: a) the field
must have two orthogonal linear components, b) the two components must
have the same magnitude, c) the two components must have a time-phase dif-
ference of odd multiples of 90°. In the ideal case, AR would be equal to 1
(or 0dB). In practice, it is difficult to achieve AR = 1, especially for a wide
frequency band and for a broad range of spatial directions of antenna prop-
agation. Thus, an antenna is usually regarded to be circularly polarized (CP)
when its axial ratio stays below 3dB for a given direction of propagation.
We have extracted the AR from our simulated and measured radiation
patterns of LHCP (left-hand rotating circular polarization) and RHCP (right-
hand rotating circular polarization) field components for the circularly polar-
ized antennas (CF and CS). The AR has been computed using Formula (5.4).

LHCP + RHCP
AR = LHCP — RHCP 54

It is evident that AR reaches infinity when LHCP and RHCP are equal
meaning that the antenna is linearly polarized. In Figure 5.20, we can see the
comparison between simulated and measured AR in the direction of maxi-
mum radiation for the CF and CS antennas.

Axial ration under bent conditions

Additionally, we have been interested in the effect of bending on the axial
ratio. Again, we have concentrated on the radius of 37.5mm and the CF
antenna. Figure 5.20(a) also includes the bent measurements of the CF an-
tenna. Bending pushes the axial ratio curve towards lower frequencies by
about 80M H z and abolishes circular polarization at all, respectively. In ad-
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Table 5.5: Measured bandwidth of axial ratio for CF and CS antenna

Antenna Measured BW Bending
[MHz] [%] radius [mm]
CS 88 3.65 0
CF 71 2.96 0
CF 100 4.3  37.5mm, Case 1
CF no CP 37.5mm, Case 2

dition, bending in case 1 broadens the bandwidth of the axial ratio as can be
verified in Table 5.5.
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Figure 5.20: Simulated and measured axial ratios [dB] of CF and CS an-
tenna

5.8. Conclusion

We have shown that standard design techniques for patch antennas perform
well even for textile substrates and conductive textiles. The antennas pre-
sented not only feature good properties, but they are also easy to manufac-
ture. They show bandwidths of about 200M H z and possess directivity with
a half-power beamwidth of less than 75°.

The antennas satisfy Bluetooth specifications even when bent down to
radius of 37.5mm and mounted according to case 2 (Figure 5.12(b)). Gen-
erally, S1; and radiation pattern show better robustness against bending in
case 2 whereas the axial ratio is more sensitive in this configuration. Bending
causes a similar impact on the characteristic of linearly and circularly polar-
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ized antenna, though, circularly polarized antennas lose their CP property at
the specified center frequency (2.4G H ).

The choice of a knitted or a woven conductive textile for antennas depends
on the application and its favored deformation behavior. In our investigations,
we could see that mechanical stabilization is essential to preserve the desired
antenna characteristic. This requirement can either be satisfied by using a
stable (non-knitted) substrate such as the felt or by using a stable (non-knitted)
patch/ground plane.



Fabric Embedded
Temperature Sensor*

In this chapter, a smart fabric with temperature sensing capa-
bility is presented. The goal is to achieve a measurement accu-
racy of 0.5 Kelvin over a temperature range of 10°C to 60°C
that is comparable to commercial products such as thermistors
(e.g. Pt100) and thermocouples. The woven structure of the fab-
ric itself represents an array of temperature sensors that can be
utilized to measure the temperature profile of a surface.

*based on [61]
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6.1. Introduction

We use the same PETEX fabric as introduced in Chapter 3 for our fabric em-
bedded temperature sensor. A picture of PETEX is shown in Figure 3.2. In
this chapter, two variants of fabric embedded temperature sensors are pre-
sented in order to measure temperature profiles of surfaces. The array grid
sensor utilizes single wires as sensors whereas the meander-shaped sensor
uses several wires to form the sensor element.

Using fabrics for temperature measurement is only one option, however,
fabrics have the capacity to integrate other sensing functionality. Lorussi et
al. [63] work on fabric-based strain sensors in order to track body postures.
Companies such as Softswitch [86], Eleksen [12] and ITP [39] investigate in
fabric pressure sensors.

6.2. Measurement concept

In this section, the measurement concept along with measurement accuracy
considerations are are briefly described. In the proposed method, the temper-
ature dependence of the electrical resistance of metals is utilized for temper-
ature measurement according to (6.1).

sz’re = RO(l + Qmetal - AT) [Q] (61)

Ry specifies the wire resistance at temperature 7o and Qpnetq; 1S the
temperature coefficient. petq; 1S similar for all metals and features about
0.4%/ K for copper. The wire length elongation as well as the quadratic coef-
ficient of resistance change due to temperature variations are negligibly small
for our intended measurement range from 0°C' to 60°C'. We utilize the same
fabric as presented in Chapter 3 with thin copper wires of about 172/m at
20°C. Due to the low mass of a wire (123dtex = 12.3ug/m) and the high
thermal conductivity of copper, such a sensor reacts quickly towards temper-
ature changes.

