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Resumen

En la presente Tesis Doctoral se presentan nuevos resultados en las técnicas

de diseño, simulación y fabricación de circuitos y antenas en la banda de mi-

croondas implementados en tecnoloǵıa textil. Para ello, en el Caṕıtulo 1 se

introducen las técnicas más utilizadas para el desarrollo de circuitos y antenas

textiles, tales como la impresión por inyección de tinta sobre sustratos textiles,

el bordado, el appliqué o el uso de materiales no tejidos, comúnmente conocidos

como non-wovens. Las técnicas anteriormente mencionadas presentan diferentes

desventajas, por lo que se propone el proceso de tejido como la solución alterna-

tiva sobre la que se fundamenta el resto de la Tesis.

Con el objetivo de simplificar la simulación de las complejas estructuras textiles

para su caracterización electromagnética, en el Caṕıtulo 2 se propone y presenta

un modelado basado en tres pasos. Dichos pasos se corresponden con las tra-

ducciones entre los distintos modelos equivalentes de la misma estructura textil.

El modelo más complejo está basado en los filamentos de los que se componen

los hilos multifilamento empleados y es, por tanto, el modelo que mayores recur-

sos computacionales requiere. El modelo intermedio simula hilos monofilamento

electromagnéticamente equivalentes a los anteriores, reduciendo aśı la compleji-

dad computacional. Finalmente, la estructura textil es traducida a un modelo de

capas homogéneas, análogo al utilizado en las simulaciones convencionales con

sustratos ŕıgidos. Se obtienen aśı, los parámetros equivalentes que caracterizan

tanto a los materiales dieléctricos, como a los conductores que conforman el tejido.

Para validar el modelado de simulación propuesto, en el Caṕıtulo 3 se pre-

sentan diferentes diseños de estructuras basadas en tecnoloǵıa de gúıa de ondas

integrada en sustrato, implementadas mediante procesos de tejido. Los diseños

propuestos difieren tanto en la frecuencia de operación, como en el diseño de la

estructura textil o en el grado de integración en el tejido de sus transiciones para

su posterior validación experimental.
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Teniendo como objetivo el desarrollo de prototipos con aplicación real, en

el Caṕıtulo 4 se presentan diferentes diseños de etiquetas y antenas para su

funcionamiento en campo cercano y lejano, respectivamente. Estos prototipos,

también integrados completamente en textil, se corresponden con diferentes tec-

noloǵıas como microstrip o gúıa de ondas integrada en sustrato, entre otras, y

operan en diferentes bandas de frecuencias.

El proceso de fabricación utilizando telares industriales aporta la enorme ven-

taja de poder desarrollar prototipos de grandes dimensiones y a gran escala.

Este hecho se aprovecha en el Caṕıtulo 5, en el que se presentan distintos tipos

de superficies selectivas en frecuencia completamente integradas en tejido. Estas

superficies no sólo son flexibles, sino que además esta caracteŕıstica las provee de

una gran aplicabilidad real. Finalmente, se presentan las conclusiones generales

y se proponen nuevas ĺıneas de investigación.
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Conclusiones

En la presente Tesis Doctoral se han presentado las técnicas de diseño, simu-

lación y fabricación de circuitos y antennas completamente integrados en textil

que trabajan en el rango de frecuencias de microondas. Aunque ya se han pro-

puesto en la literatura diferentes alternativas para la integración de circuitos y

antennas en textil, ninguna de estas alternativas cumple simultáneamente tres

caracteŕısticas importantes: una integración completa en el tejido, la posibilidad

de desarrollar diseños multicapa y la fabricación a gran escala. Por este motivo,

se propone la tecnoloǵıa basada en el tejido como la alternativa más apropiada.

En primer lugar, con el objetivo de simplificar el diseño y la simulación de

estructuras tejidas, se ha desarrollado una técnica de modelado basada en tres

etapas. Estas tres etapas corresponden, respectivamente, a tres modelos difer-

entes de la estructura tejida, aunque electromagnéticamente equivalentes. El

primer modelo, denominado modelo multifilamento, emula la composición real

de los materiales empleados –en este caso, hilos multifilamento–, mientras que

el segundo y simplificado modelo, el modelo monofilamento, los transforma en

monofilamentos. Finalmente, el modelo de capas emula la topoloǵıa convencional

empleada en la simulación de circuitos y antenas utilizando sustratos homogéneos.

Como resultado, la traducción entre los distintos modelos permite reducir la com-

plejidad computacional de las simulaciones.

Con el objetivo de demostrar la validez del modelado, se ha empleado esta

técnica en el desarrollo de dos gúıas de onda integradas en textil que funcionan,

respectivamente, en los rangos de frecuencias de ondas milimétricas y microondas.

Como resultado, se ha obtenido una buena concordacia entre las simulaciones y

los resultados experimentales, demostrando que es posible la propagación de una

señal a través de una estructura tejida.

Una vez que el modelado ha sido validado experimentalmente, se han diseñado

diferentes prototipos basados en esta técnica. En primer lugar se ha estudiado

una etiqueta tejida de identificación por radiofrecuencia que opera en campo
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cercano y que está provista de un chip comercial. Además, se han propuesto

diferentes alternativas para la integración del chip en la estructura tejida. Al-

ternativamente, con el propósito de desarrollar estructuras radiantes tejidas ca-

paces de funcionar en la región de campo lejano, también se han implementado

dos antenas. Primero se ha desarrollado una antena de ranura alimentada por

ĺınea microstrip, sin embargo, con el objetivo de suprimir la radiación trasera,

se ha propuesto una antena basada en una cavidad resonante alimentada por

cable coaxial. Ambas antenas han sido experimentalmente validadas en cámara

anecoica presentando una buena concordancia entre las simulaciones y las medi-

das.

Además, se han propuesto dos superficies selectivas en frecuencia aprovechando

las capacidades de producción a gran escala que presenta la tecnoloǵıa basada en

tejido. Para ello, primero se ha desarrollado una superficie selectiva en frecuencia

basada en una capa de resonadores periódicos en forma de cruz. Alternatively,

con el objetivo de aumentar el ancho de banda, se ha desarrollado una nueva

superficie selectiva en frecuencia basada en dos capas aisladas de resonadores en

forma de anillos cuadrados. En consecuencia, no solo se han aprovechado las ca-

pacidades de producción a gran escala, sino que este último prototipo representa

un ejemplo de integración completa en textil multicapa, satisfaciendo las tres

caracteŕısticas importantes previamente citadas que debeŕıa cumplir un circuito

integrado en textil.
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Abstract

This Doctoral Thesis presents novel results regarding the design, simulation

and manufacturing techniques to develop microwave circuits and antennas in

textile technology. For this purpose, Chapter 1 introduces the most employed

techniques to develop textile integrated circuits and antennas, such as inkjet-

printing over textile substrates, embroidery, appliqué processes or the use of non

woven materials or, simply, non-wovens. The beforementioned techniques present

different problems, consequently, weaving has been found to be an alternative so-

lution, becoming the basis of the Thesis.

With the aim of simplifying the simulation of the complex textile structures for

their electromagnetic characterisation, Chapter 2 presents a modelling technique

based on three steps. These steps correspond to the translation between the diffe-

rent equivalent models of the same textile structure. The most complex model

is based on the filaments which compose the employed multifilament threads,

therefore, it is the model which requires more computational resources. The in-

termediate model emulates monofilament threads which are electromagnetically

equivalent to the multifilaments and, consequently, reduces the computational

complexity. Finally, the textile structure is translated into a third model based

on homogeneous layers, which is analogous to the model employed in conven-

tional simulations with rigid substrates. Eventually, the equivalent parameters

which electromagnetically characterise both the dielectric and conductive mate-

rials from which the textile is composed, are obtained.

In order to validate the proposed simulation modelling, Chapter 3 presents

different designs of structures based on substrate integrated waveguides imple-

mented using weaving technology. The proposed designs differ in terms of the

operating frequency, the design of the textile structure or in the level of inte-

gration of the transitions for the experimentally validation in the textile. In

Chapter 3, two different filters are also proposed, which are based on the cosim-
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ulation between two different commercial electromagnetic simulator packages, in

order to validate the simulation techniques already presented in the previous

chapter.

With the aim of developing prototypes to be employed as a final application.

Chapter 4 presents different designs of near-field and far-field tags and antennas.

These prototypes, which are completely integrated in textile, are based on diffe-

rent technologies such as microstrip or substrate integrated waveguide, among

others, and operate in different frequency bands.

The fabrication process using industrial weaving machines provides the enor-

mous advantage of allowing the development of large prototypes as well as their

large scale production. For this reason, Chapter 5 presents different types of

frequency selective surfaces completely integrated in textile. Not only are these

surfaces flexible, but also this characteristic provides them with different real ap-

plications. Finally, general conclusions and future lines of research are proposed.
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Definitions

• Warp thread: thread which is previously mounted in the weaving loom

and, consequently, is parallel to the warp direction.

• Weft thread: thread which is successively inserted between the upper and

the lower sheds and, consequently, is parallel to the weft direction.

• dtex: unit of measure for the linear mass density of fibres, yarns and

threads which is defined as the mass in grams per 10 Km.

• ply: unit which indicates the number of components which are twisted

together to form a thread. An n-ply thread is composed of n components.

• ppi : picks per inch, which indicates the number of weft threads per inch.

• epi : ends per inch, which indicates the number of warp threads per inch.
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1.1 Introduction

New approaches in the development of textile circuits and antennas are con-

tinually emerging to cope with the advances in flexible, lightweight and wearable
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applications [1, 2]. Therefore, multiple efforts are being made to achieve the full

integration of these circuits and antennas in textile. As a result, during the last

years, a wide variety of solutions have been developed to design, simulate and

manufacture textile integrated circuits and antennas.

Nevertheless, in spite of the wide range of approaches presented in the litera-

ture, none of these circuits and antennas are, simultaneously, flexible, washable

and completely integrated in textile, as will be explained in section 1.2. For this

reason, their fabrication requires different processes, making the prototypes not

appropriate for their large scale production using the available industrial ma-

chinery. Consequently, these textile prototypes cannot be as competitive as their

analogous manfactured using conventional procedures.

For this reason, with the aim of achieving a complete integration in textile

and, therefore, the possibility of producing flexible and washable circuits and

antennas on a large scale, weaving technology is proposed. This technology not

only fulfils all the beforementioned requirements, but also allows the possibility

of implementing multilayered designs.

In order to facilitate the comprehension of the following chapters, in section

1.3, the fundamentals of the textile structures, the industrial looms operation

and the characteristics and classifications of the different types of threads are

presented.

1.2 State of the art: textile integration techniques

1.2.1 Ink-jet printing

Ink-jet printing is a type of computerised printing which recreates a digital

image or pattern by propelling droplets of ink onto different kinds of substrates.

For highly conductive inks, silver or copper nanoparticles in solution are the

most employed alternatives, although carbon nanotube inks are also used in

applications where the conductivity can be lower.

Before the development of the ink-jet printing technology, different alterna-

tives have been employed, such as the traditional subtractive microfabrication

technology or the screen printing procedure. The subtractive microfabrication

technology requires a clear substrate in which two films, the ink and the pho-

toresist, are deposited. By the exposition to ultra-violet radiation of the subs-

trate through a mask, the leftover photoresist can be easily eliminated. After

the etching procedure and corresponding photoresist removal, the ink pattern is

printed over the substrate. This procedure is summarised in Figure 1.1.
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1. Clean substrate

2. Deposit film

3. Deposit photoresist

4. Expose

mask mask

5. Develop photoresist

6. Etch

7. Remove photoresist

Figure 1.1: Traditional fabrication based on substrative microfabrication.

The screen printing procedure requires a screen frame mounted over the subs-

trate. By the use of a squeegee, the active paste is spread over the frame and,

consequently, over the substrate. After the curing process, the required pattern

is printed over the substrate. This procedure is summarised in Figure 1.2.

The ink-jet printing procedure, as it has been previously mentioned, is based

on the deposition of ink droplets onto a substrate and a posterior curing process,

as depicted in Figure 1.3. In inkjet printing, a micrometer thick conductive layer

or pattern is deposited on the desired substrate.
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1. Prepare substrate

2. Print active paste

Squeegee

Active paste Mesh

Screen frame

3. Curing process

Figure 1.2: Screen printing technology.

Depending on the characteristics of the substrate, the ink-jet printing process

implies different levels of difficulty. As a result, the ink-jet printing technique has

been employed over flat and homogeneous substrates such as paper [3–5], Kapton

[6–8] or flexible ceramic composites [9] to develop RF circuits and antennas.

Nevertheless, ink-jet printing over irregular, rough or porous surfaces, such as

fabrics, becomes a challenging task due to the difficulty of achieving a highly

conductive continuous track on the fabric with a thin ink-jet printed layer. As

a result, ink-jet printed antennas over woven substrates present low values of

efficiency. With the aim of solving these problems, two alternatives are proposed.

On the one hand, the performance of the ink-jet printed circuits can be im-

proved by printing the conductive layer over an impermeable coated intermediate

layer [10,11]. On the other hand, printing multiple stacked conductive layers can

also improve the performance of the prototype [12]. However, these options in-

crease the manufacturing time and cost.
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1. Prepare substrate

2. Print active ink

3. Curing process

Printed active ink

Printer cartridge

Figure 1.3: Direct writing based on inkjet printing technology.

The use of the ink-jet printing technique for the realisation of conductive pat-

terns, specially over textile substrates, presents several advantages regarding the

possibility of achieving complex details in the designs. Nevertheless, the re-

quirement of an interface layer to deal with the uneven substrates represents

an additional subprocess which supposes time during the manufacturing of the

prototypes.

Furthermore, the impossibility of developing multilayered prototypes reduces

the variety of implementable designs using this technique to dipole antennas

[10], frequency selective surfaces (FSS) [11] or patch antennas [12]. Another

disadvantage of this technique is that, although the technique can be employed

in both sides of an existing substrate, the alignment of both patterns may become

difficult to implement for large prototypes.

1.2.2 Embroidering

Embroidery is the art of realise patterns by means of stitches sewn directly

onto an existing fabric. This technique used to be manual, however, with the

development of the computerised embroidery machines, the patterns –previously

designed using computer aided design (CAD) software packages– are automati-

cally embroidered in the fabric. The patterns can be embroidered using electri-

cally conductive threads, which provide a wide range of alternatives to develop

RF circuits and antennas.

Depending on the density of the stitches, the embroidered pattern can be a

line, a mesh or a surface. Conductive embroidered lines can be employed to de-
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velop contour antennas [13] or manufacturing rows of conductive vias for existing

circuits [14], whereas conductive meshes can be employed in the development of

planar inverted-F antennas (PIFA) [15].

Due to the possibility of manufacturing any embroidered pattern, the majority

of the embroidered RF circuits or antennas are based on conductive surfaces

[16–18]. Nevertheless, one of the disadvantages of embroidering, in comparison

to ink-jet printing, is that embroidering does not allow the realisation of different

patterns in both sides of an existing fabric, because the stitches completely cross

the fabric from one side to the other. With the aim of finding a solution, in the

bibliography, two individually embroidered fabrics are proposed and subsequently

connected using Velcros to develop a reflectarray with a FSS [19].

Embroidery techniques present several advantages in terms of achieving com-

plex designs of the conductive patterns due to the high resolution provided by the

stitches. Furthermore, embroidering provides the possibility to easily manufac-

ture lines and meshes, in contrast to ink-jet printing. This is due to the difficulty

of printing very thin and continuous tracks on the fabric. Nevertheless, as also

happened with the ink-jet printing procedures, the embroidery technique does

not allow multilayered designs unless different fabrics are previously embroidered

and, then, connected employing a different procedure such as using Velcros or

weaving techniques. Furthermore, when connecting different layers is required to

develop a whole design, aligning the different layers represents a problem.

1.2.3 Applique processes

Applique –or appliqué– processes consist of attaching various textile materials

employing different alternatives such as sewing, adhesive or gluing procedures.

Electrically conductive fabrics can be employed, leading to a wide variety of

designs to develop RF circuits and antennas.

Different materials can be employed to implement the conductive elements

of the circuits and antennas such as common woven copper plated or knit-

ted silver fabrics [20], copper and nickel plated polyester fabrics [21], electro-

textiles [22] or pure copper polyester taffeta [23]. However, specific commercial

fabrics are also employed, such as Less EMF copper taffeta, Less EMF nickel-

copper polyester ripstop, Shieldex Nora Dell-CR (nickel-copper-silver-plated ny-

lon ripstop), Shieldex armor (nickel copper-silver nylon) [24], ShieldIt Super fab-

ric [23] or Zelt conductive fabric [25].

The dielectric elements of the designs can be implemented using common non-

conductive fabrics [20, 22], denim fabrics [21] or felt [23, 25]. Nevertheless, there
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are also commercial fabrics which are employed for this purpose, such as Pellon

Peltex 72F, Nomex felt, Creatology stiffened felt or Pellon Peltex 70 fabrics [24].

As previously mentioned, different procedures can be employed to attach the

textile materials to conform the final design. Sewing procedures are employed in

numerous designs in order to integrate the final prototypes into textile [20,23,26].

Nevertheless, adhesives are an interesting alternative to sewing because several

commercial conductive fabrics are provided with the adhesive in one side [21].

When the conductive fabric is not provided with the adhesive, hold-melt adhe-

sives can be employed, although the final prototype tends to stiff [24]. For this

reason, spray adhesives are found more convenient, since they do not affect signif-

icantly the flexure nor electrical performance of the conductive materials, while

allowing an homogeneous application [24, 25]. Another proposed alternative to

connect the different materials of a prototype is through conductive vias imple-

mented with eyelets [22].

Applique processes present various advantages in terms of developing RF an-

tennas and circuits in textile, specially, due to the fact that using different sepa-

rate structured layers allows a wide variety of designs, including multilayered pro-

totypes [22, 25, 26]. Nevertheless, these techniques require several subprocesses

to develop a final prototype, leading to a non-fully textile integrated circuit or

antenna. In addition, the requirement of several subprocesses to implement a

final design complicates a large scale production.

1.2.4 Non-woven based prototypes

Non-woven fabrics or simply, non-wovens, are fabric-like materials made from

short staple fibres and continuous long fibres, bonded together by chemical, me-

chanical, heat or solvent treatments, leading to materials such as felt, which are

neither woven nor knitted. Non-woven materials typically lack strength unless

densified or reinforced. A non-woven itself is not a technique, but a material.

However, non-wovens together with one of the previously presented techniques,

can lead to the design of textile RF circuits or antennas.

Different materials can be employed as conductive non-woven fabrics to im-

plement the conductive elements of RF circuits and antennas such as common

carbon fibre non-woven fabric [27], copper, stainless or plated silver non-woven

fabrics [28], polypyrrole-coated non-woven fabric [29], non-woven nanofibres [30]

or copper-nickel coated non-woven fabrics [31]. Alternatively, dielectric non-

woven fabrics can be employed such as the polypropylene based non-woven fab-
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rics [32]. The different non-woven fabrics, as previously mentioned, are then

attached using different techniques such as gluing [27] or sewing [29].

Non-wovens provide several advantages compared to the conventional fabrics.

As an example, non-wovens provide higher levels of uniformity and consistency to

high temperatures. Moreover, non-wovens are more stable regarding dimension-

ality. However, in order to develop a RF circuit or antenna using a non-woven,

one or more of the before mentioned techniques must be applied. Consequently,

every disadvantage previously mentioned can be extrapolated to the non-woven

based prototype.

1.3 Weaving technology: fully textile integration

With the aim of achieving a fully textile integration of the RF circuits and

antennas, the weaving technology is proposed in this Doctoral Thesis. For this

purpose, the fundamentals of weaving and the classification of the threads will

be presented throughout this section.

1.3.1 Textile structure overview

A textile structure can be divided into its composing threads, the warp threads

and the weft threads, which are perpendicular to each other. The warp direction

coincides with the length of the fabric, whereas the weft direction coincides with

the width of the fabric and, consequently, with the width of the loom. For this

purpose, the warp threads are previously assembled in the loom, whereas the weft

threads are successively inserted in the woven structure during the fabrication

process.

The primary motions required to weave a fabric are three. The first motion

is called shedding. Shedding means the separation of the warp yarns, forming

the lower and the upper sheds. This separation is made possible by the up and

down movement of the frames in which the warp threads are assembled, leading

to the aforementioned shedding movement. This movement is represented using

red and green arrows, for the different sheds, in Figure 1.4.

The second motion needed is the filling insertion. Through the open shed of

warp yarns, the filling weft yarn is inserted so that it interlaces with the warp

yarns to produce a particular weave design. This movement is represented using

a blue arrow in Figure 1.4. Beat-up is the third motion that the weaving loom

performs. It is done with the aid of a reed, as it moves forward beating the filling
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Shedding movement
Filling insertion
Beat-up

Warp threads
Warp threads
Weft threads

Assembled in the loom
Successively inserted 

Figure 1.4: Simplified overview of the different threads in a generic loom.

yarn into the fabric to keep the threads from unraveling. This motion is depicted

using grey arrows in Figure 1.4.