6.2.1. Electronic measurement circuit

Since the resistance of the thin copper wire as well as its temperature co-
efficient «¢,, are small, the 4-wire resistance measurement principle is re-
commended to achieve the target accuracy of 0.5K. Secondly, a difference
measurement method for the ohmic resistance is proposed in order to elim-
inate circuit offsets and component tolerances. A possible circuit of such a
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measurement method is presented in Appendix D.

6.2.2. Theoretical temperature measurement accuracy

The temperature measurement accuracy is influenced by different factors and
effects.

1. Wire length: accuracy improves the longer a measurement wire in the
fabric is. A longer wire directly corresponds to a higher resistance.
Thus, a larger resistance change per Kelvin occurs as compared to a
short wire. This behavior can be seen from Formula (6.1).

2. Qunetq: this material constant in Formula (6.1) is not precisely known
for the copper alloy of the wire.

3. Offset Voltage V,y: Electronic components such as operational ampli-
fiers possess offset voltages.

4. Component tolerances: All electronic components in a circuit have tol-
erances (e.g. resistances, capacities, reference diodes, analog-to-digial
converters).

5. Thermal noise V,,;sc: Generally, measurements of the wire resistance
are corrupted with thermal noise.

6. Temperature drift Vy.;5: Electronic components show temperature
drift.

Item 1 — 4 of the list above have a constant effect on the temperature
measurement accuracy. They are eliminated by a difference measurement as
proposed in Appendix D and by a measurement calibration as described in
Subsection 6.5.1.

Thus, the dynamic elements in item 5 + 6 of the measurement system
remain that can be modelled the following way (6.2)

VAD = VRwire (Twire) + Vnoise + Vdrift [V] (62)

VRwire 18 an affine function of the wire temperature. It describes the volt-
age drop that corresponds to the actual temperature of the wire. However, the
measurement is perturbed by V,,i5¢ and Vi, ¢¢. The thermal noise Vi 055 can
statically be reduces by multiple measurements N with an accuracy improve-
ment following the 1/ V/N-law. The temperature drift of the circuit Vi s
can be lowered by chosing components with low temperature drift or by a
temperature compensated measurement circuit.
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6.3. Fabric temperature sensors

We present two geometrical variants of textile embedded temperature sen-
sors: an array grid sensor and a meander-shaped sensor. The meander-shaped
sensor is utilized in the proof-of-concept circuit presented in Chapter 2.

6.3.1. Array grid sensor

The grid of copper wires in PETEX allows the measurement of temperature
along a surface. In our experiments, we utilized a 102:10cm? fabric patch as
temperature sensor array. A principle schematic is given in Figure 6.1. The
measurement electronic connects to opposing ends of sensor wires. Due to
the wire topology, location information of ’hot spots’ can be extracted by
measuring wire resistance in x- and y-direction.

LWL % C%

t:::_/HOt Spot
Hybrid
g Fabric
< 1™ Copper wires

»

Figure 6.1: Temperature measurement array

Measurement ambiguity

Instantly, such a sensor topology seems to be attractive to measure temper-
ature distribution across a surface. However, the system is under-determined
from a mathematical point of view since we only have 2N measurements in
a NzN grid with N? cross-points for temperature measurement. This fact
leads do spatial ambiguity. Unless all the "hot spots’ are aligned in a row or a
column, additional virtual hot spots’ are measured.

For instance, the measurement of two actual "hot spots’ on the fabric result
in detection of two additional virtual "hot spots’ as can be seen in Figure 6.2.
Three actual “hot spots’ result in an additional 6 virtual "hot spots’, etc.

6.3.2. Meander-shaped sensor

Figure 6.3 shows the meander-shaped sensor embedded in the fabric. The
overall wire length is 38cm that corresponds to about 6.5§2. The total sensor
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Figure 6.2: Measurement ambiguity due to the wire grid structure

area is 2x2cm?.

Such sensors can be arranged in arrays to measure the temperature profile
of a surface. Attention must be paid that the four feed lines of each sensor can
escape from the array and be connected to the measurement electronics.

]

Figure 6.3: Principle of the meander-shaped fabric embedded temperature
sensor

6.3.3. Comparison of the sensor variants

The two sensor variants possess several advantages and disadvanteges listed
in Table 6.1.

The notation unsharpness in the table is explained in the following. In the
array grid sensor, the measured temperature is averaged of the wire length.
For instance, the measured temperature of a single wire is the same whether
the entire wire is heated up by 1K or only half of the wire is heated up by
2K. Secondly, we do not know the location where the wire has been heated.
The measurement returns the averaged temperature of the wire whereby “hot
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Table 6.1: Advantages (+) and disadvantages (-) of the two sensor variants

| Array grid

| Meander-shaped

+

e Simple sensor structure (just a
straight wire)

e Structure to measure surface
temperature distribuition sim-
ple. It consists of cross-running

e No spatial ambiguity because
of sensor area of 222cm?

e More accurate measurements
due to a large overall wire
length

wires.

e No unsharpness between tem-
perature and location of a "hot-
spot’. Sensor is the "hot spot’.

e Sensor structure needs textile
vias

e Difficult to feed sensors in an
array structure

- | e Spatial ambiguity in tempera-
ture profile

o Unsharpness between tempera-
ture and location of a "hot spot’

e Feed lines are on opposing
sides of the wire

spots’ gets smeared out over the entire wire length.

Therefore, short wire improves the location information of the "hot spot’.
On the other hand, a short wire features a lower resistance, which results
in a more imprecise temperature measurement using the same measurement
electronic.

This behavior between temperature measurement accuracy and location
information of temperature resembles an uncertainty principle.

6.4. Temperature profile estimation

A restriction of the array grid sensor to single "hot spot’ detection relaxes
the problem of ambiguity. The temperature distribution estimation of such a
single "hot spot’ is shown in Figure 6.4, where a finger touched the fabric in
the rear corner. The estimated distribution of the temperatures is computed
by taking the outer product of the temperatures along the row and column
wires according to (6.3). This method corresponds to the geometrical mean
temperatures of crossing wires.

Test = Trow . TC,I(;l [OC] (63)



6.5. Temperature measurement accuracy 115

1
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Figure 6.4: Temperature distribution along fabric surface

6.5. Temperature measurement accuracy

In this section, verification of the temperature sensors is described. We place
the textile temperature sensor along with a reference thermometer in a climate
chamber and measure the temperature at six stationary temperature levels.
From these measurements, we then determine the actual a,etq; to calibrate
the system.

Figure 6.5 shows the temperature linearity neglecting the tolerances of the
reference thermometer. Note that our reference thermometer (Fluke DMM
with thermocouple) itself has an accuracy of only +1%(+3°C') [100].

Since we do not know aunerq: €xactly, the slope of the measured curve
with an assumed o = 0.00404K ~* (solid line in the figure) is too flat.

6.5.1. Calibration and determination of «,,,c14;

Since we do not know the true a1, We approximate its value with linear
regression using Formula (6.4). T corresponds to the reference temperature
level and T,.; is the temperature measured by the reference thermometer.
Timeas corresponds to the temperatures measured by the textile sensor. Each
element in the 7;,.qs vector has been averaged over 500 measurement sam-
ples in advance.

(Tmeas - TO)T(Tmeas - TO)
(Tact - TO)T(TmeaS - TO)

(K™Y (64

Utrye = QCu

With this approach, we obtain an a,,. = 0.0035K ~! for calibration of
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Figure 6.5: Temperature measurement linearity

the sensor. The corresponding a-compensated curve is depicted as solid line
with stars in Figure 6.5. The measurement points of the fitted curve feature a
standard deviation of 0. = 1.2K to a ideal curve (straight dotted line).

This approximation of oy (6.4) has been computed using the least
mean square error approach shown in formula (6.5).

1o} Qi
[Tacti — Ty — (Tmeam - TU)
8atrue B Atrye

=0 (6.5)

6.5.2. Measured temperature distribution

The same temperature at 50°C' is repeatedly measured (e.g. 500 times) with
the fabric temperature sensor in order to determine the measurement ac-
curacy and repeatability. The measurements reveal a standard deviation of
o = 0.39K whereby the standard deviation behaves similarly for other tem-
peratures. Figure 6.6 depicts the temperature distribution for 50°C.

6.6. Conclusion

This chapter has presented a fabric temperature sensor with an accuracy of
about 1.2K when using linear regression. We have shown that PETEX is
suitable for measurement of temperature and temperature profiles. A calibra-
tion of the sensors is necessary to obtain the true au,tq; and to obtain Ry at
To.
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Figure 6.6: Measurement distribution of the fabric temperature sensor over
500 iterations at 50°C

The measurement accuracy can be improved to the targeted 0.5K with
several approaches

e Wires consisting of material with a higher resistivity, e.g. stainless steel
(7.2- 10~ 7Qm) and nickel-chrome (1.5 - 10~%€m) and higher temper-
ature coefficient than copper results in a larger resistance change per
Kelvin.

e The entire temperature curve depicted in Figure 6.5 can be recorded as
calibration set in advance. A measured temperature is then corrected
according to this calibration set.

e A measurement circuit with temperature compensation and less noisy
components reduces error sources in the measurements.