1.3.2 Modern industrial looms

In order to mass-produce a wide range of fabrics, thousands of different threads

have to be organised in an industrial loom. For this reason, the warp threads

must be organised in devices called heddles. Each heddle has an eye through

which individual warp threads are threaded, as depicted in Figure 1.5. Heddles

are suspended on the loom shafts, so that when a shaft is raised, the heddles go

up, and the corresponding warp threads move with them. Although few hundreds

of heddles and two shafts, moving up and down together, are required to create

simple patterns, industrial looms have thousands of heddles and up to two dozens

shafts moving independently. In other words, if an industrial loom is provided

with twenty shafts, it is not mandatory that ten shafts are moving up when the

other ten are moving down and vice versa.

To manufacture massive amounts of fabric in a cost-effective manner, the loom

needs to move the weft through the warp threads as fast as possible. Old-style

looms use a shuttle, which is a spool of thread that unravels as it is moved man-

ually back and forth. With the aim of increasing the speed of the manufacturing

process, shuttles have been substituted by different alternatives. One of the most

efficient solution is the use of rapiers. One rapier picks up a piece of weft thread,
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Warp thread

Heddle eye

(a)

Lower sh
ed

Upper 
shed

(b)

Figure 1.5: Heddles mechanism overview. (a) Heddle magnification. (b) Dis-
tribution of the warp threads through the heddles.

pulls it to the middle of the loom width and passes the thread off to a second

rapier. This second rapier pulls the thread the rest of the way across, while the

first one goes back for another strand.

With the aim of manufacturing different, although simple, patterns and tex-

tures, different colored threads must be previously loaded on the loom. To achieve

the different patterns, a weft presenter is required, which is a component that se-

lects colors from different bobbins and gives them to the rapiers while they work.

For complex patterns, a loom with a Jacquard attachment must be employed.

1.3.3 Jacquard looms

A Jacquard loom, also called Jacquard attachment, or Jacquard mechanism,

is a loom with an incorporated special device to individually control the warp

yarns. Therefore, this device controls all the threads loaded into the machine.

Instead of combining the threads together onto the shafts of a standard loom,

every strand has its own control system. Consequently, instructions are sent

to each individual thread as it races through thousands of weaves to create a

pattern.

As an example, in Figure 1.6a, the warp threads which are individually con-

trolled are only two, whereas the rest of the warp threads work as if they were

assembled in a standard loom, for simplification. As a result, Figure 1.6b depicts

a hypothetical resultant fabric. Jacquard looms, together with the previously

mentioned weft presenter, allow the fabrication of any pattern in the fabric.
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Individually controlled

(a)

Indiv. controlled

(b)

Figure 1.6: Overview of the Jacquard mechanism and resultant fabric. (a)
Distribution of the warp threads through the heddles. (b) Detailed resultant
fabric.

1.3.4 Fundamentals of threads

Threads can be classified according to different factors such as the composi-

tion, texture, flexibility, among others. Regarding the composition, threads can

be divided into two categories, monofilaments and multifilaments [33]. Monofi-

lament threads are made from a single continuous fibre with a specified thickness.

Although monofilament threads are strong, uniform and inexpensive to fabricate,

they lack flexibility and are stiff in feel. As a result, usage is normally restricted

to hems, draperies, and upholstered furniture.

Multifilament threads can also be classified into two categories [34]. On the

one hand, smooth multifilament threads are usually made from nylon or polyester

–or conductive materials– and are used where high strength is a primary require-

ment. These threads consist of two or more filaments twisted together. They are

commonly used to sew shoes, leather garments and industrial products. On the

other hand, textured filament threads are usually made from polyester –or con-

ductive materials– and are used primarily as the looper thread for cover stitches.

Texturing filaments gives the yarn more cover and high extensibility, although

makes the thread more subject to snagging.

As an example, Figure 1.7a, depicts a fabric manufactured using monofilament

threads [35], whereas Figure 1.7b represents a fabric which has been manufac-

tured using multifilament threads [36]. The production cycle of every conven-

tional thread begins as simple yarns. The basic yarns are produced by twisting
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(a) (b)

Figure 1.7: Examples of fabrics. (a) Monofilament threads. (b) Multifilament
threads.

together relatively short fibres or fine continuous filaments. For this purpose, two

new concepts must be defined. A thread construction is defined in terms of the

twist and twist direction.

Twist is the number of turns per unit length. A thread with too little twist

may fray and break, whereas one with too much twist can cause snarling, looping

and knotting. The direction of the finishing twist, or simply, the twist direction

is very important. Twist can be inserted in either direction, consequently, this

is described as either Z or S twist, as depicted in Figure 1.8a and Figure 1.8b,

respectively. Most common machines use a Z twist thread. The direction of

twist does not affect the strength of the thread, but it can seriously impair its

performance when it is used on a machine for which it is not suited. Moreover,

yarns with many components are twisted together to form an n-ply thread. The

most commonly used are 2-, 3- or 4-ply threads. Figure 1.8c depicts an example

of a 3-ply thread formation.

Another important characteristic of the threads is the textile measurement or

linear density. Tex is a unit of measure for the linear mass density of fibres,

yarns and threads and is defined as the mass in grams per 1000 meters. The

most commonly used unit is actually the decitex –or dtex–, which is the mass in

grams per 10 Km.

Depending on the characteristics of the threads, whether they are monofila-

ments or multifilaments, the twist, the linear mass density and, also, how they are

assembled on the loom, the threads will tend to remain rigid or flexible. For this

reason, the threads can present modifications in their cross section dimensions,

as will be detailed in Chapter 2.
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(a) (b)

3-ply

Yarn #1

Yarn #2

Yarn #3

(c)

Figure 1.8: Twist direction and ply overview. (a) Z -twist example. (b) S -twist
example. (c) 3-ply example.
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Chapter 2. Modelling techniques

The aim of this chapter is to describe the modelling technique employed to

electromagnetically simulate complex textile structures. First, a description of

a three-step modelling to characterise both dielectric and electrically conductive

textile materials is presented. Secondly, a technique to design arbitrarily height-

modulated textile integrated waveguide filters is discussed.

The modelling techniques presented in this chapter are then employed and

experimentally verified in the different circuits and antennas presented in the

following chapters.

2.1 Three-step modelling

The herein presented technique is a parametric modelling based on three

steps, the filament model (FM), the monofilament model (MM) and the layers

model (LM). Each model represents, equivalently, the electromagnetic (EM) be-

haviour of the same woven structure, nevertheless, the computational complexity

is successively reduced from the FM to the MM, and the LM. Therefore, the aim

of this modelling is to electromagnetically characterise a woven structure before

its fabrication.

The different modelling steps and the most important parameters required to

translate between modellings are summarised in Figure 2.1 and will be described

in detail in the following subsections. This parametric modelling will then be

applied to different microwave circuits and antennas in the following chapters.

Therefore, this modelling is employed with the aim of predicting the EM be-

haviour of the textile structure and subsequently compare these predictions with

the measurements for its experimentally validation.

Density of weave
(epi, ppi)

Filament Model 
εfil

tan(δ)fil
σcoat

Monofilament Model 
εmon

tan(δ)mon
σmon

Layers Model
εeq

tan(δ)eq
σeq

Cross
section

Linear mass density
Density of materials

Figure 2.1: Three-step characterisation model, corresponding relative permit-
tivities, loss tangents and electrical conductivities and required parameters for
translation between models.
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2.1. Three-step modelling

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

Figure 2.2: Different distributions of the filaments in the cross section of a
multifilament thread. (a) Circular. (b) Pierce’s elliptic. (c) Kemp’s racetrack.
(d) Hearle. (e) Bowshaped.

2.1.1 Filament model

The FM emulates the real composition of the thread and represents the most

computationally complex problem. It takes into account the number of filaments

which compose the thread, the dimensions of each filament and the characteristic

parameters of the material from which the filaments have been extruded, which

are the relative dielectric permittivity, efil, and the loss tangent, tan(δ)fil.

During the fabrication process of the multifilament threads, the different fila-

ments tend to be packed adopting a circularly-shaped cross section, as generically

depicted in Figure 2.2a. However, this cross section tends to deform when the

threads are in a woven structure, due to the forces they experiment. Some appro-

aches to characterise the deformed cross section of these threads have been widely

used such as the Pierce’s elliptic cross section (Figure 2.2b), the Kemp’s race-

track section (Figure 2.2c), the Hearle’s section (Figure 2.2d) or the Bowshaped

geometry (Figure 2.2e) [1].

The circular cross section consists of a circumference whose diameter is given

by DC as it is represented in Figure 2.3a. The Pierce’s elliptic cross section,

which is the most used one, consists of an ellipse whose axes are DW and DH,

respectively, as depicted in Figure 2.3b. The Kemp’s racetrack cross section

consists of a rectangle enclosed by two semicircular ends and is fully defined using

two parameters, its width, DW, and its height, DH, as it can be seen in Figure

2.3c. The Hearle’s cross section consists of two identical arcs of a circumference,

together, leading to an eye-shaped structure, which can be described from the

radius of the circumference, RH, and the semiangle of the arc, θH, as depicted

in Figure 2.3d. The bowshaped cross section consists of a semi-circumference,

which can be defined using its radius, RB, as it can be seen in Figure 2.3e.
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+D
C

(a)

+
DWD

H
(b)

+
DWD

H

(c)

+RH

θH

(d)

R
S

(e)

Figure 2.3: Dimensions of the cross sections for the different distributions of the
filaments in a multifilament thread. (a) Circular. (b) Pierce’s elliptic. (c) Kemp’s
racetrack. (d) Hearle. (e) Bowshaped.

2.1.2 Monofilament model

The MM represents an electromagnetically equivalent textile structure by re-

placing the multifilament threads with monofilament threads, and reducing the

computational complexity. Depending on the EM behaviour of the thread, elec-

trically conductive or dielectric, a different procedure to translate from the FM

to the MM is required.

2.1.2.1 Dielectric materials

Due to the air gaps between the filaments that are forming the thread, the rela-

tive permittivity of its equivalent dielectric monofilament is reduced and denoted

by emon. A new loss tangent can be defined and denoted by tan(δ)mon.

To translate the FM into the MM, a theoretical method has been used. For this

purpose, the linear mass density of the thread, Ldtex, the density of the material

from which the filaments have been extruded, δfil, and the geometric parameters

of the thread (cross section dimensions and length: W, H and L, respectively, as

depicted in Figure 2.4a) must be taken into account. The linear mass density of

the threads is commonly measured using the dtex unit.

Given a generic thread with an elliptic cross section, its volume is given by

Vo = πWHL/2. The linear mass density per unit length represents the weight

of the thread per unit length, including the air gaps. If it is specified using dtex,

then it is defined for L = 10 Km. The density parameter represents the weight

of the material per unit volume. Therefore, given a thread whose volume is Vo,

if the value of its linear mass density is compared to the value of its weight, the

proportion of air inside the thread can be calculated as summarised in Figure

2.4a.

Simulating a rectangular waveguide which has been filled with filaments (efil

and tan(δ)fil), using the same proportion of air as there is inside the thread, and
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L

Ldtex

δfiltg(δ)fil εfil

W

H
(a)

δfiltg(δ)fil εfil tg(δ)mon εmon
(b)

Figure 2.4: Translation from FM to MM. (a) Parameters involved in the trans-
lation from the FM into the MM using dielectric materials. (b) Overview of the
waveguide procedure.

L

Ldtex

δfiltg(δ)fil εfil

W

H

(a)

L

Ldtex

tg(δ)mon εmon

W

H
(b)

Figure 2.5: Translation from the FM into the MM outline applied to dielectric
threads. (a) FM applied to a thread. (b) MM applied to a thread.

comparing its EM behaviour with another rectangular waveguide which has been

homogeneously filled, the corresponding emon and tan(δ)mon parameters can be

easily extracted from the cut-off frequency and the insertion losses as summarised

in Figure 2.4b. Therefore, a dielectric multifilament thread can be translated into

its equivalent monofilament thread as depicted in Figure 2.5.

2.1.2.2 Conductive materials

Conductive threads can be manufactured from a conductive material, or can

be made from dielectric materials and subsequently coated with conductive ma-

terial. The coating procedure includes three steps. First, the non-coated threads

are knitted into a fabric. Secondly, the fabric is plated with the conductive
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σcoat

Tc

2Rf

2Rs

Sf

(a)

σmon

2Rs

(b)

Figure 2.6: Translation from a conductive multifilament thread into a conduc-
tive monofilament thread. (a) Conductive multifilament thread cross section.
(b) Equivalent conductive monofilament thread cross section.

material by an electrolysis process. Finally, the fabric is de-knitted and it can

be guaranteed that every thread has been completely plated. Consequently, the

thickness of the coating and its composition become relevant, then, the skin effect

has to be analysed.

Figure 2.6a depicts an example of a multifilament thread, whereas Figure 2.6b

represents its electromagnetically equivalent monofilaments. The aim of this

section is to calculate the electrical conductivity of the equivalent monofilament,

smon.

The skin depth can be calculated from the expression (2.1), where δ is the skin

effect depth, ρcoat is the resistivity of the material employed for the coating, f

is the operating frequency and µ is the magnetic permeability. The first step in

the characterisation of the conductive materials is the comparison between the

calculated skin depth, δ, and the thickness of the conductive coating which has

been applied to each filament, T c. Two different procedures have to be taken into

account to translate the multifilament thread into its analogous monofilament,

depending on the fact that the skin depth is less or equal than the thickness of

the conductive coating applied to each filament. Both cases are schematically

represented in Figure 2.7.

δ =

√
ρcoat

πfµ
(2.1)

If the skin depth is less or equal than the thickness of the conductive coating

applied to each filament, δ 6 T c, the resistance per unit length of each filament
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Tc

δ2Rf

(a)

Tc

δ2Rf

(b)

Figure 2.7: Different cases in the translation from the multifilament thread into
the analogous monofilament thread, using the magnification of a single filament.
(a) δ 6 T c. (b) δ >T c.

can be calculated using (2.2), where (R/l)f denotes the resistance per unit length

of each filament, ρcoat and scoat are, respectively, the resistivity and conductivity

of the material employed for the coating, and S f represents the area of the effective

conductive cross section of each filament.

(R/l)f =
ρcoat

Sf
=

1

σcoat · Sf
(2.2)

In order to calculate the effective conductive cross section of each filament,

as the δ is less or equal than T c, the δ parameter has to be taken into account

instead of T c. Consequently, the S f associated to a single filament whose external

radius (including the coating) is Rf is given by (2.3).

Sf = π ·Rf
2 − π · (Rf − δ)2 = π · (2 ·Rf · δ − δ2) (2.3)

Substituting (2.3) in (2.2), the resistance per unit length of a single filament

is given by (2.4). Consequently, the resistance per unit length of a multifilament

thread, (R/l), composed of N fil filaments is given by (2.5).

(R/l)f =
1

σcoat · π · (2 ·Rf · δ − δ2)
(2.4)

(R/l) =
(R/l)f

Nfil
=

1

Nfil · σcoat · π · (2 ·Rf · δ − δ2)
(2.5)

With the aim of substituting the multifilament thread by an electromagneti-
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cally equivalent monofilamente thread, the effective radius of the multifilament

thread, RS, must be taken into account. Therefore, the electromagnetically equi-

valent monofilament thread must have the same radius, RS, in order to keep the

same woven structure.

The monofilament thread is provided with a conductive coating (smon) whose

thickness is given by T R, leading to a corresponding area of the conductive cross

section denoted by S mon. The S mon can be calculated using (2.6).

Smon = π ·RS
2 − π · (RS − TR)2 = π · (2 ·RS · TR − TR

2) (2.6)

In order to guarantee the electromagnetic equivalence between the multifi-

lament thread and the proposed monofilament thread, the resistances per unit

length must be the identical. For this purpose, the resistance per unit length

of the monofilament thread, (R/l)mon, can be calculated using (2.7). Alterna-

tively, the resistance per unit length of the multifilament thread, (R/l), has been

previously calculated in (2.5).

(R/l)mon =
1

σmon · π · (2 ·RS · TR − TR
2)

(2.7)

The condition of achieving the same resistance per unit length with both

threads, leads to the equation presented in (2.8).

1

σmon · (2 ·RS · TR − TR
2)

=
1

Nfil · σcoat · (2 ·Rf · δ − δ2)
(2.8)

Nevertheless, the electromagnetic field penetrates a distance given by the skin

depth in the monofilament, therefore, it must be calculated. The skin depth in

the monofilament thread is denoted by δmon and can be calculated using (2.9).

Consequently, T R = δmon.

δmon =

√
1

σmonπfµ
(2.9)

Substituting the expressions (2.1) and (2.9) in (2.8) and simplifying, the value

of the electrical conductivity of the equivalent monofilament, smon, can be cal-

culated using (2.10), where smon depends on the cross section of the equivalent

monofilament (RS), the frequency (f ), the number of filaments which compose

each multifilament thread (N fil), the magnetic permeability (µ) and the electrical

conductivity of the coating (scoat).
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σcoat

2Rs
(a)

δmon

2RsTR σmon

(b)

σmon 2Rs
(c)

Figure 2.8: Translation from the multifilament thread into the analogous mono-
filament thread overview (δ 6 T c). (a) Multifilament thread. (b) Equivalent
monofilament thread provided with the conductive coating. (c) Equivalent mono-
filament thread.

σmon · (2 ·RS ·
√

1

πfµσmon
− 1

πfµσmon
) =

= Nfil · σcoat · (2 ·Rf ·
√

1

πfσcoat
− 1

πfµσcoat
)

(2.10)

Once the smon is calculated, the electromagnetically equivalent monofilament

threads can be simulated using the same radius, RS, and the smon. The before-

mentioned translation procedure from the multifilament conductive thread into

its equivalent monofilament thread is summarised in Figure 2.8.

Nevertheless, the calculated skin depth in (2.1) may have been greater than

the thickness of the conductive coating applied to each filament, δ >T c. In this

case, the resistance per unit length of the multifilament thread can be calculated

using (2.11), where the parameter δ has been substituted with T c in comparison

to the expression in (2.5).

(R/l) =
1

Nfil · σcoat · π · (2 ·Rf · T c − T c
2)

(2.11)

As a result, the value of the electrical conductivity of the equivalent monofi-

lament, smon, can be calculated using (2.12), where smon depends on the cross

section of the equivalent monofilament (RS), the frequency (f ), the number of

filaments which compose each multifilament thread (N fil), the magnetic perme-

ability (µ), the electrical conductivity of the coating (scoat) and the thickness
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σcoat

(a)

δmon

2RsTR

σmon

(b)

σmon 2Rs
(c)

Figure 2.9: Translation from the multifilament thread into the analogous mono-
filament thread overview (δ > T c). (a) Multifilament thread. (b) Equivalent
monofilament thread provided with the conductive coating. (c) Equivalent mono-
filament thread.

of the conductive coating applied to each filament (T c). The beforementioned

translation procedure from the multifilament conductive thread into its equivalent

monofilament thread is summarised in Figure 2.9.

σmon · (2 ·RS ·
√

1

πfµσmon
− 1

πfµσmon
) =

= Nfil · σcoat · (2 ·Rf · T c − T c
2)

(2.12)

Comparing the expression in (2.10) with the expression in (2.12), there is an

important difference. While in (2.10) the thickness of the conductive coating does

not appear in the equation due to the fact that it is sufficiently thick, in (2.12),

this thickness, T c, is determinant in order to calculate the equivalent electrical

conductivity, smon. With the aim of summarising the employed notation in the

previous paragraphs, Table 2.1 presents the parameters and their corresponding

meanings.

The aforementioned methodology to obtain the equivalent conductive monofi-

lament has been first validated in simulations. For this purpose, a multifilament

thread has been introduced in a rectangular waveguide, parallel to the orientation

of the electric field, ~E, and the scattering parameters have been calculated. The

simulated thread is composed of N fil = 19 filaments, whose radius –including the

coating– is Rf = 31 mm. The employed thickness of the silver coating of each

filament is T c = 0.5 mm. These filaments compose a multifilament thread whose

equivalent radius is RS = 0.075 mm.
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Table 2.1: Notation employed for the translation from conductive multifilament
threads to monofilament threads.

Parameter Meaning

scoat Electrical conductivity of the coating

smon Electrical conductivity of the equivalent monofilament

δ Calculated skin depth using scoat

δmon Calculated skin depth using smon

N fil Number of filaments which compose the multifilament thread

RS Equivalent radius of the multifilament (and monofilament)

Rf Radius of one filament which composes the multifilament thread

T c Thickness of the coating of each filament

T R Thickness of the coating of the equivalent monofilament

S f Conductive area of the cross section of each filament

S mon Conductive area of the cross section of the monofilament

(R/l)f Resistance per unit length of each filament

(R/l) Resistance per unit length of the complete multifilament thread

(R/l)mon Resistance per unit length of the equivalent monofilament

WRW

HRW

LRW

E

H

k

(a)

2Rf

(b)

2Rf

(c)

Figure 2.10: Simulated set-up for the translation between conductive multifi-
lament and monofilament threads. (a) Set-up overview. (b) Magnification of the
multifilament thread. (c) Magnification of the monofilament thread.
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The ideal air-filled rectangular waveguide employed in this validation has

been simulated using a perfect electric conductor (PEC). The dimensions of the

waveguide are its width, height and length, which correspond to W RW = 20

mm, H RW = 10 mm and LRW = 25 mm, respectively. The length of the thread

is, also, H RW. Figure 2.10 depicts the simulation set-up and the corresponding

magnifications of the multifilament and monofilament threads.