Conclusions

7.1. Achievements

During the PhD studies, we have developed a light-weighted woven fabric!
called PETEX whose embedded copper wires easily withstands the tensile
stresses of daily life. Using these embedded thin copper wires, we tested sev-
eral transmission line configuration regarding their electrical performance.
Their bandwidths lie in the range of 2G H z featuring line impedances be-
tween 1802 and 310€2. A new approach for unwrapping the signal phase
has been proposed and applied to obtain a smooth permittivity curve. Float-
ing parallel wires within the fabric do not affect the electrical performance
of the transmission lines at frequencies below 2G H z. Cross-running wires
increase permittivity and introduce noise in the frequency response. Trans-
mission lines that are printed on a fabric more resemble conventional CPWs
on a PCB. Their electrical properties outperform the wire-based transmission
lines.

Interconnects among the copper wires within the fabric are manufactured
using the steps wire coating removal, wire cutting, connecting the skinned
wire sections and protecting the interconnect. We have conducted extensive

lin collaboration with Sefar Inc.
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studies to optimize the laser parameters in the skinning step. We have pro-
posed five via configurations and we showed that via configurations for wire
pairs feature a bandwidth of about 600M H z, which is about 1/3 of the band-
width of a transmission line.

Our novel interposer technology eases the design and assembly of elec-
tronic components onto the fabric. The elimination of cuts in the fabric not
only simplifies fabrication, but also preserves mechanical stability of the fab-
ric. Such an interposer connect features about the same inductivity as a bond
wire in a chip package. We have further addressed the optimization of an
application-independent interposer design and we determine the space occu-
pancy of different interposer variants.

We have presented a flow chart on the design and routing of an SoT. Fur-
thermore, we have identified additional constraints and hints for an SoT de-
sign regarding component placement, RF signal and analog signals. The uti-
lization of the algorithm for automatic placement of necessary cuts within the
fabric is recommended.

Our Bluetooth antennas for the WPAN possess flat structure and are de-
signed in linear and circular polarization variants. Different manufacturing
methods have been investigated. The antennas possess directive radiation pat-
terns such that they radiate away from the human body in a WPAN. Simu-
lations and measurements of the antennas generally agree, even under bent
conditions.

Finally, a simple circuit for a fabric embedded temperature sensor has
been presented. The sensor achieves an accuracy of about 1 Kelvin using
two-point calibration for a temperature range from 0° — 60°C.

7.2. Outlook

There are several opportunities for future research. From a theoretical point
of view, routing strategies within the fabric can further be enhanced and opti-
mized. Considering the existing geometrical tolerances in the fabric, a robust
routing approach that is immune against inaccuracies is crucial. For that rea-
son, the approach of using multiple wires in parallel for the global wiring
might be extended.

The current epoxy resin encapsulation possesses a high leakage current,
especially at elevated humidity. Different epoxy filler lowers this leakage cur-
rent. Further, the epoxy must currently be applied to both sides of the fabric.



7.2. Outlook 121

A lowering of its viscosity could simplify this procedure such that epoxy must
only be applied to one side. On the other hand, viscosity must not be too low
in order to avoid spreading on the fabric.

Up to now, only handcrafted prototypes of SoT’s exist. There is still some
effort needed for introduction to mass production, though the way is straight-
forward and already paved by the established flexible PCBs.

Alternatives to the presented fextile via manufacturing process are feasi-
ble. The wire skinning and the wire interconnection could be done by thermo-
compression bonding. This technology features the advantage that the two
steps could be merged. Thermo-compression bonding includes heating and
welding that removes the coating of the wires and joins them afterwards.

Regarding mechnical tests of the plain fabric and of the fabric with assem-
bled components, cyclic load stress as well as washing cycles are planned.

From the electrical point of view, the interposer and interposer pads
are weakly specified. However, specifications of crosstalk, reflections,
impedances and capacities are highly dependent on the layout of a circuit.
Once a critical application design is identified (e.g. signals with frequen-
cies higher than 600 M H 2), these parameters can be determined by TDR and
VNA measurements as well.

Printed textile transmission lines are still an interesting niche for dedi-
cated applications requiring specific line impedances. Their structure leaves
more freedom regarding line impedance and line shapes compared to the
wire-based transmission lines.

The Bluetooth patch antennas have not been investigated considering ef-
fects of human body proximity. This influence need to be explored in the
future.






Transmission Lines

A.l. Introduction

Transmission line theory is a well-known approach to model wiring structures
such as microstrip lines, coplanar waveguides and wire pairs. The theory is
valid as long as a single mode propagates through the transmission line. In
the following section, we will see that this assumption is not always true for
textile transmission lines.

A transmission line can be modeled with elements known from electri-
cal engineering, i.e. resistance, conductance inductance and capacitance, as
shown in Figure A.1. They are normalized to one meter. The so-called 7ele-
grapher’s Equations (A.1) are directly derived from the figure. The propa-
gation constant vy and the characteristic impedance Z are then obtained by
using R’, G’, L’ and C’. Their formulas for a non-dispersive transmission line
are given in (A.2). a corresponds to the damping in Neper! and 3 corresponds
to the phase.

11Np = 8.69dB
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Figure A.1: Transmission line model
AV(zt)=-L"ZI(z,t)— R - I(2,t)
(A.1)
LI(z,t)=—-C" ZV(z,t) =G - V(z,1t)
7=V (R +jwl) (G + jwl’) = a+jj
(A.2)

Rl 5 Ll
Zo = \/ G/ij;”o [€]

Corollary, the values for R/, G’, L' and C’ can easily be derived from
Equations (A.2) using Formulas (A.3).

soRen.

=Im{vZo}/w m
G' = Re{v/Zo} [1/Qm)] (A3)
C' = Im{y/Zo}jw  [F/m]

A.2. Transmission line parameter extraction

In order to determine these parameters for transmission lines including effec-
tive relative permittivity e,, the approaches described in [41, 53, 67, 77, 85,
102] are applied. They all use similar techniques that deliver similar results.
For a better understanding, a simplified explanation of [53] is given here.
The scattering parameters of two transmission lines of different lengths, [;
and /o, are measured and translated into the scattering chain matrices repre-
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sentation 74 and T52. In [53], they model the lines using the form 71 = T4 Tp
and T5 = T'4T1,Tg where T4 and T'g are the chain matrices of the connection
adapters (error boxes) on both sides of the transmission lines. An error box
T'4 represents the short transmission line (THRU) cut in half. 77, depicts the
chain matrix of the transmission line with length Al = |l; — l3|. This model
is shown in Figure A.2. T}, is assumed reflectionless and must be isolated
in order to determine the transmission line parameters. By assuming equal
error box matrices 74,75 for both transmission lines, 77, is extracted using
approach (A.4).

T, Ts Ta T, Ts

Connection Connection Connection Transmission Connection

Adapter Adapter Adapter Line Al Adapter

(Error Box) (Error Box) (Error Box) (Error Box)
(a) Short transmission line (b) Long transmission line (LINE)
(THRU)

Figure A.2: Model of transmission lines in chain matrix representation

T =TT " =TuT,T;" (A4)
e~ Al 0

Since tr(T) = tr(Ty) and Ty, = ( 0 N

mined with Formula (A.5).

), ~ can be deter-

v = :I:Ailacosh {@} =a+jp (A.5)

Note that e~ 72! is periodic in 27. Thus, a unique mapping between e/5!

and the phase ¢ = [l is not possible. As a result, the phase ¢ must first be

unwrapped in order to arrive at the correct (3. The effective relative permittiv-

ity €,,,, is then computed from the unwrapped phase ¢ using Formula A.6
where ¢ is the speed of light and f is the frequency.

2
. Co- ¥
Cress = (27r f- Al) (4.6)

2This translation is described in Appendix B
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The characteristic impedance Zj is computed using v and the scattering
parameters of the error box T4 accoding to Grzyb et al. [41]. Alternatively,
Zy can directly be determined by using time domain reflectometry (TDR)
measurements [92] as well.

A.3. Textile transmission line characterization

A line impedance of 502 is usually desired in electronics. However, the struc-
ture of textile transmission lines as well as the low permittivity of textiles
(e, = 1..3) do not allow achieving 5082 (see Section 3.3). Measurements in
Section 3.3 and [25, 60] have shown that wire pair line impedances lie in the
range of 2501).

A.3.1. Measurement perturbations

Due to the high impedance step from the 502 measurement equipment to the
approximately 250() textile transmission line, reflections and resonances oc-
cur resulting in higher odd modes. Tolerances in the fabric as well as length
differences between signal and ground lines further support generation of
these modes. Such effects have also been described by Cottet ef al. [25]. In
other words, several modes can propagate through the transmission line that
are not easily describable with transmission line theory. Details to higher odd
modes and their leakage are explained by Oliner et al., Wen-Teng Lo et al.,
Tien et al. and Shigesawa et al. in [58, 72, 83, 94].