Applying the methodology described in the previous paragraphs and using

scoat = 6.28 · 107 S/m, which is the electrical conductivity of the silver, the

skin depth is δ = 0.7328 mm. The skin depth has been found to be greater

than the thickness of the silver coating, consequently the second part of the

procedure, summarised in the expression (2.12), must be employed. As a result,

the equivalent conductivity of the monofilament thread has been found to be

smon = 4.3863 · 108 S/m. Due to the fact that the skin depth is greater than T c,

the multifilament thread must be simulated as a dielectric thread with a silver

coating.

Therefore, the scattering parameters have been calculated in the range of fre-

quencies in which the waveguide presents its single-mode operation, f ∈ [7.5, 15]

GHz. Figure 2.11 depicts the simulated scattering parameters for both cases:

using the multifilament thread and using the equivalent monofilament thread

with smon. A good agreement between both simulations has been obtained.
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Figure 2.11: Comparison of the simulated scattering parameters of the equiva-
lence between conductive multifilament and monofilament threads.
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2.1. Three-step modelling

2.1.2.3 Woven structures using the monofilament model

Once the multifilament threads have been translated into their equivalent

monofilaments, a woven structure can be designed. This woven structure will

coincide with the real structure during the fabrication process. As it has been

previously explained in Chapter 1, a woven structure is composed of two types

of threads, the warp threads and the weft threads, respectively, as generically

depicted in Figure 2.12.

Two different parameters, closely related to the density of the woven structure,

can be defined for its accurate characterisation. These parameters are the number

of ends per inch, epi, and the number of picks per inch, ppi. The epi parameter

represents the number of warp ends per inch, as depicted in Figure 2.13, whereas

the ppi parameter represents the number of weft threads per inch, as represented

in Figure 2.14.

In order to design a woven structure using the MM, several factors have to

be taken into account. First, depending on the dimensions of the cross section

and rigidity of the different employed materials, a woven structure can adopt

one of the following two approaches. Either the warp threads are more rigid and

the weft threads tend to conform the woven structure around the warp threads,

while the warp threads remain straight, as depicted in Figure 2.12, or vice versa.

Secondly, the epi and ppi parameters, which will depend on the characteristics

of the industrial loom and the procedure employed to manufacture the woven

structure, must be known. Figure 2.15 summarises the procedure to design a

woven structure.

Material A
Material B

Warp thread

Weft direction

Warp direction

Weft thread

Figure 2.12: Generic multilayered woven structure using the MM and two
different materials, material A (yellow) and material B (grey).
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Weft thread epi = 5 ends/inch

1 inch

Warp end

epi = 3 ends/inch

epi = 4 ends/inch

Figure 2.13: Schematic representation of the epi parameter (front view of the
woven structure).

Pick ppi = 6 picks/inch Warp thread

1 
in

ch

Weft thread ppi = 8 picks/inch Warp thread

1 
in

ch

Figure 2.14: Schematic representation of the ppi parameter (side view of the
woven structure).

Although different approaches to characterise the deformed cross section of the

threads have been used, as explained in section 2.1.2, the most employed one is

the Pierce’s elliptic cross section. For this reason, the herein presented parametri-

sation of a woven structure will be described assuming that all the cross sections

have been modelled with the Pierce’s elliptic approximation, therefore, as ellip-

ses. Moreover, a mathematical modelling of the paths of the non–rigid threads in

the structure is required. Consequently, these paths have been mathematically

modelled as ellipse arcs and tangent lines.
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Materials
Cross section

Rigidity

Densities
epi
ppi

Woven structure
Design using 

the MMWeaving technique

Rigid weft threads

Weaving technique

Rigid warp threads

Figure 2.15: Block diagram to summarise the procedure of designing a woven
structure.
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EC0

EC1

b 1
a1

Warp thread
Weft thread

Tangent points
Tangent lines

y = mx + c

Ellipse E0

Ellipse E1

Figure 2.16: Generic mathematical modelling based on ellipses and tangents.

Assuming that the threads which remain straight are the warp threads, and

the weft threads conform the woven structure, finding the tangent points given

a pair of ellipses is required. Given two generic ellipses, E0 and E1, as depicted

in Figure 2.16, they represent the cross-sections of two consecutive warp threads.

Nevertheless, an analogous modelling can be employed if the threads which re-

main straight are the weft threads.

As these warp threads may belong to different layers of the woven structure

or be composed of different materials, the corresponding ellipses are defined by

the coordinates of their centres, EC0 = (x0, y0) and EC1 = (x1, y1), and the

dimensions of their semiaxes, {a0, b0} and {a1, b1}, respectively, and consequently

a generic mathematical modelling is presented. The parametric equations to

define either ellipse, with θ ∈ [0, 2π), are given by (2.13) and (2.14).

Ex0 = a0cos(θ) + x0 (2.13a)

Ey0 = b0sin(θ) + y0 (2.13b)
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Ex1 = a1cos(θ) + x1 (2.14a)

Ey1 = b1sin(θ) + y1 (2.14b)

If a solution exists, then, four different lines are tangent to both ellipses. A line

can be defined by two parameters, its slope, m, and its y-axis intercept, c. Thus,

the generic line is defined by y = mx+c. By setting the equation of the line equal

to (2.13) and (2.14), or to their equivalent cartesian mathematical expressions,

and imposing on the line the condition of being tangent to both ellipses, only

a point of each ellipse must coincide with a point of the line. For this purpose,

the discriminant functions of the resultant expressions must be equal to zero.

Therefore, the second order system of equations in (2.15) is generated.

−2b20x0 − 2ma2
0(y0 − c))2 + (−4(b20 + a2

0m
2)

(x2
0b

2
0 + a2

0(y0 − c)2 − a2
0b

2
0)) = 0

−2b21x1 − 2ma2
1(y1 − c))2 + (−4(b21 + a2

1m
2)

(x2
1b

2
1 + a2

1(y1 − c)2 − a2
1b

2
1)) = 0

(2.15)

The solution of (2.15) returns the slopes and the intercepts of the four different

lines that are tangent to the ellipses, which are denoted by mi and ci, with

i ∈ [1, 4]. From the slopes and the intercepts, the tangent points (xp0 i, yp0 i) and

(xp1 i, yp1 i), for E0 and E1 respectively, can be worked out as shown in (2.16)

and (2.17).

xp0 i = −(−2b20x0 − 2mia
2
0(y0 − ci))/(2(b20 + a2

0m
2
i )) (2.16a)

yp0 i = mixp0 i + ci (2.16b)

xp1 i = −(−2b21x1 − 2mia
2
1(y1 − ci))/(2(b21 + a2

1m
2
i )) (2.17a)

yp1 i = mixp1 i + ci (2.17b)
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Weft direction

Warp direction

(a)

+

+
1 inch

3 epi

(b)
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1 
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ch
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(c)

Figure 2.17: Generic multilayered woven structure using rigid warp threads
and two materials, conductive (yellow) and dielectric (grey). (a) Woven structure
overview. (b) Front view and epi parameter. (c) Top view and ppi parameter.

Once the tangent points have been worked out, the paths of the weft threads

are defined and the woven structure is completely characterised. Figure 2.17

depicts a generic multilayered woven structure, where an example of the ellipses,

the tangent points and the tangent line is indicated.
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2.1.3 Layers model

As it has been mentioned before, a woven structure designed using the MM

is directly translatable into a manufactured prototype. Nevertheless, finding a

computationally simpler modelling is required in order to simulate larger and

more complex structures. For this reason, the LM is proposed.

The LM is defined using an homogeneous dielectric substrate whose relative

pemittivity and loss tangent are denoted by eeq and tan(δ)eq, respectively, and

a conductivity denoted by seq. Depending on the electromagnetic behaviour of

the thread, electrically conductive or dielectric, a different procedure to translate

from the MM to the LM is required.

2.1.3.1 Dielectric materials

Due to the air gaps between the dielectric monofilaments which form the wo-

ven structure, the relative permittivity of the equivalent dielectric substrate is

reduced and denoted by eeq. A new loss tangent can be defined and denoted by

tan(δ)eq.

To translate the MM into the LM, a theoretical method has been used. For

this purpose, the emon and tan(δ)mon, as well as the epi and ppi parameters

must be taken into account. Simulating a rectangular waveguide which has been

filled with monofilaments (emon and tan(δ)mon), using the same epi and ppi den-

sities as the dielectric substrate has in the woven structure, and comparing its

electromagnetic behaviour with another rectangular waveguide which has been

homogeneously filled, the corresponding eeq and tan(δ)eq parameters can be eas-

ily extracted from the cut-off frequency and the insertion losses as summarised

in Figure 2.18. Therefore, the dielectric parameters of the MM can be translated

into their corresponding of the LM.

Consequently, the relative dielectric permittivity is first reduced from the FM

to the MM due to the air gaps between the filaments which conform the thread,

transforming efil into emon. Analogously, the relative dielectric permittivity is

then reduced again from the MM to the LM due to the air gaps between the

monofilaments which conform the equivalent woven structure, transforming emon

into eeq.

2.1.3.2 Conductive materials

To translate the conductive monofilaments, smon, from the MM into a ho-

mogeneous conductive material, seq, for the LM, a square-shaped woven MM
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εeq tan(δ)eq

Propag. 

direction

Propag. 

direction

MM to LM
Air gap

εmon tan(δ)mon

Figure 2.18: Translation from the MM into the LM outline applied to dielectric
monofilaments using the waveguide based methodology

Propag. direction

+

σmon

(a)

Propag. direction

σeq

+

(b)

Figure 2.19: Translation from the MM into the LM outline applied to con-
ductive monofilaments using a rectangular waveguide. (a) MM applied to the
threads. (b) LM applied to the threads.

structure is simulated inside a rectangular waveguide, perpendicular to its pro-

pagation direction. Its EM behaviour, in terms of the scattering parameters

is, then, compared to a homogeneous conductive square-shaped sheet, using the

same dimensions and a conductivity given by seq as summarised in Figure 2.19.
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2.1.3.3 Deformation of woven structures

As it has been previously explained, the woven structure depends not only on

the employed materials, but also on the epi and ppi parameters. For this reason,

the same materials may present different cross sections depending on the woven

structure in which they are employed. As a consequence, the translation between

the different models may lead to different results.

Figure 2.20 depicts an overview of the deformation of the woven structures.

Figure 2.20a represents a hypothetical translation of a SIW (substrate integrated

waveguide) into a woven structure, using rigid warp threads. Although the fol-

lowing chapter is focused on SIW structures, this is an example whose aim is

to clarify the deformation of the woven structures and the corresponding effect

in the three-step modelling. For this reason, in Figure 2.20, dielectric mate-

rials are green colored, whereas conductive materials are grey colored and the

electromagnetic field propagates in the direction parallel to the warp direction.

Figure 2.20a represents a woven structure whose threads are provided with

circular cross sections, consequently with circumferences whose diameter is de-

noted dW. These threads are composed of filaments whose diameter are denoted

by dfil. Besides, the distance between the conductive vias of the woven SIW is

dV. Analogously, Figure 2.20b depicts a similar structure, nevertheless, the cross

sections of the threads have been modified and are ellipses whose horizontal and

vertical axes are dwX and dwY, respectively. Figure 2.20c also depicts a simi-

lar structure, although the ellipses present a bigger eccentricity compared to the

ellipses in Figure 2.20b.

The different buckling effects the circumference and the ellipses experiment in

the representations of Figure 2.20 leads to two consequences. First, the bigger the

eccentricity of the ellipses, the bigger the distance between the conductive vias.

Secondly, the modification of the eccentricity of the ellipses and the corresponding

variation of the distance dV, lead to the modification of the air gaps between the

threads.

As a result, the equivalent relative permittivity of the woven structure inside

the SIW is modified, even though the materials remain being the same. For

example, if the following relation is made between the beforementioned para-

meters: dwY = dW−4 ·n ·dfil, being dwX the corresponding so that the perimeter

of the cross section remains constant, and n a variable to control the eccentricity

(deformation index), a relation between the cut-off frequency of the structure

and n, as well as between the equivalent relative permittivity eeq of the structure

and n can be worked out.
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DielectricConductive

d w

dV

(a)

dwX
dwYdV

(b)

dwX
dwY

dV

(c)

Figure 2.20: Deformation of the woven structures overview. (a) Initial circular
cross section overview and corresponding magnification. (b) Elliptic cross section
(smaller eccentricity) and corresponding magnification. (c) Elliptic cross section
(bigger eccentricity).
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Figure 2.21: Modification of the equivalent relative permittivity and the cut-off
frequency of a woven SIW depending on the deformation index and corresponding
distance between warp centres.

Figure 2.21 depicts the dependence between the equivalent permittivity of the

woven structure and the deformation index. The green colored filaments have

been simulated using a relative permittivity of efil = 3.5. As a result, the relation

between the cut-off frequency of the woven SIW and n is also represented. As

previously mentioned, the bigger the eccentricity of the ellipses, the bigger the

distance between the conductive vias. This is due to the distance between the

centres of two consecutive warp threads, sepx, increases.

2.1.4 Conclusions

A three-step modelling has been explained to electromagnetically simulate

woven structures. First, a FM has been defined to characterise the different

threads, dielectric or conductive, employed in the woven structure. For both, the

dielectric and conductive materials, the deformed cross section of the threads and

the number of filaments which form each thread have been taken into account.
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2.2. Modelling of arbitrarily height–modulated textile integrated waveguide filters

Then, a reduction of the computational complexity of the problem is achieved

by defining the MM, which substitutes the multifilament threads by electromag-

netically equivalent monofilament threads. To translate the FM into the MM for

the dielectric threads, the FM and the EM characteristics of the materials from

which the filaments have been extruded are taken into account. In addition, in

order to rigorously translate the FM into the MM, the skin depth effect has been

taken into account for the conductive materials.

A new model, the LM, has been defined in order to obtain a homogeneous

relative permittivity and electrical conductivity, reducing the complexity of the

woven structure to a conventional substrate integrated structure.

Using the beforementioned three-step modelling, a designed woven structure

can be electromagnetically characterised before its fabrication. Therefore, fully

textile integrated circuits and antennas can be easily designed and simulated

using the LM, which is equivalent to the conventional method to simulate stan-

dard circuits and antennas. Moreover, the LM reduces the computational com-

plexity of the original EM problem and, therefore, reduces the simulation times,

avoiding the simulation of the complete MM of the circuit or antenna.

This modelling will be particularised and employed in the development of

different microwave circuits and antennas in the following chapters in order to

demonstrate its validity.

2.2 Modelling of arbitrarily height–modulated textile

integrated waveguide filters

The herein presented technique is a parametric modelling to develop arbi-

trarily height-modulated textile integrated waveguide (AHMTIW) filters. This

modelling is based on the before mentioned LM, and applied to substrate inte-

grated waveguides (SIW). Although the fabrication of a height-modulated SIW

using standard prototyping machinery represents a complex problem, its ana-

logous textile integrated waveguide (TIW) allows its large-scale manufacturing

using industrial looms.

2.2.1 Description of the modelling

An AHMTIW filter is an arbitrarily height-modulated standard substrate inte-

grated waveguide (AHMSIW) filter which has been translated into a fully textile

integrated structure. In other words, an AHMTIW is the textile version of a

SIW structure whose height discretly changes along its propagation direction in
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εeq
σeq

H2

L1

WTIW

H1

L2

LN
LN-
1

tan(δ)eq

Figure 2.22: LM associated to a generic AHMTIW filter.

order to obtain a certain frequency response. Due to the fact that the transla-

tion between woven structures and their EM equivalent LM has been presented

in section 2.1, this section will only be focused on the development of AHMTIW

filters from the LM or, equivalently, the development of AHMSIW filters.

In order to develop bandstop or bandpass AHMTIW filters, a novel technique

based on arbitrarily modulating the height of the TIW along its propagation

direction is presented. For this purpose, the length of the TIW has been divided

into N segments and two different heights, H 1 and H 2, have been defined. The

separation between the conductive vias of the TIW has been denoted by W TIW,

as depicted in Figure 2.22.

The length of each segment in which the TIW has been divided is denoted

by Li , with i ∈ [1, N ]. Each length, Li , can be optimised in order to achieve a

required bandstop or bandpass response of the filter.

2.2.2 Implementation

In order to implement the filters, four different blocks have been defined for

their posterior EM simulation. These blocks are a H 1-height TIW segment, a

H 2-height TIW segment, a stepped TIW segment whose height is modified along

its propagation direction from H 1 to H 2, and a stepped TIW segment whose

height is modified from H 2 to H 1, respectively, as depicted in Figure 2.23.

Figure 2.23a and Figure 2.23b represent two TIW segments whose heights and

lengths are H 1 and L1i , and H 2 and L2i , respectively. These blocks are denoted

by H 1 Block i and H 2 Block i , respectively.

Figure 2.23c represents a TIW segment whose height discretely changes along

its length. The first half presents a height of H 1, whereas the second one is equal
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Figure 2.23: Side view of the different blocks to develop AHMTIW filters.
(a) H 1 Block. (b) H 2 Block. (c) H 1 2 Block. (d) H 2 1 Block.

...

H1_Block_1

H1_2_Block H2_1_Block

H1_Block_2

H1_2_Block

H2_Block_2

H2_1_Block

H1_Block_3H2_Block_1

Figure 2.24: Side view of the connection between the blocks to achieve bandstop
or bandpass AHMTIW filters.

to H 2. This block is denoted by H 1 2 Block. Equivalently, Figure 2.23d depicts a

TIW segment whose height changes along its length from H 2 to H 1. This block

is denoted by H 2 1 Block.

In order to achieve a structure as the one depicted in Figure 2.22, the different

blocks have to be connected in a precise order, the H 1 Block 1 block, the H 1 2 Block

block, the H 2 Block 1 block, the H 2 1 Block block, the H 1 Block 2 block, and so on,

as represented in Figure 2.24.

The blocks denoted by H 1 2 Block and H 2 1 Block can be electromagnetically

simulated given their dielectric parameters, eeq and tan(δ)eq, conductivity, seq,

and dimensions, using the 3-D full-wave simulation software ANSYS HFSS, High

Frequency Structure Simulator, and obtaining their scattering parameters (S -

parameters).

Likewise, H 1 Block and H 2 Block blocks are simulated using HFSS given their
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File

tiw_h1_1mm.s2p: Notepad

Edition Format View Help

+

! TOUCHSTONE file generated from HFSS
# HZ  S  MA  R  50
4.0e9   0.132249      -0.529815      0.857645 
4.1e9   0.133041      -0.516758      0.856940
4.2e9   0.134609      -0.492075      0.855543

v

v v

v
...

....

File

tiw_h1_2mm.s2p: Notepad

Edition Format View Help

+

! TOUCHSTONE file generated from HFSS
# HZ  S  MA  R  50
4.0e9   0.133249      -0.569712      0.847545 
4.1e9   0.134051      -0.506770      0.846930
4.2e9   0.134159      -0.482579      0.835543

v

v v

v
...

....

File

tiw_h1_30mm.s2p: Notepad

Edition Format View Help

+

! TOUCHSTONE file generated from HFSS
# HZ  S  MA  R  50

v

v v

v
...

....

...

(a)

File

f_h1.mdf: Notepad

Edition Format View Help

+

! Single parameter MDIF Datafile
VAR p_filter = 1
BEGIN ACDATA
# HZ  S  MA  R  50
!%F     n11x     n11y    n21x    n21y       
4.0e9   0.132249      -0.529815      0.85 
4.1e9   0.133041      -0.516758      0.85
4.2e9 0.134609 -0.492075 0.85
...
1.2e10 0.865427      24.42020       0.49 
END
VAR p_filter = 2
BEGIN ACDATA
# HZ  S  MA  R  50
!%F    n11x    n11y    n21x    n21y
4.0e9   0.133249      -0.569712      0.84 
4.1e9   0.134051      -0.506770      0.84
4.2e9   0.134159      -0.482579      0.83
...

v

v v

v
...

....

(b)

Figure 2.25: Simulated S -parameters and corresponding files. (a) Different
Touchstone S2P files for each length sweep. (b) Generated MDIF file.

dielectric parameters, conductivity, dimensions, and sweeping their length para-

meters, L1 and L2, in order to obtain the different S -parameters datasets as a

function of the length.

As an example, H 1 Block block is simulated for different values of its length, L1

∈ [1, 30] mm. As a result of each simulation, the S -parameters are exported into a

Touchstone S2P, 2-port S-parameter, file as depicted in Figure 2.25a. Once every

dataset of S -parameters has been exported, then a MultiDimensional File, MDIF

file, can be generated by defining the sweep variable before the corresponding S -

parameters. In Figure 2.25b, the variable p filter has been defined, whose value

corresponds to the length of the TIW segment in millimetres.