The connection adapter defines another error source. An precise transi-
tion from connection adapter to fabric is not achievable because of geomet-
rical and material incompatibilities, e.g. textile and PCB pitches. Thus, the
necessary assumption of equal error boxes introduces additional errors in the
parameter extraction.

Those higher odd modes cause additional damping (i.e. «) and perturba-
tions of the phase (i.e. §). Especially the phase is critical for the extraction of
€r. In section A.3.2, a new approach for a smooth unwrapping of a perturbed
phase is proposed.

A.3.2. Unwrapping of a perturbed phase

Unwrapping the phase means to remove its 27 periodicity. In a well-behaved
phase response, unwrapping is easily done by adding a multiple of 27 to the
phase whenever a phase jump occurs. In a perturbed phase response, this pro-
cedure leads to parasitic phase jumps and therefore to errors in the unwrapped
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phase response.

A new approach is to estimate the phase response in a first step and then,
to unwrap the phase such that the error between estimated and actual phase is
minimal. An ideal phase response of an ideal transmission line is proportional
to the frequency, ¢; = m - f; (linear). In order to estimate the slope m, a least
mean square error approach according to Formula (A.7) is proposed (linear
regression). By differentiation, we arrive at Formula (A.8).

min Z(% — ;)2 (A7)

m

_ 2 pifi [md} (A8)

> f? Hz

Since a textile transmission line is far from being ideal, adaptive phase
estimation is desired. Thus, we do not include all measurements for a global
estimate of m, but only a few samples for a local estimate and then iteratively
estimate the slope my. This algorithm is described in Formula (A.9) where
N corresponds to the number of samples included for a current estimate k. A
good start estimate of my, is critical for an accurate unwrapping. In addition,
a leaky bucket filter given in Formula (A.10) is applied to mj in order to
suppress outliers whereby ¢ is an empirical number close to 1.

k

my, = —Zi;k‘—N %f : (A.9)
dick-n Ji

mit1 =t-m; + (1 — t) - M (A.10)

Eventually, we arrive at the iterative algorithm given in (A.11) to un-
wrap the phase response ;. Note that the estimated slope m corresponds
to a smoothed version of the unwrapped phase response ¢.

Y = p; + 2mn init n=0

. A1l
n =n+ argminge(o,1}[pi+1 + 27(n +p) — mit1fir1)? ( )

An quick alternative to this iterative approach is a phase response estimate
by analyzing the scattering parameter |s11|. However, this alternative delivers
only few supporting points and it works only reasonable with big impedance
steps between measurement equipment and transmission line. In other words,
big reflections must occur. Whenever a multiple of half-wavelengths of the
measurement signal corresponds to the physical transmission line length L,
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no reflections occur and s;; shows a sharp notch at this frequency f;. An
example of such a measurement curve is depicted in Figure A.3(a). Track-
ing these notches and using them together with Formula (A.12) and (A.13)
delivers an estimate for ¢ and e,. Figure A.3(b) shows the extracted ¢, of
measurement A.3(a).

wi(fi)=m-1 with i=0..(# of notches)-1 (A.12)

Co

m} 2 L : line length (A13)

eri(fi) = [

[dB]

1 18 1
25 . 16 §

35 4 0 05 1 35 4
x x10°

10°
(a) S11 with notches in half-wavelength spac-  (b) Extracted €, using the notch spacing
ing indicated by o’ and Formula (A.13)

0 05 1

15 2 25 15 2 25
Frequency [Hz] Frequency [Hz]

Figure A.3: Alternative approach to extract €, from a single transmission
line

The advantage of this method is that only one transmission line must be
measured in order to determine the effective relative permittivity €,..



Matrix definitions and
conversions

Scattering parameters (s-parameters)
by 811 S12 ay
= B.1
[52} [821 822}[02} (B.1
————
S
Transfer matrix (Scattering chain matrix, Wave chain matrix)
b1 t11 t12 ay
= B.2
|:a1:| |:t21 tzz}{bz} (B-2)
————
T
Chain matrix (ABCD matrix)
]l _[4 B][W
n]-le 21w ] ®
———

ABCD
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Matrix conversion

_ 1 |tz [T
5 T { 1 —tn
[ A+B/zy—Z,C-D 2(AD — BC)
— A 2 —~A+B/Zy— ZyC + D
with A:A+B/Z()+Z()C+D, Zy :Re(Zo)
(B.4)
T _ 1 —|S| 511
Cosn | —sgp 1