Two MDIF files, associated to the S -parameters of the H 1 Block and H 2 Block

blocks, have been generated and named f h1.mdf and f h2.mdf, respectively. Sim-

ilarly, another MDIF file, associated to the S -parameters of both, the H 1 2 Block

and H 2 1 Block blocks, has been generated and named f h12.mdf.
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2.2. Modelling of arbitrarily height–modulated textile integrated waveguide filters

A schematic model of the AHMTIW filter can be designed using Advanced

Design System, ADS, once the three MDIF files have been created, as summarised

in Figure 2.26. Figure 2.26a depicts the concatenation of the different defined

blocks. Connected to the first and last block of the concatenation, there are two

identical terminals whose characteristic impedance, Z in, is given by (2.18) [2],

where D and S are the diameter and the separation between two consecutive

conductive vias of the SIW, respectively.

Zin =
2πfµ0√(

2πf
c/
√
εeq

)2
−
(

π

WTIW− S2

0.95S

)2
(2.18)

Figure 2.26b depicts i -th H 1 Block block associated to the f h1.mdf file. There-

fore, the value of p filter is equal to v1 i, being v1 i a variable to optimise. Figure

2.26c depicts the H 1 2 Block block associated to the f h12.mdf file. Consequently,

the value of p filter is 1, due to the fact that in this file, there are only the

datasets associated to the H 1 2 Block and H 2 1 Block blocks.

Figure 2.26d depicts i -th H 2 Block block associated to the f h2.mdf file. There-

fore, the value of p filter is equal to v2 i, being v2 i a variable to optimise. Figure

2.26e depicts the H 2 1 Block block associated to the f h12.mdf file. Consequently,

the value of p filter is 2. In other words, the variable p filter indicates the value

of the corresponding optimised variable for the blocks H 1 Block i or H 2 Block i ,

whereas it indicates 1 or 2 for the transition blocks H 1 2 Block or H 2 1 Block, re-

spectively.

Once the schematic model is configured in ADS, an optimisation of the v1 i

and v2 i variables can be carried out in order to obtain the required response of

the filter. An optimisation based on the gradient can be used, although at the

end of the optimisation, the values of v1 i and v2 i are not integers, leading to

the interpolation of the S -parameters. For this reason, the values of v1 i and v2 i

must be truncated and a tuning process is required, as summarised in Figure 2.27.

Although ADS implements a discrete optimiser, it cannot be applied to such a

complex optimisation problem, due to the associated difficulty to converge.

2.2.3 Conclusions

A modelling technique to develop AHMTIW filters from the LM has been

explained. The filters are based on the arbitrarily modulation of their height

along their propagation direction.
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Figure 2.26: Schematic model of the AHMTIW filter optimisation using ADS.
(a) Schematic model outline. (b) Generic H 1 Block block. (c) Generic H 1 2 Block

block. (d) Generic H 2 Block block. (e) Generic H 2 1 Block block.

Simulate
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Figure 2.27: Block diagram to summarise the AHMTIW design.

First, the generic structure is divided into four different types of blocks and

each of them is simulated using HFSS. The blocks associated to constant heights
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along the propagation direction are simulated for different values of their lengths.

Then, the S -parameter datasets of the simulations are exported to different

S2P files. Once all the S2P files are generated, three MDIF file can be created

for its use in the schematic model of the filter in ADS. Once the ADS schematic

model has been configured, an optimisation of the v1 i and v2 i parameters can

be carried out, to achieve the required response of the filter. After a process of

truncation and tuning, the filter is designed.

The procedure to design arbitrarily height-modulated filters can be generalised

using m different heights, instead of two as is the case. Although for their

application in woven structures, and the complexity of their manufacturing, two

heights have been considered optimal.

This modelling technique will be validated. For this purpose, in Chapter 3, two

different filters, a bandstop and a bandpass filter, respectively, will be presented.
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The aim of this chapter is to describe the design, simulation and experimen-

tal validation of millimetre-wave and microwave textile integrated waveguides

(TIW), and validate the modelling of arbitrarily height-modulated textile inte-

grated waveguide (AHMTIW) filters using the techniques presented in Chapter 2.
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3.1 TIW with a WR-28 transition using rigid warp

threads

3.1.1 Introduction

During the last few years, there has been an increasing interest in the de-

velopment of microwave and millimetre-wave textile integrated circuits (TIC)

based on substrate integrated waveguide (SIW) technology. In the literature,

different approaches have been developed to translate into textile the, generally,

three layers in which a SIW can be separated and its corresponding electrically

conductive vias.

A conventional SIW is composed of three layers, a substrate layer between

two conductive plates. The dielectric substrate can be translated into textile

by the use of standard dielectric fabrics [1–4] or dielectric non-wovens such as

felt [5–8]. Alternatively, the conductive plates can be translated into their tex-

tile analogous using conventional conductive fabrics [5,7,8], copper-coated nylon

taffeta [9], electrotextiles [1–4] or commercial super-conductive textiles such as

ShieldIt [6]. The conductive vias, which connect the conductive plates through

the dielectric substrate, can be emulated in the textile structures by the use of

conductive threads [5, 7, 8], eyelets [1–4, 9] or conductive cylindrical wires [6].

However, in order to achieve a compact prototype, whose layers are connected

not only through the vias, the techniques already presented in Chapter 1 must

be employed.

The aforementioned alternatives are not fully integrated in textile and require

several processes to be manufactured, such as sewing, coating or gluing. For these

reasons, a fully TIW for its operation in the millimetre-wave range of frequencies

is presented in this section [10].

3.1.2 Structure of the TIW

Two TIW, denoted by dsgn1 and dsgn2 respectively, using rigid warp threads

are proposed to operate at a range of frequencies between 34 and 37 GHz. The

TIW have been designed using the procedure described in section 2.1. Figure

3.1a represents an overview of the layers model (LM) associated to the proposed

TIW, the coordinate system, the orientation of the EM field and the propagation

direction. The TIW are based on a standard SIW, consequently, a TIW can

be divided into three different layers, a dielectric layer (whose height is given by

H SIW) between two conductive plates, as depicted in Figure 3.1b. The separation
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E
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(b)

Figure 3.1: Schematic drawing of the proposed TIW, conductive materials
(yellow) and dielectric materials (grey). (a) TIW outline. (b) Front view magni-
fication and layers.

between the two rows of conductive vias is given by W SIW, whereas the diameter

of each via is denoted by D.

The proposed TIW are fully integrated in textile, therefore, the conductive and

dielectric parts are manufactured using different types of threads. Consequently,

different materials have been employed for the design of the TIW, for both the

weft and warp directions. In the proposed TIW, the warp direction coincides with

the propagation direction, whereas the weft direction is parallel to the orientation

of the magnetic field.

3.1.3 Characterisation of the conductive materials

Electrically conductive Shieldex 117f17 2-ply yarns, with 17 filaments per ply

and a density of 117 dtex have been used for the weft threads. For simplification,

this material will be denoted by Shx2p. These threads adopt a Pierce’s elliptic

cross section when they are in the woven structure. In addition, electrically

conductive Shieldex 117f17 1-ply yarns, with 17 filaments per ply and a density of

117 dtex have been used for the warp threads. These threads have been modelled

using the Kemp’s racetrack cross section. For simplification, this material will be

denoted by Shx1p. The cross section approaches and corresponding dimensions
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Table 3.1: Cross section dimensions of the employed conductive materials.

Material
Thread

direction

Cross

section
Dimension Notation

Value

(mm)

Shx2p Weft Kemp
Rectangle length RL 0.2

Circumference radius C R 0.075

Shx1p Warp Pierce
Horizontal semi-axis H S 0.13

Vertical semi-axis V S 0.065

Ply 1 Ply 2

Df

50 μm100 μm

Figure 3.2: Shx2p thread sample and magnifications of one filament.

RL
+

CR

(a)

+

HS

VS

(b)

Figure 3.3: Cross section dimensions of the monofilament threads. (a) Shx2p
threads. (b) Shx1p threads.

of the different conductive threads are summarised in Table 3.1. The thickness

of the silver coating of each filament, for both types of threads, is given by T c =

0.5 mm, whereas the total diameter of each filament is given by D f = 2 ·Rf = 31

mm, as depicted in Figure 3.2.

Following the procedure described in section 2.1.2.2, both conductive threads

must be translated into their analogous monofilaments. For this purpose, the
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analysis of the skin depth effect is discussed in this section. First, using the

expression described in (2.1), where rcoat = 1.59 · 10−8 (Wm) is the resistivity of

the silver and f is the minimum operating frequency of the design, f = 34 GHz,

the skin depth is δ = 0.3442 mm. As the thickness of the conductive coating of

the filaments is greater than the skin depth, the first part of the procedure is

followed.

Nevertheless, the procedure already described in section 2.1.2.2 employed a

circumference as the equivalent cross section of the multifilament thread, for

simplification. For this reason, some expressions must be particularised to the

different cross sections of the Shieldex yarns. Using the expression (2.4), the re-

sistance per unit length of each filament is (R/l)f = 479.6838 W/m. As the Shx2p

and the Shx1p threads present a different number of filaments, the resistance per

unit length of each type of thread will be different.

The Shx2p threads are composed of N fil = 34 filaments, therefore, using the

expression in (2.5), (R/l)Shx2p = 14.1083 W/m. Alternatively, the Shx1p threads

are composed of N fil = 17 filaments and, consequently, (R/l)Shx1p = 28.2167

W/m.

Particularising the expression in (2.6) for the Kemp’s racetrack and the Pierce’s

elliptic cross sections, the areas of the equivalent conductive cross sections of the

monofilament threads for the Shx2p and the Shx1p threads, S mon2 and S mon1,

can be expressed using, respectively, (3.1) and (3.2).

Smon2 = π · CR
2 − π · (CR − TR)2 + 2 · CR ·RL − 2 · (CR − TR) ·RL (3.1)

Smon1 = π ·HS · V S − π · (HS − TR) · (V S − TR) (3.2)

Once the expressions of the S moni are obtained, the resistances per unit length

of the monofilament can be expressed particularising (2.7) for the Kemp’s race-

track and the Pierce’s elliptic cross sections, as generically indicated in (3.3).

(R/l)moni =
1

σmoni · π · Smoni
(3.3)

With the aim of achieving the same resistance per unit length in both the multi-

filament and the monofilamente threads, (R/l)Shx2p must be equal to (R/l)mon2

and, equivalently, (R/l)Shx1p must be equal to (R/l)mon1. As it has been thor-

oughly explained in section 2.1.2.2, the parameter T R coincides with the skin

depths, δmon2 and δmon1, calculated using the equivalent electrical conductivi-
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Table 3.2: Cross section dimensions of the employed dielectric materials (dsgn1).

Material
Thread

direction

Cross

section
Dimension

Value

(mm)

PET warp Warp Pierce
Horizontal semi-axis 0.075

Vertical semi-axis 0.055

PES weft dsgn1 Weft Kemp
Rectangle length 0.2

Circumference radius 0.075

ties of the monofilaments, smon2 and smon1, respectively, as expressed in (2.9).

Solving the corresponding equations using numeric methods, the solutions have

been found to be smon2 = 2.0326 · 1035 W/m and smon1 = 1.5557 · 1035 W/m,

respectively.

3.1.4 Characterisation of the dielectric materials

For the dielectric parts of the prototypes, three different materials have been

employed. For the dielectric warp threads in both dsgn1 and dsgn2, polyethylene-

terephthalate (commonly known as PET or polyester) with a density of 50 dtex

and composed of 18 filaments has been used. For the dielectric weft threads in

dsgn1 high tenacity polyethersulfone (commonly known as PES) with a density

of 550 dtex and composed of 80 filaments has been used. Alternatively, in dsgn2,

PET threads with a density of 167 dtex and composed of 36 filaments have been

employed.

For simplification, the PET warp threads for both designs, the PES weft

threads for dsgn1 and the PET weft threads for dsgn2 will be denoted by PET warp,

PES weft dsgn1 and PET weft dsgn2, respectively. A sample of each dielectric mate-

rial is depicted in Figure 3.4.

Different cross section approximations have been used to characterise the

dielectric materials. For PET warp threads, the Pierce’s elliptic cross section

has been employed, whereas for PES weft dsgn1 and PET weft dsgn2, the Kemp’s

racetrack section and the circular cross section have been chosen, respectively.

The dimensions of the cross sections are summarised in Table 3.2 and Table 3.3,

respectively.

Each filament of PET belonging to the employed dielectric threads has a rel-

ative permittivity of efil PET = 3.7, a loss tangent of tan(δ)fil PET = 0.001 and a

density of δfil PET = 1.5 g/cm3. Alternatively, each filament of PES belonging
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Filament

(a)

Filament

(b)

Filament

(c)

Figure 3.4: Dielectric materials with their unraveled filaments. (a) PET warp

thread sample. (b) PES weft dsgn1 thread sample. (c) PET weft dsgn2 thread sample.

Table 3.3: Cross section dimensions of the employed dielectric materials (dsgn2).

Material
Thread

direction

Cross

section
Dimension

Value

(mm)

PET warp Warp Pierce
Horizontal semi-axis 0.075

Vertical semi-axis 0.055

PET weft dsgn2 Weft Circular Circumference radius 0.075

to the employed dielectric threads has a relative permittivity of efil PES = 3.5, a

loss tangent of tan(δ)fil PES = 0.001 and a density of δfil PES = 1.5 g/cm3 [11–18].

The previously mentioned dielectric parameters are summarised in Table 3.4.

In order to translate the dielectric threads from the filament model (FM) into

the monofilament model (MM), the procedure explained in section 2.1.2.1 has

been followed. As a result, the equivalent dielectric parameters of the monofila-

ments are summarised in Table 3.5. The loss tangents have not been significantly
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Table 3.4: Characteristic parameters of the employed dielectric materials.

Parameter PET PES

Relative permittivity efil PET = 3.7 efil PES = 3.5

Loss tangent tan(δ)fil PET = 0.001 tan(δ)fil PES = 0.001

Density (g/cm3) δfil PET = 1.5 δfil PES = 1.5

Table 3.5: Parameters of the equivalent monofilaments

Monofilament % of air Relative Permittivity Loss Tangent

PET warp 75% emon PET = 1.72 tan(δ)mon PET = 0.001

PES weft dsgn1 24% emon PES dsgn1 = 2.83 tan(δ)mon PES dsgn1 = 0.001

PET weft dsgn2 37% emon PET dsgn2 = 2.11 tan(δ)mon PES dsgn2 = 0.001

modified from the FM to the MM due to the resolution of the method employed.

According to the procedure referenced in section 2.1.2.3, and due to the fact

that the PET warp threads remain straight, the different weft threads, in both

designs, will conform the woven structure around the warp threads. The epi and

ppi parameters employed in both designs are 59 and 79, respectively, leading to

woven structures which will be explained in detail in section 3.1.5.

Nevertheless, for clarification, the parameters which describe the LM are calcu-

lated and presented in this subsubsection. Given the epi and ppi parameters and

the dielectric characteristics of the employed materials, and following the pro-

cedure explained in section 2.1.3, the equivalent relative permittivities, eeq dsgn1

and eeq dsgn2, have been found to be 1.55 in both cases. Even though the com-

position of the weft threads in both designs is different, the difference between

the emon PES dsgn1 and the emon PET dsgn2, and the dimensions of their different

cross sections have lead to the same result. In dsgn1, the amount of dielec-

tric material different from air in the substrate is lower than in dsgn2, whereas

emon PES dsgn1 is greater than emon PET dsgn2. Analogously, the equivalent loss

tangents, tan(δ)eq dsgn1 and tan(δ)eq dsgn2, have been found to be 0.001, and the

calculated equivalent electrical conductivity seq = 5 · 104 S/m. The low value of

the conductivity is due to the separation between the threads which compose the

woven structure.
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3.1.5 Design of the woven prototype

Once the materials have been characterised and the densities of the woven

structure, epi and ppi parameters, have been defined, a woven design which

emulates the structure of a SIW is required. For the conductive plates of the

SIW, top and bottom layers, two layers composed of warp and weft conductive

threads have been used. The dielectric layer has been realised using a single layer

of dielectric material composed of warp and weft threads. The conductive vias

have been emulated using conductive weft threads crossing the prototype from

the top to the bottom layer. For this reason, different weft patterns have been

designed to create the SIW structure, while connecting the different layers of the

prototype generalising the equations described in section 2.1.2.3 for the different

cross sections.

Once the equivalent monofilaments are calculated, a MM structure can be

developed to emulate a SIW, as depicted in Figure 3.5. Figure 3.5a shows a

conventional SIW or, equivalently, the LM associated to a TIW. The electric field

is vertically oriented, therefore, parallel to the Y-axis, whereas the magnetic field

is parallel to the X-axis. Consequently, the EM field propagates in k̂ direction

from port 1 to port 2. Figure 3.5b represents the woven translation of the SIW,

in which the conductive materials are yellow colored, and the dielectric materials

are gray colored. The woven MM structure is composed of three layers of warp

threads, a layer of dielectric threads between two layers of conductive materials.

The warp threads are parallel to the propagation direction. Then, the woven

structure is achieved by weaving different weft patters around the warp threads.

Figure 3.6 depicts different views of the proposed woven structure and detailed

weft patterns. Figure 3.6a represents the front view of the proposed MM struc-

ture and a magnification where the equivalent substrate height, H SIW, has been

indicated. Figure 3.6b and Figure 3.6c depict the conductive weft patterns, I

and II, required to emulate the vias by connecting the top layer with the bottom

layer. With the aim of achieving a compact structure, two different weft pat-

terns for the vias are required. In other words, if only one of the patterns were

employed, half of the warp conductive threads in both the top and bottom layers

would not be woven and, therefore, they would be loose. Figure 3.6d depicts the

non conductive weft pattern which represents the substrate of the SIW.

A general top view of the woven structure is shown in Figure 3.7a, where

the separation between the conductive vias is also detailed, whereas Figure 3.7b

represents the top view of the woven structure without the conductive threads

which conform the vias. Combining the different weft patterns with the warp
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threads, the beforementioned woven structure presented in Figure 3.5b can be

achieved.

3.1.6 Design of the TIW to WR-28 transition

For the posterior experimental validation of the prototypes, a TIW to WR-28

waveguide transition has been designed. The transition is based on an air-filled

stepped rectangular waveguide with six sections, which have been optimised for

maximum coupling between the WR-28 waveguide and the textile prototypes [19].

The transition is not symmetrical in the H -plane: it consists of a stepped part

schematically depicted in Figure 3.8a and Figure 3.8c, and a flat cover represented

X

Y

Z

E

k̂

H

Via

Port 1

Port 2

(a)

Port 2

Port 1Via

(b)

Figure 3.5: General overview of the proposed design. (a) Conventional SIW
equivalent to the LM. (b) Proposed woven structure of the TIW.

61



Chapter 3. Fully woven textile integrated waveguides and filters

H
S

IW

Warp ends

(a)

WSIW

(b)

(c)

(d)

Figure 3.6: MM of the TIW (conductive material is yellow colored and dielectric
materials are gray colored). (a) General front view and magnification. (b) Front
view of vias pattern I. (c) Front view of vias pattern II. (d) Front view of substrate
pattern.
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in Figure 3.8b, which are fabricated separately. The TIW port of the transition

has been designed to compress the textile structure between these two parts. The

dimensions of the optimised design are summarised in Table 3.6.

3.1.7 Simulations

The proposed woven structures have been electromagnetically analysed using a

commercial 3D high frequency simulator. Therefore, the MM has been analysed

for both designs, using their corresponding dielectric parameters, and compared

with the behaviour of the corresponding LM, using a 10 mm length TIW, as

depicted in Figure 3.9.

The different behaviour of the scattering parameters near the cut-off frequency

of the TIW is due to the different solvers employed in the simulations. While the

WSIW
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(a)

Weft direction
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(b)

Figure 3.7: MM of the TIW. (a) General top view. (b) Top view without the
conductive threads which emulate the vias.

63



Chapter 3. Fully woven textile integrated waveguides and filters

6
5
4

3
2
1

(a) (b)

WR-28

TIW

(c)

Figure 3.8: Design of the proposed TIW to WR-28 transition. (a) Stepped part
inner view. (b) Flat cover inner view. (c) Stepped part overview.

Table 3.6: Dimensions of the TIW to WR-28 waveguide transition

Step 1 2 3 4 5 6

Width (mm) 5.76 7.48 6.39 6.31 7.88 7.11

Length (mm) 2.72 4.26 2.24 2.49 2.89 3

Height (mm) 0.36 0.26 0.69 1.78 2.97 3.56
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Figure 3.9: Comparison between the simulated scattering parameters of the
LM and the MM for both designs using a 10 mm long TIW.

MM has been simulated using an hexahedral mesh and a Transient Solver, due to

the complexity of the structure, the LM had to be simulated using a Frequency
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Figure 3.10: Simulated scattering parameters of a 10 mm long TIW section
terminated with two WR-28 waveguide to TIW transitions, using the LM.

Domain Solver with a tetrahedral mesh.

The transition from TIW to WR-28 waveguide has also been simulated. Al-

though it has been optimised for the calculated equivalent relative dielectric per-

mittivity of the dielectric layer eeq = 1.55, its behaviour has also been evaluated

for different values. The simulated scattering parameters of a 10 mm long TIW

section connected to a TIW to WR-28 waveguide transition in both ports are

presented in Figure 3.10, where the cut-off frequency is modified as follows: the

lower the equivalent relative permittivity, the higher the cut-off frequency.

3.1.8 Fabrication process

Two millimetre-wave TIW sections have been manufactured using an industrial

MüGrip loom with a maximum epi = 106 ends/inch, to validate the proposed

TIW. Figure 3.11 represents the top view of the TIW prototype (dsgn1 or dsgn2

indistinctively) and detailed magnifications, where the different weft patterns can

be identified. The front views and corresponding magnifications of the prototypes

associated to dsgn1 and dsgn2 are depicted in Figure 3.12. These magnifications

exhibit the elliptic cross section of the warp threads, specially in the conductive

materials. Moreover, the paths of the weft threads can be easily identified as

ellipse arcs and tangent lines as modelled, specially in dsgn1, due to the higher

warp thread rigidity.

In order to experimentally evaluate the textile prototypes, a pair of TIW to
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Figure 3.11: Top view of the TIW prototype using rigid warp threads (dsgn1

or dsgn2 indistinctly) and detailed magnifications.
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(a) (b)

(c) (d)

Figure 3.12: Proposed TIW prototype. (a) Front view of dsgn1. (b) Front view
of dsgn2. (c) Magnification of dsgn1. (d) Magnification of dsgn2.

WR-28 waveguide transitions have been fabricated. Each transition has been

manufactured in two different pieces: a stepped part and a flat cover, as depicted

in Figure 3.13a. Both parts have been manufactured using a high precision

stereolithography process in which a photopolymer resin is progressively cured,

layer by layer, with ultra-violet (UV) radiation exposure, as the solidified part is

lifted out of the resin tank. The inner parts of the transition and the connecting

flanges are provided with the required electrical conductivity through the deposi-

tion of a thin gold layer using a sputtering process. The manufactured transition

is presented in Figure 3.13b.

3.1.9 Experimental validation

The prototypes have been characterised using the experimental set-up pre-

sented in Figure 3.14. The two ports of the TIW section are connected to

the TIW to WR-28 waveguide transitions. A pair of Agilent R281B WR-28

waveguide coaxial adapters are required to connect the prototypes to an Agilent

N5247A PNA-X vector network analyser.

Figure 3.15a represents a comparison between the simulated and measured

insertion losses of the TIW (dsgn1) for three different lengths, 30, 40 and 55 mm,
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(a)

TIW Port

WR-28 Port

(b)

Figure 3.13: Proposed WR-28 waveguide to TIW manufactured transition. (a)
Flat and stepped parts. (b) Transition overview.

respectively. Three different lengths have been employed in order to consider the

R281B WR-28 waveguide to coaxial adapters and the TIW to WR-28 waveguide

transitions frequency responses and, therefore, normalise the measured results.

For the simulations, the results from the MM have been considered. Figure 3.15b

depicts a comparison between the simulated and measured return losses of the

TIW (dsgn1) for the three before mentioned lengths. The corresponding results

for dsgn2 are shown in Figure 3.16, where three different lengths, 40, 50 and 60

mm, have been employed.

As predicted by the simulations, both prototypes present an insertion loss

value of 3 dB/cm. This insertion loss may be reduced by using threads with a

higher conductivity such as silver or copper yarn instead of silver coated Shieldex.

In other words, although the skin depth effect has been previously studied, con-

cluding that the silver coating thickness has been sufficient to consider the con-

ductive thread as completely conductive, the wear out of the thread in the loom

may decrease this thickness, leading to a decrease of its conductivity. Moreover,

the behaviour of the prototypes can be improved by using a greater epi para-

meter, due to the fact that the fabrication of a tighter structure reduces the gaps

between conductive warp and weft threads, limiting the radiative losses.

The agreement between simulated data and measurements demonstrates the

validity of the TIW as a fully woven guiding structure, even though an improve-

ment in the conductivity of the materials is required. However, the differences

between the simulated data and the measured results are due to the following dis-

crepancies between the simulated model and the measured prototype. Although
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PNA-X

(a)

TIW

2.4 mm to WR-28 transition WR-28 to TIW transition

(b)

Figure 3.14: Set-up for the TIW experimental validation. (a) General overview.
(b) Magnification of the TIW and the transitions.

a fully automated industrial weaving loom has been used for the manufactu-

ring of the prototypes, the height of the woven dielectric substrate layer is not

uniform along the propagation direction. This leads to a band-pass frequency

response instead of the expected flat frequency response of the waveguide. Other

differences between the simulated and measured frequency response can be due

to the mathematical approximations which have been used in the model, such

as the cross sections of the threads, or the curves described by the different weft

patterns.
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Figure 3.15: Simulated and measured scattering parameters of the TIW
(dsgn1). (a) |S21|. (b) |S11|.
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Figure 3.16: Simulated and measured scattering parameters of the TIW
(dsgn2). (a) |S21|. (b) |S11|.

3.1.10 Conclusions

A novel technique to develop millimetre-wave TIW using rigid warp threads

has been presented. The three-step parametric modelling to simulate textile

structures based on the reduction of the computational complexity of the pro-
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blem has been implemented. To validate the modelling, two TIW, which use

different dielectric threads, have been manufactured and experimentally charac-

terised. The theoretically predicted behaviour of the textile structures has been

experimentally verified. Nevertheless, in order to reduce the insertion losses it is

proposed to use conductive threads with a lower resistance. Besides, the theo-

retical resistance calculated from the information provided by Shieldex does not

match the measured resistance and consequently, does not fulfil the requirements

to develop the desired prototypes.

The manufactured prototypes reveal the potential of the textile technology ap-

plied to waveguide based designs working at the millimetre-wave range frequency,

opening a new field of research. These prototypes represent a first step in TIW

technology and demonstrate the possibility of guiding a RF signal along textile

structures.

3.2 TIW with a microstrip transition using rigid weft

threads

3.2.1 Introduction

With the aim of enhacing the design presented in the previous subsection, a

microwave TIW to microstrip transition is proposed, integrating the transitions

for the experimental validation into the textile [20]. This design implements the

modelling technique already described in Chapter 2, although simplified, due to

the use of monofilaments, instead of multifilament threads, consequently reducing

the three steps into two.

Moreover, in contrast to the TIW presented in the previous subsection, the

warp threads employed in this design are more flexible than the weft threads.

This modification allows the possibility of creating different warp patterns, as

well as achieving a constant height of the textile substrate. Consequently, this

leads to the implementation of a TIW to microstrip woven transition, avoiding

the fabrication of the 3D-printed transitions and achieving a complete integration

of the prototype in the textile.

3.2.2 Structure of the TIW

A TIW using rigid weft threads is proposed to work at a range of frequencies

between 7.5 and 12 GHz and has been designed using the procedure described in

section 2.1 and particularised to two steps. Figure 3.17 represents an overview of
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Figure 3.17: Schematic drawing of the proposed TIW, conductive materials
(yellow) and dielectric materials (grey).

the LM associated to the proposed TIW, the coordinate system, the orientation

of the EM field and the propagation direction.

The TIW is based on a SIW, then, the TIW can be divided into three diffe-

rent layers, a dielectric layer (whose height is denoted by H SIW) between two

conductive plates. The separation between the two rows of conductive vias is

given by W SIW, whereas the diameter of each via and the separation between

two consecutive vias are given by D and S, respectively. The parametric length

of the TIW is given by LSIW.

The proposed TIW is fully integrated in textile, therefore, the conductive and

dielectric parts are manufactured using different types of threads. In the proposed

TIW, the warp direction coincides with the propagation direction, whereas the

weft direction is parallel to the orientation of the magnetic field. Unlike in the

case of the TIW presented in section 3.1, where the warp threads remain straight,

in the present TIW, the weft threads are the ones which remain straight. The

employed materials will be explained in section 3.2.3 and section 3.2.4.

3.2.3 Characterisation of the conductive materials

Electrically conductive Shieldex 117f17 2-ply yarns, with 17 filaments per ply

and a density of 117 dtex have been used for the weft threads. For simplification,

this material will be denoted by Shx2p. These threads adopt the Pierce’s elliptic

cross section when they are in the woven structure. In addition, electrically

conductive Shieldex 117f17 1-ply yarns, with 17 filaments per ply and a density

of 117 dtex have been used for the warp threads. These threads adopt the

circularly cross section, since they are not deformed when they are in the woven

structure. The cross section approaches and corresponding dimensions of the
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Table 3.7: Cross section dimensions of the employed conductive materials.

Material
Thread

direction

Cross

section
Dimension Notation

Value

(mm)

Shx2p Weft Pierce
Horizontal semi-axis H S 0.1

Vertical semi-axis V S 0.05

Shx1p Warp Circularly Circumference radius C R 0.075

+

HS

HV

(a)

+
CR

(b)

Figure 3.18: Cross section dimensions of the monofilament threads. (a) Shx2p
threads. (b) Shx1p threads.

different conductive threads are summarised in Table 3.7. The thickness of the

silver coating of each filament, for both types of threads, is given by T c = 0.5

mm, whereas the total diameter of each filament is given by D f = 31 mm, as it

has been previously depicted in Figure 3.2.

Following the procedure described in section 2.1.2.2, both conductive threads

must be translated into their analogous monofilaments. For this purpose, the

analysis of the skin depth effect is discussed in this section. First, using the

expression described in (2.1), where rcoat = 1.59 · 10−8 (Wm) is the resistivity of

the silver and f is the minimum operating frequency of the design, f = 7.5 GHz,

the skin depth is δ = 0.7328 mm. As the thickness of the conductive coating

of the filaments is less than the skin depth, the second part of the procedure is

followed.

In order to employ the procedure described in section 2.1.2.2, some expressions

must be particularised to the different cross sections of the Shieldex yarns. Using

the expression (2.4), and substituting δ by T c, the resistance per unit length of

each filament is (R/l)f = (π · σcoat · (2 · Rf · T c − T c
2))−1 = 331.8772 W/m. As

the Shx2p and the Shx1p threads present a different number of filaments, the

resistance per unit length of each type of thread will be different.

The Shx2p threads are composed of N fil = 34 filaments, therefore, (R/l)Shx2p =
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9.7611 W/m. Alternatively, the Shx1p threads are composed of N fil = 17 filaments

and, consequently, (R/l)Shx1p = 19.5222 W/m. The equivalent cross sections of

the threads have been modified due to the forces the threads experiment in the

different woven structure in comparison to the previous section.

Particularising the expression in (2.6) for the Pierce’s elliptic cross section,

the areas of the equivalent conductive cross sections of the monofilament threads

for the Shx2p and the Shx1p threads, S mon2 and S mon1, can be expressed using,

respectively, (3.4) and (3.5).

Smon2 = π ·HS · V S − π · (HS − TR) · (V S − TR) (3.4)

Smon1 = π · CR
2 − π · (CR − TR)2 (3.5)

Once the expressions of the S moni are obtained, the resistances per unit length

of the monofilament can be expressed particularising (2.7) for the Pierce’s elliptic

cross sections, as generically indicated in (3.6).

(R/l)moni =
1

σmoni · π · Smoni
(3.6)

With the aim of achieving the same resistance per unit length in both the multi-

filament and the monofilamente threads, (R/l)Shx2p must be equal to (R/l)mon2

and, equivalently, (R/l)Shx1p must be equal to (R/l)mon1. As it has been thor-

oughly explained in section 2.1.2.2, the parameter T R coincides with the skin

depths, δmon2 and δmon1, calculated using the equivalent electrical conductivities

of the monofilaments, smon2 and smon1, respectively, as previously expressed in

(2.9). Solving the corresponding equations using numeric methods, the solutions

have been found to be smon2 = 1.4023 · 109 W/m and smon1 = 3.5130 · 108 W/m,

respectively.

3.2.4 Characterisation of the dielectric materials

For the dielectric parts of the prototype, two different types of thread have been

employed. For the warp threads, uncoated polyethersulfone (PES) monofilament

has been used. For the weft threads, uncoated polyethylene-terephthalate (PET)

monofilament has been employed. For simplification, the PES warp threads and

the PET weft threads will be denoted by PES warp and PET weft, respectively.

The characteristic parameters of the employed materials in the operation fre-

quency band are defined for the MM, as the threads are monofilaments, and are
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Table 3.8: Characteristic parameters of the employed dielectric materials.

Parameter PES PET

Relative permittivity emon PES = 3.4 emon PET = 3.7

Loss tangent tan(δ)mon PES = 0.01 tan(δ)mon PET = 0.001

Table 3.9: Cross section dimensions of the employed dielectric materials.

Material Thread direction Cross section Dimension Value (mm)

PES warp Warp Circularly Radius 0.075

PET weft Weft Circularly Radius 0.5

the following. The relative permittivities of the PET and the PES are emon PES

= 3.4 and emon PET = 3.7, respectively. The loss tangents associated to the

PES and the PET are tan(δ)mon PES = 0.01 and tan(δ)mon PET = 0.001, respec-

tively [15, 18]. The before mentioned characteristic parameters are summarised

in Table 3.8.

For both, the PES warp and the PET weft threads, the circularly cross section

was found to be the best approximation. The dimensions of the cross section of

each type of dielectric thread are indicated in Table 3.9.

According to the procedure referenced in section 2.1.2.3, and due to the fact

that the PES weft threads remain straight, the different warp threads will con-

form the woven structure around the weft threads. The epi and ppi parameters

employed in both designs are 169.3 and 16.9, respectively, leading to woven struc-

tures which will be explained in detail in section 3.2.5.

Nevertheless, for clarification, the parameters which describe the LM are cal-

culated and presented in this subsubsection. Given the epi and ppi parameters

and the dielectric characteristics of the employed materials, and following the

procedure explained in section 2.1.3, the equivalent relative permittivity, eeq has

been found to be very close to 1. This means that, even though the woven subs-

trate is composed of materials whose relative permittivities are different from the

vacuum relative dielectric permittivity, er0 = 1, the existence of thick dielectric

yarns placed perpendicularly aligned with the propagation direction, leads to

the existence of big air gaps, consequently reducing the value of the equivalent

relative permittivity. Using this procedure no more precision can be achieved

to calculate eeq, however, the design will not be affected by the use of eeq =

er0. Analogously, the equivalent loss tangent has been calculated and found to
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be tan(δ)eq = 0.01 due to the influence of the PES. The calculated equivalent

electrical conductivity has also been calculated has found to be seq = 5 ·105 S/m.

3.2.5 Design of the woven prototype

After the characterisation of the materials and the definition of the densities

of the woven structure, epi and ppi parameters, a woven design which emulates

the structure of a SIW is required. For the top and bottom layers of the SIW,

which correspond to the conductive plates, two layers of warp and weft conductive

threads have been employed. Analogously, the dielectric layer has been realised

using one layer of dielectric material in both the warp and the weft directions.

The conductive vias which connect the top and bottom layers of the SIW have

been emulated using warp threads which cross the prototype from the top layer,

to the bottom. In the proposed textile structure, the effective diameter of the

vias is closely related to the diameter of the conductive warp threads employed

to implement the top and bottom conductive layers of the TIW structure. The

diameter of these conductive warp threads not only restricts the effective diameter

of vias, but also the separation between two consecutive vias, S, which is also

restricted by the diameter of the dielectric weft threads.

The distance between the two rows of conductive vias has been designed to

be W SIW = 25 mm, in order to achieve the required cut-off frequency. The

separation between two consecutive vias belonging to the same row has been

designed to be S = 1.5 mm, whereas the diameter of the conductive vias is D =

0.15 mm. For this reason, different warp patterns have been designed to create the

SIW structure, while connecting the different layers of the prototype generalising

the equations described in section 2.1.2.3 for the different cross sections.

The design of conventional SIW, manufacturable using standard prototyping

machines, presents an important difference compared with the design of their

analogous TIW. In a SIW, the diameter of the vias can be increased while keeping

the distance between the centres of the via holes as a constant, up to a certain

limit. By doing this, the non-conductive space between two consecutive vias

is reduced. However, increasing the effective diameter of the vias in a TIW

can only be achieved by using thicker conductive warp threads, which leads to

the deterioration of the TIW performance. In other words, when the effective

diameter of the vias increases, the conductive warp threads tend to decrease their

flexibility due to the thickness. Consequently, the separation between the vias

does not remain constant, but increases, as well as the non-conductive spaces

between vias, which lead to the increase of the losses.
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For this reason, in order to reduce the losses of the woven structure, a possible

solution is proposed. The diameter of the thick dielectric weft threads can be

reduced, consequently, the vias would keep the same diameter while the distance

between two consecutive vias would be reduced. However, the thickness of the

woven structure would also be reduced. This consequence could also be solved

by employing more interwoven layers of dielectric thinner threads, however, a

more complex weaving loom would be required. For the aforementioned reasons,

the dimensions of the threads employed to develop the proposed TIW have been

chosen in order to achieve a balance between the losses and the required thickness

of the structure.

A MM woven structure can be developed to emulate a SIW, as depicted in

Figure 3.19. Figure 3.19a shows a conventional SIW or, equivalently, the LM

associated to a TIW. The electric field is vertically oriented, therefore, parallel

to the Y-axis, whereas the magnetic field is parallel to the X-axis. Consequently,

the EM field propagates in k̂ direction from port 1 to port 2. Figure 3.19b depicts

the woven translation of the SIW, in which the conductive and dielectric materials

are yellow and gray colored, respectively. The woven MM structure is composed

of three layers of warp threads, a layer of dielectric threads between two layers of

conductive materials. The warp threads are parallel to the propagation direction.

Then, the woven structure is achieved by weaving different warp patterns around

the rigid weft threads. A magnification of the TIW is also shown in Figure 3.19.

Figure 3.20 depicts different side views of the proposed woven structure and

detailed warp patterns. Figure 3.20a represents a general side view of the woven

structure in which the height of the woven dielectric layer, H SIW, is indicated. In

this representation, the weft ends and the warp threads which conform the woven

structure are depicted. Consequently, the conductive warp patterns which gene-

rate the conductive plates and the dielectric warp patterns required to connect

the woven substrate are represented.

Figure 3.20b depicts the side view of the auxiliary substrate patterns, which are

called binders and are required to connect the three layers of the woven structure

with the aim of implementing a compact structure. If dielectric binders were not

employed, the woven structure would only be completely connected through the

conductive vias and, therefore, only in the positions where the vias are required.

As a result, except from the positions were the vias are implemented, the woven

structure would be composed of three independent woven layers. Figure 3.20c

represents the side view of the vias patterns to electrically connect the top and

bottom conductive layers.
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Figure 3.19: General overview of the proposed design. (a) Conventional SIW
equivalent to the LM. (b) Proposed woven structure of the TIW and magnifica-
tion.
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Figure 3.20: MM of the TIW (conductive material is yellow colored and dielec-
tric materials are gray colored). (a) General side view. (b) Side view of the
substrate patterns to connect the three layers. (c) Side view of the vias patterns.

A general top view and magnification of the woven structure is depicted in

Figure 3.21a, in which the separation between the conductive vias is also de-

tailed. Figure 3.21b represents the front view, or view from the port of the

woven structure. Combining the different warp patterns with the weft threads,

the aforementioned woven structure presented in Figure 3.19b can be achieved.
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Figure 3.21: MM of the TIW (conductive material is yellow colored and
dielectric materials are gray colored). (a) General top view and magnification.
(b) General front view (port view).

3.2.6 Design of the TIW to microstrip transition

For the experimental validation of the prototype, a TIW to microstrip line

transition has been designed. As the height of the prototype is given by the

diameter of the dielectric weft threads, then H SIW = 1 mm. Given the height
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Figure 3.22: Schematic top view of the back to back TIW to microstrip tran-
sition and magnification.

of the substrate and its equivalent relative permittivity, eeq = 1, then the width,

W ML, of a microstrip line, whose characteristic impedance is equal to 50 W, can

be worked out [21]. Consequently, W ML = 5 mm.

The transition is based on a tapered transmission line, as depicted in Figure

3.22, whose dimensions have been optimised for maximum coupling between the

TIW and the microstrip line. Consequently, the dimensions of the taper have

been found to be W T = 22 mm and LT = 20 mm.

3.2.7 Simulations

The proposed prototype has been electromagnetically analysed using a 3D

high frequency simulator with a tetrahedral mesh. Figure 3.23 represents the

simulated magnitude of the scattering parameters of the equivalent LM (including

the transitions) for three different length, LSIW, of the prototype corresponding

to 10, 15 and 20 mm, respectively. The simulated magnitude of the return losses

is 0.6 dB/cm. The MM has not been completely simulated for the aforementioned

lengths due to the computational resources required for this purpose.