[ A+B/Zy~ZC~D A-B/Zy— ZyC+D
T 2| A+ B/Zy+ ZC+D A—B/Zy+ ZyC — D

with  Zy = Re(Zp)
(B.5)

ABCD =

2521

1 1+ 511 — S99 — |S| Zo(l + 811 + S22 + |S|)
(1—811—822+|S|)/Z0 1—811+822—|S|

_1 t11 + ti2 + to1 + 22 Zo(—t11 + tiz — to1 + ta2)
2| (—t11 —t12 + tor + ta2)/Zo t11 — t12 — to1 + 122

with Z() = Re(Zo)
(B.6)



Practical textile
routing hints

C.1. Interposer design

The routing structure on an interposer follows the common rules of a PCB
layout. The following routing properties are recommended.

e via ring diameter: 0.4mm

e via hole size: 0.15mm

Vias of the interposer are directly utilized as interconnecting pads to the
fabric. Thus, these via pads must be placed in the wire grid spacing of the
fabric. Vias that are not used as pads should be tented to avoid shorts. The
via pads must be plated with gold to preserve good electrical contact with the
conductive adhesive.
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C.2. EDA tool configuration for textile layout

The layout within the fabric must follow the perpendicular grid of the fabric.
A via must be placed at each change from a vertical to a horizontal wire and
vice versa (diameter: 0.4mm). In order to avoid errors in the layout, different
layers are recommended for the horizontal and the vertical wires. Some EDA
tools possess the feature to automatically ‘remove loops’ in a layout. This fea-
ture should be switched off as soon as several wires are deployed in parallel,
e.g. in power nets.

C.3. Correction of layout coordinates

Although the PETEX fabric is very precise, the copper wires within the fabric
are not accurately enough located to immediately apply the EDA output data
for a layout. Currently, we see two options to overcome this imprecision.
The fabric is equipped with colored threads in a regular spacing and the laser
machine as well as the assembly machine orient themselve according to these
wires. Thus, the machine compensates the inaccuracy of the fabric. However,
this method still needs interactions of the operator.

The second approach does an off-line correction. The fabric is scanned
using an office scanner with a minimal resolution of 2400 DPI beforehand.
The copper wires can clearly be identified at such a resolution. A matlab script
tracks then the wires piecewisely within the scanned image in warp and weft
by utilizing a matched filter. The wire intersections are then computed with
the logged coordinates of the wires. A section of such a processed fabric can
be seen in Figure C.1. Eventually, the EDA output data is corrected by the
actual coordinates of the computed wire intersections.

This methods however requires that every fabric is scanned and measured
before manufacturing.

C.4. Fabrication files

Figure C.2 explains the data flow for generation of the fabrication data for the
routing in the fabric.

The ’bottom solder paste mask’ file (Gerber format) contains the coordi-
nates of all vias that are not tented. In other words, these are the textile vias as
well as via pads of the interposers. The IPC-356-D file contains all vias with
their net names. A matlab script reads these files and assigns the net names to
the vias while filtering out the tented vias.
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Figure C.1: Fabric with tracked copper wire intersections

The cuts are then placed (according to algorithm in Chapter 4) after as-
signing the net names.
Another matlab script tracks the intersections of the copper wires and

writes their coordinates into a file (see Section C.3).
The coordinates of the vias with the added cuts are then corrected with

the tracked wire intersection coordinates.
Finally, the via coordinates are written to a gerber file for laser ablation
and the cuts are written to a gerber file for cutting.
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EDA Tool Scanned image
* Bottom Solder
Paste Mask
*|PC-356-D
¥ Y
Filter vias _ Track
intersectons

Valid via pads with
assigned nets

y

Coordinates
Place cuts of wire

intersections

Vias with cuts

Coordinates correction

‘ i
Ablation data ] [ Data for cuts
for vias

Figure C.2: Data flow and interactions of scripts for generation of the fab-
rication data



Potential temperature
measurement circuit

The principle schematic of the proposed measurement circuit is shown in Fig-
ure D.1. By imposing a constant current through the copper wire and measur-
ing the resulting voltage drop using the sense lines, the wire resistance can be
extracted and therefore, the temperature according to (D.1). Rreo defines
the reference resistance of the wire at a certain temperature 7y, i.e. 20°C.

A constant current through the wire is ensured by the operational ampli-
fier (OA), which regulates its output such that its (+) and (-) inputs feature the
same potential. The instrumental amplifier (IA) boosts the differential signal
such that a measurement resolution of 0.4 K/ LS B is achieved for our demon-
strator. The low pass filter reduces noise and avoids aliasing by limiting the
signal bandwidth to f. = 160H z. This bandwidth is a compromise between
noise reduction and measurement speed. The analog-to-digital converter fea-
tures a resolution of 12Bits, which translates to a LSB (least significant bit)
of 0.5mV using a reference voltage of 2.048V. Rs can be switched to the
circuit that allows applying different currents through the copper wire. This
procedure further improves measurement accuracy.
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Figure D.1: Temperature measurement principle

Rwire o 1) .