3.2.8 Fabrication process

Different TIW have been manufactured using an industrial MüGrip loom,

corresponding to different lengths, to validate the proposed TIW. In order to

manufacture the woven TIW to microstrip transitions, not only three layers of

warp and weft threads are required, but also an auxiliary fourth layer of weft

threads. The purpose of this extra layer is weaving the leftover conductive warp
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Figure 3.23: Simulated scattering parameters of the LM for the three different
lengths.

threads which are not required in the top layer of the tapered microstrip line.

Once these conductive warp threads are woven in the auxiliary layer, a cutting

process automatically cuts and removes this layer, leading to loose weft threads

in the top layer. To avoid this problem, a warp pattern composed of dielec-

tric threads (binders) connect all the layers achieving a compact structure. The

aforementioned process is summarised in Figure 3.24.

With the aim of achieving the tapered structure for the TIW to microstrip

transitions, the conductive warp threads of the top layer must be interrupted.

Although this prototype has been manufactured using a LPKF ProtoLaser S

prototyping machine to structure the top layer of the woven structure and re-

moving the leftover material, the fabrication process can be improved by using

an auxiliary layer of weft threads as follows.

Figure 3.24a and Figure 3.24d depict the auxiliary layer corresponding to

two different positions in the X–axis of the taper, respectively, as indicated in

Figure 3.24g. Likewise, Figure 3.24b and Figure 3.24e represent the loose threads

after the cutting process for the two different positions of the taper. Figure 3.24c

and Figure 3.24f depicts the dielectric binders required to connect the three la-

yers achieving a compact woven structure. Consequently, the taper becomes a

stepped structure as depicted in Figure 3.24g.

Once the auxiliary layer is removed, the prototype manufacturing is finished.

Figure 3.25 represents the top view of the manufactured TIW and magnification

where a row of vias can be identified. Figure 3.26 depicts a side view of the

proposed TIW and a magnification. The width of the woven structure, H SIW
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Figure 3.24: Schematic drawing of the woven structure. (a) Side view with the
auxiliary layer. (b) Loose threads, after cutting. (c) Binders to avoid the loose
threads. (d) Side view with the auxiliary layer (different part). (e) Loose threads,
after cutting in (d). (f) Binders to avoid the loose threads in (e). (g) Top view
equivalence and details of the tapered profile and the two different parts of the
taper.
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Figure 3.25: Top view of the manufactured TIW prototype and magnification.

can be identified, as well as the separation between two consecutive dielectric

weft threads, therefore, the separation between two adjacent conductive vias, S.

Figure 3.27 represents the top view of the complete TIW, including the transitions

to microstrip lines.

Once the woven prototypes has been manufactured and, with the aim of per-

forming its experimental validation, two subminiature version A (SMA) connec-

tors must be mounted in the structure. Both connectors have been glued to the

prototype using conductive epoxy.

3.2.9 Experimental validation

The prototype has been validated using the experimental set-up presented in

Figure 3.28. The two ports of the TIW section are connected to an Agilent

N5247A PNA-X vector network analyser. Figure 3.29a represents a comparison

between the simulated and measured insertion losses of the TIW for three diffe-

rent values of LSIW, 10, 15 and 20 cm, respectively. For the simulations, the data

associated to the LM has been considered. Figure 3.29b depicts a comparison
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Figure 3.26: Side view of the manufactured TIW prototype and magnification.
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Figure 3.27: Top view of the manufactured back to back microstrip to TIW
transition.

between the simulated and measured return losses of the TIW.

As predicted by the simulations, the prototype presents a minimum insertion

loss of 0.35 dB/cm, although it also presents a maximum insertion loss of 0.7

dB/cm, due to the ohmic losses of the conductive materials and the intrinsic

radiative losses of the microstrip line. As it has been previously explained in

section 3.1.9, regarding the millimetre-wave TIW using rigid warp threads, the

insertion loss may be reduced using threads with higher conductivity. The use of

coated threads may also lead to the deterioration of the conductive coating, due

to the wear out, consequently decreasing the thickness of the coating. For this

reason, monofilament silver threads are proposed to achieve a higher conductivity

while avoiding the uncoating problem due to the wear out.

The agreement between simulated data and measurements demonstrates the

validity of the TIW as a fully woven guiding structure. However, the differences

between the simulated data and the measured results may be due to manufactu-

ring errors as well as the difficulty of fixing the connector in the textile structure.
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Figure 3.28: Set-up for the experimental validation of the TIW.
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Figure 3.29: Simulated and measured scattering parameters. (a) |S21|.
(b) |S11|.

3.2.10 Conclusions

A novel technique to develop microwave TIW using rigid weft threads has been

presented. The general procedure based on the three-step parametric modelling

to simulate woven structures presented in section 2.1 has been particularised to

monofilaments, leading to a simplified two-step modelling. This two-step mo-

delling has been applied to the design of the TIW. With the aim of achieving

a complete integration of the prototype in textile for its experimental valida-

tion, a pair of tapered TIW to microstrip transitions have been designed and

manufactured using an extra layer of textile materials.
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To validate the design, three prototypes with different lengths have been ex-

perimentally characterised. The theoretically predicted behaviour of the textile

structure has been experimentally verified. However, in order to reduce the in-

sertion losses, it is proposed to use conductive threads with a lower resistance,

such as silver monofilaments.

3.3 Bandpass arbitrarily height-modulated textile inte-

grated waveguide filter

3.3.1 Introduction

With the aim of demonstrating the validity of the modelling already pre-

sented in section 2.2, a bandpass arbitrarily height-modulated textile integrated

waveguide filter is presented in this section. Due to the fact that the modelling

technique is based on the discrete modulation of the height of a SIW structure,

the fabrication of a filter using the conventional procedures would be very com-

plicated. In other words, a height-modulated SIW filter could be manufactured

by the use of a previously modified substrate layer –using a milling machine to

modulate its height– and subsequently providing the substrate with the conduc-

tive vias and the required electrical conductivity through the deposition of a thin

gold layer using a sputtering process.

Alternatively, the height-modulated SIW filter could be also manufactured

using various stacked layers of substrate segments to achieve the different heights,

avoiding the use of a milling machine. In order to connect the different layers,

a gluing procedure could be employed, although the alignment of the different

segments which compose the multilayered substrate and corresponding vias repre-

sents a difficulty.

In this section, a fully textile integrated filter is presented, with the aim of

demonstrating the diverse possibilities achievable with the woven technology.

For this purpose, the modification of the number of layers of weft threads along

a woven structure is employed, in order to achieve the different heights and,

therefore, the required height-modulation.

3.3.2 Structure of the filter and corresponding blocks

A bandpass arbitrarily height-modulated textile integrated waveguide filter,

denoted by BPAHMTIW filter, whose passband belongs to the range of frequen-

cies between 8 and 9 GHz, is proposed. The filter has been designed using the
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procedure thoroughly explained in section 2.2 and, for this purpose, the filter is

composed of 61 blocks.

The blocks employed for the development of the BPAMHTIW filter are four

and are based on a SIW structure whose separation between the inner the rows

of vias is W TIW. Moreover, three rows of vias have been employed in each side

of the SIW structure, and these rows are separated a distance S from each other.

The distance between two consecutive vias is also denoted by S. The conductive

vias have been modelled by cylinders whose diameter is given by D. The total

width of the SIW structure is W and the thickness of the conductive layers has

been denoted by T.

In order to discretely modulate the height of the SIW, two different values for

the height are defined, H 1 and H 2, respectively. The four different blocks are

depicted in Figure 3.30, whereas the aforementioned dimensions are summarised

in Table 3.10.

3.3.3 Simulation of the blocks

The blocks which will conform the BPAMHTIW filter have been simulated

using HFSS obtaining the corresponding Touchstone S2P files. For this purpose,

a substrate has been previously defined in the simulation environment, using the

dielectric parameters obtained from a manufactured woven sample with the same

structure.

These parameters, which correspond to the LM of the woven structure, have

been measured using an Agilent Technologies 85072A Split Cylinder Resonator

and have been found to be the relative permittivity eeq = 1.7 and the loss tangent

tan(δ)eq = 0.00362. Alternatively, an equivalent electrical conductivity of seq =

5 · 105 S/m has been employed for the simulations.

Figure 3.31 depicts the |S 11| parameters, and detailed magnifications, corres-

ponding to different lengths of the H 1 Block block. Figure 3.32 represents the

corresponding |S 21| parameters associated to the same lengths, for the H 1 Block

blocks. Analogously, Figure 3.33 and Figure 3.34 represent the beforementioned

data, but associated to the H 2 Block blocks.

Table 3.10: Dimensions of the SIW structure of the blocks.

Dimension W TIW S D W T H 1 H 2

Value (mm) 20 0.5 0.25 40 0.25 1 2
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Figure 3.30: Different blocks involved in the filter design. (a) Overview of the
H 1 Block block. (b) Side view of the H 1 Block block. (c) Overview of the H 2 Block

block. (d) Side view of the H 2 Block block. (e) Overview of the H 1 2 Block block.
(f) Side view of the H 1 2 Block block. (g) Overview of the H 2 1 Block block. (h) Side
view of the H 2 1 Block block.

Although the H 1 Block and H 2 Block blocks have been simulated using lengths

from 0.5 mm to 15 mm with a step length of 0.5 mm, in the graphics only half

of the simulations have been included for simplifications. The transition blocks

have also been simulated as depicted in Figure 3.35.
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Figure 3.31: Simulated |S 11| parameter corresponding to the H 1 Block block,
for different lengths, and detailed magnification.

3.3.4 Design and implementation of the filter

Once the different blocks have been simulated and the Touchstone S2P files are

obtained, the three MDIF files are generated as previously explained in Figure

2.25. These MDIF files are, respectively, the f h1.mdf, f h12.mdf and f h2.mdf

files. The f h1.mdf file contains the data corresponding to the scattering para-

meters of the different H 1 Block blocks, depending on the length of the structure.

Analogously, f h1.mdf file contains the same information although corresponding

to the H 2 Block blocks. The f h12.mdf file only contains the scattering parameters

corresponding to the H 1 2 Block and H 2 1 Block blocks.
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Figure 3.32: Simulated |S 21| parameter corresponding to the H 1 Block block,
for different lengths, and detailed magnification.

The schematic model in ADS can be implemented once the MDIF files have

been generated. For this purpose, a model similar to the one previously presented

in Figure 2.26a has been implemented as shown in Figure 3.36a. Figure 3.36b and

Figure 3.36d depict, respectively, a generic blue colored block and a generic green

colored block, which are provided with the optimal values for their parameters.

These optimal values are related to the length of the corresponding segments

in the SIW structure: each optimal value corresponds to half the length of the

segment in millimetres.

Alternatively, Figure 3.36c and Figure 3.36e represent, respectively, a generic

red colored block and a generic yellow colored block, which represent the transi-

tion blocks. These two blocks do not require a parameter to be optimised because

their parameters are predefined, respectively, to 1 or 2, indicating whether the

scattering parameters associated to these blocks are written in the first or second

half of the f h12.mdf file.

3.3.5 Optimisation of the filter

The optimisation has been configured using a solver which implements a

method based on the gradient function. The goal of the optimisation has been

defined in order to obtain a frequency response with the following requirements:

a passband in a frequency range between 8 and 9 GHz and a |S21| < −25 dB for

the frequencies below and above the passband.
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Figure 3.33: Simulated |S 11| parameter corresponding to the H 2 Block block,
for different lengths, and detailed magnification.

Once the optimisation has converged, the resulting variables v1 i and v2 i

does not present integer values due to the interpolation between non previously

calculated scattering parameters. Due to the fact that the variables v1 i and

v2 i are related to the lengths of the segments of the SIW structure which will be

translated into a woven prototype, integer values are required. For this purpose,

the optimal values of the variables v1 i and v2 i have been truncated.

A tuning process has not been required due to the results fulfilled the re-

quirements after truncating the variables. Table 3.11 summarises the truncated

optimal values for the variables v1 i and v2 i.
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Figure 3.34: Simulated |S 21| parameter corresponding to the H 2 Block block,
for different lengths, and detailed magnification.
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Figure 3.35: Simulated |S ij| parameters corresponding to the transition blocks.
(a) H 1 2 Block. (b) H 2 1 Block.

Table 3.11: Truncated optimal values for the BPAHMTIW filter.

v1 i

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Value 1 1 1 1 2 1 20 20 20 20 20 20 20 20

v2 i

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Value 1 1 4 4 1 1 19 15 19 16 19 19 18 19 19
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Figure 3.36: Schematic model of the BPAHMTIW filter optimisation using
ADS. (a) Schematic model outline. (b) Generic H 1 Block block. (c) Generic
H 1 2 Block block. (d) Generic H 2 Block block. (e) Generic H 2 1 Block block.
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Table 3.12: Lengths of the different segments of the BPAHMTIW filter.

Length (mm) of the i -th segment whose height is H 1

i 1 2 3 4 5 6 7 8 9 10

Length 5.5 5.5 5.5 5.5 6 5.5 15 15 15 15

i 11 12 13 14

Length 15 15 15 15

Length (mm) of the i -th segment whose height is H 2

i 1 2 3 4 5 6 7 8 9 10 11

Length 5.5 5.5 7 7 5.5 5.5 14.5 12.5 14.5 13 14.5

i 12 13 14 15

Length 14.5 14 14.5 14.5
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Figure 3.37: Simulated S–parameters of the optimised BPAHMTIW filter.

As previously mentioned, in order to translate the values summarised in Table

3.11 into the lengths of the different blocks which conform the filter (in milli-

metres), multiplying by two the optimal values is required. Once the physical

lengths of the blocks are calculated, a simplified notation to define the filter can

be employed, which corresponds to the one already used in Figure 2.22. In this

figure, instead of using the lengths of the H 1 Block and H 2 Block blocks, the lengths

of the segments corresponding to the different heights, H 1 and H 2, are employed.

For this purpose, the parameter LT, previously defined, is required.
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As a result, the lengths of the segments whose heights are H 1 = 1 mm and H 2

= 2 mm, respectively, are summarised in Table 3.12. Consequently, taking into

account the first and last blocks in Figure 3.36, whose lengths have been fixed

to 10 mm, and the values shown in Table 3.12, the BPAHMTIW is completely

characterised.

The resulting filter, whose total length is Ltotal = 341 mm, presents the fre-

quency response depicted in Figure 3.37. A |S21| = −6 dB is achieved in the

passband of the filter due to its length.

Weft end Warp pattern: vias

H2 segment H1 segment

(a)

Weft end Warp pattern:binders

(b)

Weft end Warp pattern

(c)

Figure 3.38: Translation into a woven prototype. (a) Proposed warp patterns
for the conductive vias. (b) Proposed warp patterns for the dielectric binders.
(c) Proposed general warp patterns for the TIW structure.
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3.3.6 Translation into a woven prototype

Once the filter has been designed, it has to be translated into a woven proto-

type. For this purpose, Figure 3.38 depicts the different woven patterns required

to manufacture it. Figure 3.38a represents the side view of the weft threads, in

other words, the weft ends. Moreover, this figure depicts the warp patterns which

emulate the conductive vias of the structure, connecting the top and bottom la-

yers of the TIW structure through the dielectric layers.

The segments with different heights, H 1 and H 2, can also be seen in Figure

3.38a. Alternatively, Figure 3.38b represents the warp patterns corresponding to

the dielectric binders. The binders are required in order to achieve a compact

structure connected not only from the conductive vias. Figure 3.38c depicts the

general warp patterns required to implement the different layers of the TIW

structure: the conductive plates and the dielectric layers.

3.3.7 Conclusion

A bandpass AHMTIW filter has been proposed in this section in order to vali-

date the modelling technique already presented in section 2.2. Different segments

of a SIW structure have been electromagnetically simulated in order to generate

the S2P Touchtone files with the scattering parameters. The S2P Touchtone files

have been subsequently combined in three different MDIF files.

The bandpass AHMTIW filter has been composed of 61 different blocks: 31

blocks have been predefined, whereas 29 blocks have been optimised in order

to obtain the desired frequency response. As a result, the simulated scattering

parameters fulfil the requirements.

3.4 Bandstop arbitrarily height-modulated textile inte-

grated waveguide filter

3.4.1 Introduction

In order to demonstrate the validity of the modelling previously explained

in section 2.2 not only for bandpass filters, but also for bandstop filters, the

methodology has been applied for the design and optimisation of a bandstop

filter. Nevertheless, with the aim of reducing the value of the |S21| parameter in

the passband, the number of blocks to optimise has been reduce from 61 to 37.
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Figure 3.39: Schematic model of the BSAHMTIW filter optimisation using
ADS.

3.4.2 Structure of the filter and corresponding blocks

A bandstop arbitrarily height-modulated textile integrated waveguide filter,

denoted by BSAHMTIW filter, whose stopband belongs to the range of fre-

quencies between 7.5 and 9 GHz, is proposed. The filter has been designed

using the methodology already explained in section 2.2 and, for this purpose,

the filter is composed of 37 blocks. The blocks employed for the development

of the BSAMHTIW filter are the ones already thoroughly explained for the

BPAMHTIW in section 3.3.

3.4.3 Design and implementation of the filter

As the blocks employed for the design of the BSAMHTIW filter are the same

already employed for the BPAMHTIW filter, the MDIF files have not been modi-

fied. For this reason, the new schematic model in ADS is similar to the one pre-

viously presented for the bandpass filter. This new schematic model is composed

of the 37 blocks shown in Figure 3.39.

3.4.4 Optimisation of the filter

The optimisation has been configured using the same solver which implements

a method based on the gradient function. The goal of the optimisation has been
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Table 3.13: Truncated optimal values for the BSAHMTIW filter.

v1 i

i 1 2 3 4 5 6 7 8

Value 10 10 10 10 10 10 10 10

v2 i

i 1 2 3 4 5 6 7 8 9

Value 10 10 10 10 10 10 10 10 10

Table 3.14: Lengths of the different segments of the BSAHMTIW filter.

Length (mm) of the i -th segment whose height is H 1

i 1 2 3 4 5 6 7 8 9

Length 10 10 10 10 10 10 10 10 10

Length (mm) of the i -th segment whose height is H 2

i 1 2 3 4 5 6 7 8 9 10

Length 10 10 10 10 10 10 10 10 10 10

defined in order to obtain a frequency response with the following requirements:

a stopband in a frequency range between 7.5 and 9 GHz and a |S21| > −6 dB for

the frequencies below and above the stopband.

Once the optimisation has converged, the resulting variables v1 i and v2 i does

not present the desired integer values. For this purpose, the optimal values of

the variables v1 i and v2 i have been truncated and the tuning process has not

been required due to the results fulfilled the requirements after truncating the

variables. Table 3.13 summarises the truncated optimal values for the variables

v1 i and v2 i.

As previously mentioned, in order to translate the values summarised in Table

3.13 into the lengths of the different blocks which conform the filter (in milli-

metres), multiplying by two the optimal values is required. Once the physical

lengths of the blocks are calculated and taking into account the previously de-

fined value of the LT parameter, the lengths of the segments whose heights are

H 1 = 1 mm and H 2 = 2 mm, respectively, can be calculated as summarised in

Table 3.14.

Taking into account the first and last blocks in Figure 3.39, whose lengths have

been fixed to 10 mm, and the values shown in Table 3.14, the BSAHMTIW is
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Figure 3.40: Simulated scattering parameters of the optimised BSAHMTIW
filter.

completely characterised. The resulting filter, whose total length is Ltotal = 204

mm, presents the frequency response depicted in Figure 3.40.

3.4.5 Translation into a woven prototype

As the BSAHMTIW filter presents the same topology as the BPAHMTIW

filter already explained in the previous section, the translation into a woven

prototype is completely analogous. One or two layers of dielectric threads are

required in order to generate the height modulation and two layers of conductive

weft threads are employed to achieve the conductive plates of the SIW structure.

Moreover, conductive warp threads are employed in order to connect the weft

threads which individually compose the top and bottom conductive layers, and

to implement the conductive vias. Dielectric warp threads are required to create

a compact height-modulated dielectric layer and the binders.

3.4.6 Conclusion

The modelling technique previously explained in section 2.2 has been applied

to create a bandstop AHMTIW filter. The number of blocks employed in the

design of the filter has been reduced in comparison to the filter already proposed
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in the previous section. As a consequence, the time required in the optimisation

has been notably decreased.

The simualted frequency response of the BSAHMTIW filter fulfils the desired

requirements and, therefore, it has been demonstrated the validity of the mo-

delling in the development of bandstop filters.
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This chapter includes the description of different fully woven textile integrated

tags and antennas which have been developed using different technologies and

work in different ranges of frequencies.

4.1 Low frequency tag with near-field RFID chip

4.1.1 Introduction

The ever growing interest in textile integrated devices has recently drawn at-

tention to the areas of wearable identification, information storage and tracking

systems. Due to the technological advances and decreased costs, the number

of radiofrequency identification (RFID) based applications has dramatically in-

creased, specially in the context of the Internet of Things (IoT). These appli-

cations have driven improvements in specific aspects of the technology, such as

the range or working distance between reader and tag, or the data management

capacity, which are closely linked to the operating frequency.

For instance, RFID technology is widely used nowadays in inventory tracking

and item location, due to its advantages in comparison to barcode technology,

including unattended reading and increased range, among many others. RFID

technology is regulated by different standardisation bodies, although the oldest

established is ISO (International Standards Organisation). Several standards
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have been defined to regulate different aspects of RFID technology. As an exam-

ple, ISO 18000-V3 defines the radio interface for RFID systems working at 13.56

MHz. In addition, when working at 13.56 MHz, ISO 14443 defines the specifica-

tions for the use of RFID proximity cards for identity, security or payment appli-

cations, whereas ISO 15693 defines characteristics of the vicinity cards, which can

be read from a larger distance than proximity cards. Vicinity cards are normally

used in applications such as physical access.

When working at a frequency of 13.56 MHz, as will be the case, an RFID an-

tenna would be enormous. For this reason, low frequency RFID standards have

not been developed for their use with antennas, but inductors. The transmis-

sion is no longer realised through wave propagation using antennas but through

inductive coupling between coils. For this reason, even though the frequency is

very low, the read range is dramatically reduced and limited by the inductive

coupling between the reader and the tag.

Several technologies have been used to develop both antenna and inductor

based RFID tags: from the ultra thin RFID tags embedded in paper, to the

ink-jet printed tags in plastic substrates [1–5]. With the aim of integrating the

RFID tags into the textile, some solutions have been presented. One of the

proposed textile based RFID tags which can be found in the literature is based

on an embroidery technique [6–10], although these tags are not as industrially

competitive as the conventional ones, due to the difficulty of manufacturing them

at a large scale.

Moreover, the embroidery technique is not suitable for multilayered designs,

and consequently, the number of possible design alternatives is reduced. For this

reason, a woven RFID tag is presented [11]. The proposed tag has been designed

to be used in contactless applications, in particular, for stock identification during

inventory, data storage and anti-imitation of clothing. Moreover, the prototype

has been designed to be totally hidden from touch, then it can not be easily

identified in the fabric.

4.1.2 Structure of the tag

The tag is designed to operate according to ISO 15693 standard, for its use at a

frequency of 13.56 MHz. The communication at this frequency is realised through

inductive coupling between the tag and the interrogator device, as has been

previously mentioned. This means that the tag inductance has to be designed

to resonate together with the tag chip at 13.56 MHz. For the present design, a
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Figure 4.1: Ideal equivalent electrical circuit of the proposed tag.

NXP chip from the ICODE SLIX family has been chosen, presenting an input

capacitance of C S = 23.5 pF [12].

Figure 4.1 depicts the ideal equivalent electrical parameters of the proposed

tag. On the left hand side of the circuit, the inductive part of the tag, LA, is

presented. On the right hand side of the circuit, the capacitance C S is included.

The ohmic losses of the inductive coil and the interconnection impedance between

the coil and the chip are given by RA and RS, respectively. The inductive part

of the circuit can be achieved using a planar coil as the one depicted in Figure

4.2.

The ideal equivalent circuit is modelled by a series resonant circuit whose input

impedance is given by the addition of the real and imaginary impedances previ-

ously defined. The resonant, or working, frequency is found at the frequency for

which the imaginary part of the input impedance is equal to zero or, equivalently,

the phase of the input impedance is equal to zero. At the working frequency, f o,

LA and C S must fulfil (4.1).

LACS(2πfo)2 = 1 (4.1)

Using the EM simulation software ADS, the equivalent electrical circuit of

the proposed tag can be simulated, substituting the conventional inductor by a

planar square loop coil model. This ADS library model is defined by the number

of turns of the coil, the dimensions of the conductive material cross section, the

distance between turns and the dimensions of the biggest turn, as well as the

electrical conductivity.

Although an infinite number of combinations of the beforementioned para-

meters can be used to achieve the desired inductance, not all these combinations
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Figure 4.2: Schematic drawing of the proposed RFID tag and magnification.

can then be translated into a woven prototype. For this reason, the dimensions

of the threads and the weaving loom limitations are taken into account in the

design.

4.1.3 Design of the woven prototype

For the conductive parts of the coil, Shieldex 117f17 HC+B 1-ply threads

have been used. When these threads are in the woven structure, they present a

Pierce’s cross section. Consequently, this cross section is an ellipse whose major

and minor axes are AW = 0.26 mm and AH = 0.13 mm, respectively. Therefore,

the width of the conductive strips of the tag is approximated by AW as depicted

in Figure 4.2.

With the aim of avoiding undesired short circuits, due to the existence of small

filaments in the multifilament conductive threads, a sufficient separation between

them must be adopted. Therefore, a distance of S 1 = 1.5 mm between the centres

of the conductive threads in one of the directions, and a distance of S 2 = 2 mm

in the perpendicular direction have been chosen.

111



Chapter 4. Fully woven textile integrated tags and antennas

When the beforementioned parameters S 1 and S 2 are different, there is not a

predefined schematic model in ADS to simulate the behaviour of the planar coil,

therefore, ADS Momentum has been employed for the design and simulation. By

using 12 turns and being L1 = L2 = 55 mm, the external dimensions of the coil,

the desired working frequency, f o = 13.56 MHz, was achieved.

To translate the square loop of the tag into a textile prototype, a woven struc-

ture composed of three layers has been designed. The top layer is composed

of dielectric warp and weft threads, except in certain positions where the warp

threads have been substituted by conductive Shieldex yarns. These positions

correspond to twenty-three warp threads divided in two groups of 11 and 12

threads, respectively. The bottom layer is composed of dielectric warp and weft

threads, except in certain positions where the weft threads have been substi-

tuted by conductive Shieldex yarns. These positions correspond to twenty-two

weft threads divided in two groups of 11 threads each. The before mentioned top

and bottom layers are independent and electrically isolated from each other by

an additional dielectric layer which is woven between them, giving rise to a total

thickness of the woven structure of T S = 0.35 mm.

The conductive warp and weft yarns in the top and bottom layers must be

interconnected at specific locations, in order to configure the desired coil-shaped

current path, as shown in Figure 4.3. The interconnections are realised by bring-

ing the desired conductive weft yarn from the bottom layer vertically up, across

the intermediate dielectric layer, weaving it around the corresponding warp yarn

in the top layer, and taking it back to the bottom layer to continue its normal

weaving pattern. This direct contact between conductive threads produces the

required electrical connection. As the woven structure is tightened, the electrical

connection is guaranteed.

Figure 4.3a depicts the bottom view of the RFID tag, where the dielectric

threads have not been represented for simplification. Conductive warp threads

corresponding to the top layer are grey colored, whereas the conductive weft

threads which correspond to the bottom layer are red colored. The electrical

connection between the conductive threads and the connection of the chip are

blue and green colored, respectively. Figure 4.3b depicts a magnification where

the layers to which each conductive thread belongs is indicated. Figure 4.3c

represents a magnification of the chip interconnection.

In addition, conventional multifilament polyester threads have been employed

for the dielectric parts of the design. For the warp and weft threads, 0.07 mm and

0.35 mm diameter yarns have been employed, leading to the substrate depicted in
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Figure 4.3: Overview of the RFID tag design and magnifications (bottom view).
(a) General view of the tag. (b) Magnification of the electrical connections.
(c) Magnification of the chip interconnection.
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Figure 4.4: Overview of the woven substrate.

Figure 4.4. The substrate has been characterised using an Agilent Technologies

85072A Split Cylinder Resonator and its relative dielectric permittivity and loss

tangent have been found to be esubs = 1.5 and tan(δ)subs = 0.0025, respectively.

4.1.4 Simulations

The ideal equivalent electrical parameters of the tag have been simulated using

ADS, without taking into account the possible existence of parasitic capacitive

effects in the coil. Consequently, the ideal circuit depicted in Figure 4.1 has been

simulated. With the aim of achieving a resonant frequency of 13.56 MHz, LA has

been found to be 5.86 mH.

By measuring the lengths of all the conductive threads required to conform the

coil in the Momentum model, and multiplying the total length by the resistance of

the Shieldex thread, 3 W/cm, a total resistance RA of 440 Whas been estimated.

The interconnection resistance is given by the conductive paths between the

terminals of the coil and the terminals of the chip. Considering a length of 3

centimetres for these conductive paths, an interconnection resistance of 9 Wis

calculated.

Simulating the ideal equivalent electrical model and calculating the imaginary

part and the phase of the input impedance, Z IN, the graphs of Figure 4.5 are

obtained. As can be observed, a resonance frequency corresponding with the zero

crossing of the graphs is achieved for 13.56 MHz.

4.1.5 Fabrication process

Once the textile coil has been designed, the woven prototype can be manufac-

tured following two steps. First, the textile coil needs to be woven and secondly,

the chip must be integrated in the woven structure. The textile coil has been

manufactured using an industrial MüGrip loom.
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Figure 4.5: Simulated imaginary part and phase of the input impedance of the
tag using the ideal equivalent model.
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Figure 4.6: Overview of the NXP chip and dimensions. (a) Top view. (b) Bot-
tom view.

With the aim of integrating the NXP chip in the woven coil, Figure 4.6 depicts

the dimensions of the chip and its contacts, W CHIP = 0.47 mm, W T = 1.09 mm

and LT = 2.84 mm. Due to the fact that the distance between the woven coil

terminals is larger than the distance between the contacts of the chip, an adapting

path is required, avoiding undesired short-circuits.

With the aim of integrating the chip in the woven coil while avoiding the

undesired short circuits, several alternatives have been analysed. Isolating the

conductive warp threads from the adapting path by the use of a dielectric paste

has been discarded, since the textile would acquire a different texture, and this

would not be interesting when trying to hide the tag.

Therefore, with the aim of solving this problem, two different alternatives,

based on electrically conductive vias, are presented, with the novelty of connec-

ting the chip in the bottom layer of the woven coil. The first proposed method

to integrate the NXP chip in the tag is based on using a single Shieldex thread
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Figure 4.7: Process of the chip integration by treating the Shieldex thread
and using epoxy glue. (a) Conductive vias and magnification of the woven path.
(b) Integrated chip and magnification of the epoxy connections.

which has been uncoated at the place where the chip will be mounted and corres-

ponding to the footprint of the chip. This thread is a new warp thread which

is electrically connected to both terminals of the woven coil in the top layer.

The Shieldex thread crosses the prototype, from the top to the bottom layer,

by using conductive vias as depicted in Figure 4.7a. In the bottom layer, the

Shieldex thread is isolated from the other conductive warp threads, then it is

able to cross the layer. In the area where the Shieldex thread has been uncoated,

the chip can be connected by the use of conductive epoxy adhesive as depicted

in Figure 4.7b.

The second proposed alternative to integrate the chip in the tag is based on

the use of two silver warp monofilaments. Each silver monofilament is electrically

connected to each terminal of the coil as in the first method, an both silver

monofilaments cross the prototype from the top layer to the bottom layer through

conductive vias. Consequently, each silver monofilament can then be welded to

each pad of the chip.

The second proposed alternative to integrate the chip has been found to be

the most advisable option, due to the fact that the welding process is easier to

automate than the uncoating process. Therefore, the second proposed method

has been employed during the experimental validation.

The resultant textile prototype is depicted in Figure 4.8. Figure 4.8a repre-

sents the top view of the manufactured prototype and a magnification where
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Figure 4.8: General overview of the manufactured prototype using the silver
warp monofilament for the chip integration and magnifications. (a) Top view and
detailed magnification of the dimensions. (b) Bottom view and corresponding
magnification.

the dimensions of the conductive threads are detailed. Figure 4.8b depicts the

bottom view of the manufactured prototype and a magnification where the chip

is integrated using silver monofilaments.

4.1.6 Experimental validation

The experimental validation of the prototype has been carried out using a

PNA-X N5247A vector network analyser from Agilent Technologies. For the di-

rect current (DC) experimental characterisation, a Keysight Technologies U1252B
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multimeter has been used.

In order to have a more accurate model of the manufactured prototype, the

experimental interconnection impedance RS’ has been measured and found to

be 11.1 W. The input impedance of the coil in DC, RA’, without taking into

account the interconnection has also been measured and found to be 444 W. Due

to the existence of parasitic capacitive effects in the textile coil, the self resonance

frequency (SRF) of the woven coil could be measured using a coaxial probe and

was found to be 19.4 MHz, as depicted in Figure 4.9a (solid line).

Using the aforementioned experimental values and the SRF, a more accu-

rate circuital model has been achieved by adjusting the parameters shown in

Figure 4.10. The impedance RA’ has been divided into two impedances, RA’1

and RA’2, which have been found to be 160 W and 284 W, respectively. The new

resonant components, C A’ and LA’, have been adjusted and are equal to 9 pF

and 5.5 mH, respectively. Another impedance, RC, in series with the parasitic

capacitor has been required and is 35 W.

Figure 4.9a represents a comparison between the simulated and measured fre-

quency response of the coil –before connecting the chip–, where the SRF can

be identified at 19.4 MHz. Alternatively, Figure 4.9b depicts the comparison

between the simulated and measured frequency response of the complete woven

tag –which is composed of the woven coil and the chip–. A good agreement

between the simulations and the measured results has been achieved.
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Figure 4.9: Imaginary part and phase of the input impedance of the coil and
tag, respectively. (a) Frequency response of the coil: simulated (dotted lines) vs.
measured (solid lines). (b) Frequency response of the complete tag: simulated
(dotted lines) vs. measured (solid lines).
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Figure 4.10: Equivalent electrical circuit of the proposed tag taking into account
the self resonance.

After characterising the frequency response of the textile tag, the prototype

has been tested using a smartphone as interrogator. As it could be anticipated

taking into account the resistive loss of the conductive threads, the read range of

the inductive RFID tag is a few centimetres, which are sufficient for the proposed

applications.

Moreover, the tag has also been tested under different conditions. First, the tag

has been bent in order to verify the performance of the electrical connections.

As the electrical connections are achieved by the contact between conductive

threads, the tag continues working properly after the bending test. Furthermore,

the tag has also been tested after five washing cycles, obtaining a positive result.

4.1.7 Conclusion

A fully textile based tag for its use in clothing has been discussed. It presents

several advantages in comparison with existing conventional RFID tags, including

its potential for large scale production in comparison to other textile alternatives,

or the possibility of integrating the tag in clothing, hiding it from sight and touch.

Nevertheless, a pick and place mechanism is proposed to automatically connect

the chip after manufacturing the woven coil.

Furthermore, the excess material around the woven coil can be mostly reduced,

decreasing the dimensions of the final prototype. Consequently, the amount of

conductive material required to manufacture the proposed tag is comparable

to its analogous using embroidery procedures. However, weaving technology

allows a level of large scale production which cannot be achieved with alternative

embroidery techniques.
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Thanks to the RFID chip, information regarding the product in which this tag

has been located can be stored, not only for inventory or authentication, but also

for customer information. This data could include information currently available

in different uncomfortable labels attached to the clothing, or even purchase date

details, avoiding the use of sales receipts. The introduction of RFID technology

in clothing has an endless number of interesting applications which are the future

of the textile industry.

Different alternatives for the design of the tag and the integration of the chip

have been discussed and a final prototype has been proposed. The translation

into a woven structure has been explained in detail, as well as the characteristics

of the employed materials. An equivalent circuit of the proposed prototype has

been presented and electromagnetic simulations and experimental results have

been compared. A good agreement between simulations and experimental results

has been achieved.

4.2 Microstrip-fed slot antenna for dedicated short-

range communications

4.2.1 Introduction

As previously highlighted in Chapter 1, during the last years, there has been

an overwhelming interest in wearable, flexible and textile integrated circuits and

antennas. Antennas play an important role in wearables due to the number of

different applications where they can be employed. For this reason, different

approaches have been developed to integrate antennas into the textile.

The most translated antenna topology into textile is the patch antenna, due

to its simplicity. For this reason, different alternatives have been employed to

translate the patch antennas into their analogous textile prototypes. The dielec-

tric substrate of the patch antennas has been usually implemented using either

non-wovens such as ethylene vinyl acetate (EVA) [13], fleece, felt [14] or PF-4

foam [15], or conventional dielectric fabrics [16–18]. Alternatively, the conductive

elements of the patch antennas have been implemented using conventional copper

gauze [13], silver fabric [15] or commercial conductive fabrics such as ShieldIt or

Flectron [14].

All the before mentioned antennas are not completely integrated in textile,

therefore, they require several processes to be manufactured. In this section, a

fully textile integrated microstrip-fed slot antenna is proposed [19].
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4.2. Microstrip-fed slot antenna for dedicated short-range communications

Table 4.1: Dimensions of the radiating slot.

a1 (mm) a2 (mm) a3 (mm) b1 (mm) b2 (mm) b3 (mm)

7 5 2 3 3 0.5

4.2.2 Structure of the antenna

A microstrip-fed slot antenna for dedicated short-range communications (DSCR)

is proposed for its operation at 5.9 GHz with a 9.3 % bandwidth. The antenna

is based on a microstrip line with a shorted port. The ground plane contains

the radiating slot whose centre is placed at a distance of a quarter of the wave-

length, dp = 16.2 mm, from the short circuit in order to constructively add the

incident and reflected waves in the microstrip line, leading to a maximum of the

magnitude of the electrical field in this position, as depicted in Figure 4.11a. The

antenna is composed of three different layers as shown in Figure 4.11b.

The dimensions of the antenna are the width, W a = 50 mm, the length,

La = 50 mm, the substrate height, H ML = 0.97 mm (which will be imposed by the

employed dielectric threads) and the width of the microstrip line, W ML = 3.5 mm

(which will be essentially calculated from the values of H ML and the equivalent

permittivity of the substrate, eeq). The radiating slot has been optimised for

bandwidth enhancement compared to a rectangular-shaped slot. Its dimensions

are represented in the magnification of Figure 4.11a and detailed in Table 4.1.

The proposed antenna is fully integrated in textile, therefore, the conductive

and dielectric parts are manufactured using different types of threads. Different

materials have been employed for the design of the antenna, for both the weft

and the warp directions. The weft direction coincides with the current direction,

whereas the warp direction is perpendicular to the weft direction, as depicted

in Figure 4.11a. In the following subsections, the employed materials will be

analysed and the translation into a woven prototype will be explained.

4.2.3 Characterisation of the conductive materials

Electrically conductive Shieldex 117f17 2-ply yarns have been used for the

weft threads. As will be explained later, these threads adopt the Pierce’s elliptic

cross section when they are in the woven structure. A single conductive Shieldex

117f17 1-ply warp yarn has also been used for the short-circuit of the antenna.

This thread has been modelled keeping the circularly shaped cross section. The

cross section approaches and corresponding dimensions of the different conductive
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Figure 4.11: Schematic design of the proposed antenna. (a) General overview,
reference coordinates system, dimensions and detail of the radiating slot. (b) Side
view from the port plane, dimensions of the microstrip line and identification of
the layers.

threads are summarised in Table 4.2, where the threads Shieldex 117f17 2-ply

and Shieldex 117f17 1-ply have been denoted Shx2p and Shx1p, respectively for

simplification. The thickness of the silver coating of each filament, for both types

of threads, is given by T c = 0.5 mm, whereas the total diameter of each filament

is given by D f = 31 mm, as it has been previously depicted in Figure 3.2.

Following the procedure described in section 2.1.2.2, both conductive threads

must be translated into their analogous monofilaments. For this purpose, the

analysis of the skin depth effect is discussed in this section. First, using the

expression described in (2.1), where rcoat = 1.59 · 10−8 (Wm) is the resistivity
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4.2. Microstrip-fed slot antenna for dedicated short-range communications

Table 4.2: Dimensions of the cross sections of the conductive materials.

Thread Thread
direction

Cross
section

Dimension Notation Value
(mm)

Shx1p Warp Circular Circumference radius C R 0.0125

Shx2p Weft Pierce
Horizontal semi-axis H S 0.1

Vertical semi-axis V S 0.03

of the silver and f is the operating frequency of the design, f = 5.9 GHz, the

skin depth is δ = 0.8262 mm. As the thickness of the conductive coating of the

filaments is less than the skin depth, the second part of the procedure is followed.

In order to employ the procedure described in section 2.1.2.2, some expressions

must be particularised to the different cross sections of the Shieldex yarns. Using

the expression (2.11), as the Shx2p threads and the Shx1p threads are composed

of 34 and 17 filaments, respectively, the resistance per unit length of each thread

is (R/l)Shx1p = 9.7611 W/m and (R/l)Shx1p = 19.5222 W/m. As the threads are

the same which have been already used in the previous chapter, these parameters

remain the same. Nevertheless, the equivalent cross sections have been modified

due to the forces the threads experiment in the different woven structure.

Particularising the expression in (2.6) for the Pierce’s elliptic cross section,

the areas of the equivalent conductive cross sections of the monofilament threads

for the Shx2p and the Shx1p threads, S mon2 and S mon1, can be expressed using,

respectively, (4.2) and (4.3).

Smon2 = π ·HS · V S − π · (HS − TR) · (V S − TR) (4.2)

Smon1 = π · CR
2 − π · (CR − TR)2 (4.3)

Once the expressions of the S moni are obtained, the resistances per unit length

of the monofilament can be expressed particularising (2.7) for the Pierce’s elliptic

cross sections, as generically indicated in (4.4).