AT =
(RwireO QaCy

[Kelvin] (D.1)

Formula (D.2) gives the wire resistance in relation to the measured volt-
ages Vap, and V4 p, at the analog-to-digital converter. The two voltages cor-
respond to the two currents that are generated by switching Re on and off
the circuit. Due to subtraction of the voltages, constant circuit offsets (e.g.
amplifier offsets) are eliminated.

Putting (D.2) into (D.1), the constants R; — R3, G and V;..y cancel out
leading to formula (D.3). As a result, the accuracies of these constants become
unimportant when using a reference wire resistance R,,;-.o determined by
calibration. In fact, the voltages in formula (D.3) can directly be replaced with
the bits, correspond to the binary values of the analog-to-digital converter.
This then leads to formula (D.4).

R3 Ri+ Ry Vap, —Vap,

Rwire = - . Q D.2

e 7 Vis [€2] (D.2)
Vap, —Vap 1

T = h L -1 + Tt °C D.3

(VAD'refh, - VAD'refl ) Acuy 0 [ ] ( )

bitsy, — bits; 1 1 LT °C] (D.4)

o bitsrefh — bitsrefl Qo



Glossary

Scalars

A
B
'

Rpc
AT
Zy

acff

Absorbance / cross-section area

Magnetic flux density

Capacitance per unit length

Young’s modulus, inital modulus

Laser fluence / Force

Laser ablation threshold

Conductance per unit length

Magnetic field strength

Current

Inductance per unit length

Length difference

Quality factor

Resistance per unit length

Sheet resistance

DC resistance

Power

Temperature difference

voltage

Line impedance, Characteristic impedance
Loss attenuation constant

Effective absorption coefficient
Propagation constant

Skin depth

Free space permittivity (= 8.85419 - 10~'2 F/m)
(Effective) relative dielectric permittivity
Complex propagation constant
Wavelength

Free space permeability (= 1.25663 - 10~ H/m)
Relative permeability
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o Conductivity
%) Phase
10) magnetic flux
w Angular frequency
co Light speed (= 2.99792 - 108 m/s)
f Frequency
t Metal thickness
ta Delay time
tand Dielectric loss tangent
Vp Phase velocity
w Strip width
Units
1 mil 1/1000 in = 0.0254mm
1 Neper [Np] 8.69dB
1 tex 1¢g/1000m
Abbreviations
3D 3 Dimensional
AWG American Wire Gauge
AR Axial Ratio
BAN Body area network
BGA Ball grid array
CBCPW Conductor-Backed Coplanar Waveguide
CP Circular Polarization
CPW Coplanar Waveguide
CSp Chip scaled package
CTE Coefficient of Thermal Expansion
Cu Copper
DC Direct Current
DUT Device Under Test
EDA Electronic Design Automation
EMC Electromagnetic compatibility

Glossary



Glossary

FEM
FGC
FGCPW
FW-CBCPW
FW-CPW
FR4
GCPW
GND
HFSS
IC

IPC
JTAG
LED

LP
MCM
MSL
PCB/PWB
PET
PTFE
PWR
RF
SEM
SMA
SMD
SMT
SNR
SOC
SOP
SOLT
SOT
TDR
TDT

TL

TRL
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Finite Element Method
Finite-Ground Coplanar Waveguide
Finite-Ground Coplanar Waveguide
Finite-Width Conductor-Backed Coplanar Waveguide
Finite-Width Coplanar Waveguide
Flame resistant 4, substrate
Grounded Coplanar Waveguide
Ground

High Frequency Structure Simulator
Integrated Circuit

Association Connecting Electronics Industries
Joint Test Action Group

Light emitting diode

Linear Polarization

Multi Chip Module

Microstrip line

Printed Circuit Board/Printed Wiring Board
Polyester

Polytetrafluoroethylene

Power

Radio Frequency

Scanning Electron Microscope
Sub-miniature version A, connector
Surface Mount Devices

Surface Mount Technology
Signal-to-noise ratio
System-on-a-Chip

Small outline package
Short-Open-Line-Thru
System-on-Textile

Time domain reflectometry

Time domain transmission
Transmission Line
SThru-Reflect-Line
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VNA
WBAN
WPAN
XeCl

Glossary

Vector Network Analyser
Wireless body area network
Wireless personal area network
Xeon-Chlorine
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