(R/l)moni =
1

σmoni · π · Smoni
(4.4)

With the aim of achieving the same resistance per unit length in both the multi-

filament and the monofilamente threads, (R/l)Shx2p must be equal to (R/l)mon2
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Chapter 4. Fully woven textile integrated tags and antennas

and, equivalently, (R/l)Shx1p must be equal to (R/l)mon1. As it has been thor-

oughly explained in section 2.1.2.2, the parameter T R coincides with the skin

depths, δmon2 and δmon1, calculated using the equivalent electrical conductivities

of the monofilaments, smon2 and smon1, respectively, as previously expressed in

(2.9). Solving the corresponding equations using numeric methods, the solutions

have been found to be smon2 = 2.6311 · 1036 W/m and smon1 = 9.96 · 109 W/m,

respectively.

According to the procedure referenced in section 2.1.3.2 and the design of the

woven patterns which will be described in section 4.2.5, the equivalent conduc-

tivity is given by seq = 4.8 · 103 S/m. This low value of seq is due to the fact

that, in the woven design, there are no conductive threads in the warp direction

to form the ground plane.

4.2.4 Characterisation of the dielectric materials

For the dielectric parts of the antenna, three different types of threads have

been employed. For the weft threads, black PET 1670 dtex and uncoated PET

1530 dtex have been used. For the warp threads, high tenacity PES 550 dtex

has been used. The characteristic parameters of the employed materials are

summarised in Table 4.3 [20,21].

For the PES warp yarns, denoted by PES warp, the circular cross section has

been kept due to their high tenacity. For the uncoated or white PET weft threads,

denoted by PET weft w, the Pierce’s elliptic cross section has been used, whereas

for the black PET weft yarns, denoted by PET weft b, the circular cross section

has been kept due to their rigidity. The dimensions of the cross section of each

type of dielectric thread used in the proposed antenna are indicated in Table 4.4.

According to the procedure referenced in section 2.1.2.1, the proportion of air in

the multifilaments can be calculated, as summarised in Table 4.5.

According to the same procedure, the design of the woven structure is required.

Due to the fact that the cross section of the PET weft b is much bigger than

Table 4.3: Characteristic parameters of the dielectric materials.

Parameter PET PES

Relative permittivity efil PET = 3.7 efil PES = 3.4

Loss tangent tan(δ)fil PET = 0.001 tan(δ)fil PES = 0.01

Density (g/cm3) δfil PET = 1.5 δfil PES = 1.5
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4.2. Microstrip-fed slot antenna for dedicated short-range communications

Table 4.4: Dimensions of the cross sections of the dielectric materials.

Thread
Thread

direction
Cross

section
Dimension

Value
(mm)

PES warp Warp Circular Radius 0.0125

PET weft w Weft Pierce
Horizontal semi-axis 0.1

Vertical semi-axis 0.03

PET weft b Weft Circular Radius 0.46

Table 4.5: Parameters of the equivalent monofilaments.

Monofilament % of air Relative Permittivity Loss Tangent

PES warp 24% emon PESwarp = 1.72 tan(δ)mon PESwarp = 0.01

PET weft w 15% emon PETweft w = 2.83 tan(δ)mon PETweft w = 0.001

PET weft b 30% emon PETweft b = 2.11 tan(δ)mon PETweft b = 0.001

the others, the weft threads will remain straight, whereas the warp threads will

conform the woven structure around the weft threads. As PET weft b yarns are

much thicker than the other dielectric threads, the variation in the size of the

air gaps between the threads mainly depends on the epi parameter associated

to the PET weft b yarns. This epi parameter is equal to 24 ends per inch or,

equivalently, there is a 1.1 mm distance between centres of PET weft b yarns.

Although the MM represents an anisotropic structure, this woven density leads

to a scalar equivalent relative permittivity of the structure of eeq = 1.1. This

is due to the single polarisation of the antenna and the fact that the current is

mostly in the same direction as the propagation direction of the waveguide used

in the modelling. Moreover, the equivalent loss tangent has also been calculated

and it has been found to be tan(δ)eq = 0.01, due to the influence of the PES.

4.2.5 Design of the woven antenna

A fully textile integrated microstrip-fed slot antenna using rigid weft threads

is proposed to work at 5.9 Ghz. The ground plane layer is composed of con-

ductive threads in the weft direction (Shx2p) and dielectric threads in the warp

direction (PES warp). The dielectric layer is composed of dielectric threads in

both directions (PET weft w and PES warp), and the microstrip line layer is com-
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posed of conductive weft threads (Shx2p), dielectric weft threads (PET weft w)

and dielectric warp threads (PES warp). A single conductive warp thread (Shx1p)

has been used to electrically connect the ground plane layer with the microstrip

line layer to achieve the short-circuit.

Due to the fact that all the weft threads in the design have a Pierce’s cross

section or circular-shaped cross section, these sections have been modelled as

ellipses (or turned into circumferences). As the weft threads, aligned in the cur-

rent direction, have been found to be rigid threads, different warp patterns have

been designed to create the microstrip antenna structure while connecting the

different layers of the prototype through the already explained binder threads.

For this reason, the paths of the warp threads have been found to be mathema-

tically modelled as ellipse arcs and tangent lines. The proposed woven structure

for the MM is depicted in detail in Figure 4.12. A side view magnification of the

proposed antenna design, as seen from the port plane, is shown in Figure 4.12a,

where the weft ends and the warp threads are represented. Figure 4.12b depicts

the bottom view and magnification, where the microstrip line can be seen.

4.2.6 Simulations

The proposed design has been analysed using a 3D high frequency EM simula-

tor with a Transient Solver. Figure 4.13 depicts the simulated magnitude of the

reflection coefficient (dB) and bandwidth (shaded) of the LM. Figure 4.14 shows

the definition of the E -plane and the H -plane of the proposed antenna, whereas

Figure 4.15 represents the simulated normalised radiation patterns: E -plane and

H -plane co-polar (CP) contributions.

The simulated values of the gain, directivity and radiation efficiency are GS =

−1.5 dB, DS = 5.1 dB and eeff S = 22 %, respectively. The negative value of the

simulated gain is, essentially, due to the low value of the equivalent conductivity.

4.2.7 Fabrication process

A fully textile integrated antenna has been manufactured, as depicted in Figure

4.16, using two processes. First, an industrial loom has been used to fabricate the

textile structure and, secondly, a prototyping laser machine has been employed

to create the radiating slot. Finally, an SMA connector is mounted on the woven

antenna.

An industrial loom MüGrip loom with a maximum density of 107 epi has

been used for the manufacturing of the textile structure. First, the three layers
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Figure 4.12: Schematic simulated monofilament model of the microstrip geome-
try. (a) Side view from the port plane, magnification and materials. (b) Bottom
view and magnification.
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of warp threads are assembled in the loom, except in the position corresponding

to the short-circuit, where only one conductive thread is required to connect all

the layers. Then, the weft yarns are successively inserted in the woven structure

during the fabrication process. A finishing process is needed after removing the

fabric from the loom in order to achieve the requirements, by the use of a stenter

machine.
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Figure 4.15: Simulated normalised radiation patterns: E -plane and H -plane
CP contributions.

Figure 4.16a shows the top view of the antenna (slotted ground plane layer),

whereas Figure 4.16b represents the bottom view of the antenna (microstrip line

layer). In Figure 4.16c a side view from the port plane is shown, where the three

layers of the prototype can be identified. Figure 4.16d shows a detailed view of

the microstrip line and the conductive thread implementing the short-circuit.

A laser prototyping machine LPKF ProtoLaser has been used to structure the

radiating slot in the ground layer of the prototype. The power level has been

adjusted to structure only the ground plane layer of the antenna, avoiding the

modification of the middle layer. Figure 4.17a represents the laser patterned slot,

together with a magnification of the cut. Figure 4.17b shows the radiating slot

after removing the leftover textile material: only the ground plane layer of the

prototype has been cut even though the three layers remain connected through

yarns.

An SMA connector has been installed in the woven prototype. Two shims of

brass have been cut to size and placed on top of the microstrip line and under

the ground plane, in order to provide the fabric with the necessary rigidity to

install the connector as shown in Figure 4.16e and Figure 4.16f. The connector

has been secured to the brass shims using conductive epoxy glue.

4.2.8 Experimental validation

In order to experimentally validate the prototype, the reflection coeffient has

been measured using an Agilent N5247A PNA-X vector network analyser and

compared with the simulations, as shown in Figure 4.18. The measured band-

width has been found to be equal to 9.3 %.

The prototype has been measured at a spherical range in an anechoic cham-

ber to characterise its radiation pattern, directivity, gain, and radiation efficiency.
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Figure 4.16: Manufactured textile prototype without connector. (a) Top view.
(b) Bottom view. (c) Side view from the port plane. (d) Microstrip line and
short-circuit detail. (e) Connector view (microstrip line layer). (f) Connector
detailed view (ground plane layer).
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(a)

(b)

Figure 4.17: Detailed manufacturing process of the textile slot. (a) Before
removing the leftover textile material and magnification of a cut area. (b) After
removing the leftover textile material.

Measurements have been conducted at the frequency f o = 5.9 GHz, which corres-

ponds to the |S 11| minimum (as observed in Figure 4.18).

The radiation pattern of the textile antenna under test (AUT) has been mea-

sured at the distance of R = 5.4 m, which is in the far field (FF) region. A picture

of the measurement set-up at the spherical range in anechoic chamber is shown

in Figure 4.19, where the AUT has been mounted in a foam platform and the

probe antenna is a Narda 642 Standard Gain Horn (SGH) [22]. The E -plane and

H -plane normalised radiation patterns of the AUT have been measured and com-

pared with the simulated data, as depicted in Figure 4.20. A good agreement

between simulated and measured CP components can be noticed (cross-polar,
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Figure 4.18: Simulated and measured magnitude of the reflection coefficient
(dB) and bandwidth (shaded).

XP, component is below −40 dB in simulations).

The directivity has been calculated by integrating the measured AUT radiation

pattern, yielding DM = 4.9 dB, which is in agreement with the low directivity of

the AUT radiation pattern (as confirmed by the directive gain pattern depicted

in Figure 4.21). This result is of great interest for automotive DSRC antennas,

where antennas with low directivity are preferred [23,24].

The AUT gain has been evaluated by means of the inter-comparison tech-

nique [25], resulting GM = −2.75 dB. Finally, given the AUT gain and directivity,

the AUT radiation efficiency can be calculated: eeff M = 17.2 %. A comparative

between the simulated and the measured values of the gain, directivity and ra-

diation efficiency is presented in Table 4.6. The low values of both gains can be

justified due to the ohmic losses of the textile antenna conductive fibers. More-

over, the difference between the simulated and the measured gain values can

be justified due to manufacturing errors in the connection between the textile

antenna and the RF connector and the silver plated coating deterioration due

to the wear out, which could be solved by the use of non-coated stainless steel

threads.

A comparative between different microstrip textile antennas found in the lit-

erature has been summarised in Table 4.7 in terms of operating frequency, f,

bandwidth, BW, gain, G, directivity, D, and radiation efficiency, eeff. In the case

a parameter has not been provided in the corresponding paper, NP has been

indicated instead. The antennas described in [2, 13, 14] present higher radiation

efficiencies, due to different reasons. First, their operating frequencies are lower,
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Figure 4.19: Measurement set-up in anechoic chamber. (a) Overview of the
setup. (b) Detailed antenna under test (AUT). (c) Detailed probe antenna.

Table 4.6: Comparative between simulations and measurements.

Parameter Gain (dB) Directivity (dB) Radiation efficiency

Simulated -1.5 5.1 22%

Measured -2.75 4.9 17.2%

consequently, the losses are also lower, leading to higher efficiencies. Moreover,

the different techniques used to provide the textile antennas with the conduc-
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Figure 4.21: Directive gain pattern of the AUT. Directive gain at θ = 0◦, φ =
0◦ is 3.7 dB. Directivity D = 4.9 dB (at θ = 8◦, φ = 243◦).

tive elements, ink-jet printing, copper patches and copper plated nylon fabrics,

respectively, do not allow a fully textile integration while avoiding subsequent

post-treatments.

The antennas described in [16, 17] present higher gain values, although infor-

mation regarding the radiation efficiency is not provided for comparative. The

antennas presented in [15, 18] provide information regarding their radiation ef-

ficiencies, which is comparable to the radiation efficiency achieved in this work,
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Table 4.7: Comparative between textile microstrip antennas in the literature.

Reference f (GHz) BW (%) G (dB) D (dB) eeff (%)

[2] 0.43 5.2 2.41 NP 51

[13] 2.505 NP 5.98 8.72 53

[14] 2.45 6.04 9.1 NP 63

[16] 5.5 1.6 3.5 NP NP

[17] 6.0 9.3 6.11-6.69 NP NP

[18] 1.57542 3 1.2 NP 19

[15] 2.450 NP 4.09 NP 15.8

4.725 NP 7.62 NP 38.9

5.800 NP 6.73 NP 13.8

This work [19] 5.9 9.3 -2.75 4.9 17.2

although the conductive elements of the mentioned antennas are achieved by the

use of copper patches and silver coated nylon fabric, respectively, leading to a

lower textile integration level of the prototypes.

4.2.9 Conclusions

A novel fully textile-integrated microstrip-fed slot antenna for its use in DSRC

for automobile upholsteries has been presented. First, a complete character-

isation of the employed materials has been discussed. Then, the parametric

modelling technique to simulate textile structures based on the reduction of

the computational complexity of the problem has been applied to the antenna.

To validate the design, a prototype has been manufactured and experimentally

characterised.

A good agreement between simulations and measurements has been achieved,

consequently the theoretically predicted behaviour of the textile structure has

been experimentally verified. Nevertheless, in order to improve the measured gain

of the antenna it is proposed to use conductive threads with a lower resistance

and to use an electrically conductive epoxy with higher conductivity.

The manufactured prototype reveals the potential of the woven technology

applied to microstrip designs working at microwave frequencies, opening a new

field of research. This prototype represents a first step in TIC technology and

demonstrates the possibility of fully integration of antennas in woven structures.
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This antenna has been manufactured using a laser prototyping machine to

implement the radiating slot, although this could have been avoided using a

weaving loom provided with an automatic cutting mechanism in the warp and

weft directions. Nevertheless, this weaving loom has not been available during

the elaboration of the Thesis.

4.3 Mixed embroidered and woven coaxial-fed cavity-

backed slot antenna for wireless body area net-

work applications

4.3.1 Introduction

With the aim of improving the performance of the antenna presented in the

previous section, avoiding the backwards radiation resulting from the microstrip

structure, a novel antenna is presented in this section, whose topology is based on

a SIW cavity-backed slot antenna. Although in the literature some approaches to

develop textile integrated SIW antennas have already been proposed, they have

been manufactured using previously fabricated conductive fabrics [26–33].

Not only the textile SIW antennas presented in the literature have been manu-

factured using prefabricated conductive fabrics, but also the conductive vias have

been implemented using brass eyelets [26,27,30,32,33], avoiding the complete in-

tegration into textile. In order to achieve the goal of a complete integration of

the antenna into the textile, a mixed embroidered and woven coaxial-fed cavity-

backed slot antenna for wireless body area network applications is proposed in

this section.

4.3.2 Structure of the antenna

A mixed embroidered and woven coaxial-fed cavity-backed slot antenna for

wireless body area network applications is proposed for its operation at 5 GHz

with a 20 % bandwidth. The antenna is based on the SIW technology, for

this reason, the structure is divided into three layers: the slotted layer which

corresponds to the top cover, the dielectric layer whose thickness is H, and ground

layer which corresponds to the bottom cover of the SIW, as schematically depicted

in Figure 4.22, together with the employed coordinate system.

In order to achieve a cavity structure, one of the ports of the square-shaped

SIW whose length is given by LS, is short-circuited. The short-circuit is achieved

using identical extra conductive vias whose diameter are denoted by D and which

136



4.3. Mixed embroidered and woven coaxial-fed cavity-backed slot antenna for wireless
body area network applications

Table 4.8: Dimensions of the antenna.

Dimensions (mm)

LA H D S dF dS LS W S

28 0.36 0.2 0.4 13 13 17 2.8

are separated S between centres. The antenna is fed using a coaxial cable which

is connectorised through the ground layer (or bottom layer) of the SIW using a

SMA connector. This connector is placed at a distance dF from the short-circuit

as depicted in Figure 4.22a.

The radiating slot, which is placed in the top layer of the SIW, is a rectangle-

shaped slot whose dimensions are LS and W S, respectively. With the aim of

achieving the required 5 GHz resonant frequency, the slot is placed at a distance

dS from the other port of the SIW, as depicted in Figure 4.22b. The beforemen-

tioned dimensions are summarised in Table 4.8.

The proposed antenna is fully integrated in textile and the different layers of

the SIW structure are achieved using weaving technology. For this reason, the

structure of the woven layers corresponds to a TIW topology, already presented in

Chapter 3. Likewise, the conductive vias of the TIW are implemented in textile

technology, although in this case they are embroidered. Both the conductive

and dielectric elements of the antenna are threads, which are divided into the

two already known directions, the weft and the warp directions. The employed

materials are analysed in the following subsection.

4.3.3 Characterisation of the employed materials

As previously mentioned, the proposed antenna has been designed using two

different techniques. On the one hand, the textile structure composed of three

layers has been woven. On the other hand, the conductive vias which connect

the different layers have been implemented using an embroidery technique.

The woven structure employed in this antenna has been provided from a sample

of the woven structure required in the TIW thoroughly discussed in section 3.1.

However, while the woven structure of the TIW presented conductive threads

in both the warp and the weft directions, the woven structure employed in this

antenna belongs to a part of the sample where the conductive warp threads have

been replaced with dielectric warp threads. For this reason, it is expected that

the gain of the antenna is not very high.
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Figure 4.22: Schematic design of the proposed antenna: conductive and dielec-
tric materials are yellow and grey colored, respectively. (a) General overview, ref-
erence coordinates system, dimensions and detail of the radiating slot. (b) Side
view from the port plane, dimensions and identification of the layers.

Although the equivalent relative permittivity of the substrate has already been

discussed in section 3.1 and found to be eeq = 1.55, the operating frequency of

the herein presented antenna is much lower. Consequently, in this work, the

equivalent relative dielectric permittivity of the proposed structure may increase

due to the air gaps are larger with respect to the associated wavelength. With

the aim of experimentally characterise this value, a TIW provided with a pair

of TIW to coaxial transitions has been manufactured and measured using the

same textile structure as the antenna. The measurements have been compared
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Figure 4.23: Schematic design of the TIW provided with a pair of TIW to
coaxial transitions.

to the corresponding simulations of the LM, while sweeping the value of the eeq

parameter.

Figure 4.23 schematically depicts the TIW provided with the aforementioned

transitions. Both feeding points are located at a distance dF1 and dF2, respec-

tively, from the shortcircuiting vias. Both distances are dF1 = dF2 = 12 mm,

while the length and width of the waveguide are LT = 30 mm and W T = 28 mm,

respectively. The dimensions of the conductive vias and their separation are ana-

logous as in the previously described design of the antenna.

The TIW has been manufactured and connectorised as depicted in Figure 4.24,

and then measured using an Agilent N5247A PNA-X vector network analyser.

A narrow-band performance of the TIW could be anticipated due to the design

of the transitions. However, the main goal is finding the central frequency of the

manufactured TIW bandpass, which has been found to be f cBP = 5.6 GHz.

Different versions of the LM associated to the TIW have been simulated

sweeping the value of the eeq parameter. Eventually, eeq = 2.2 has been found

to be the value of the equivalent relative permittivity which makes the simu-
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Figure 4.24: Manufactured TIW provided with a pair of TIW to coaxial tran-
sitions. (a) Top view. (b) Bottom view.
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Figure 4.25: Simulated and measured scattering parameters of the TIW and
corresponding transitions to coaxial.

lations and measurements coincide, as depicted in Figure 4.25. Consequently,

as predicted, the equivalent relative permittivity has increased. Employing the

same procedure, the equivalent electrical conductivity has been found to be seq

= 2 · 104 S/m.

4.3.4 Simulations

Once the materials have been characterised, the mixed embroidered and woven

cavity-backed slot antenna has been designed and simulated. The proposed de-

sign has been analysed using a 3D high frequency EM simulator with a Transient

Solver. Figure 4.26 depicts the simulated magnitude of the reflection coefficient

(dB) and bandwidth (shaded) using the LM. Figure 4.27 represents the defini-

tion of the E–plane and the H –plane of the proposed antenna, whereas Figure
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Figure 4.26: Simulated magnitude of the reflection coefficient (dB) and band-
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Figure 4.27: Definition of the E–plane and the H –plane.

4.28 depicts the simulated normalised radiation patterns: E–plane and H –plane,

including both CP and XP contributions.

The simulated values of the gain, directivity and radiation efficiency are GS =

−5.1 dB, DS = 6.3 dB and eeff S = 7.2 %, respectively. The negative value of the

simulated gain is, essentially, due to the low value of the equivalent conductivity.

This low value is the result of using conductive material only for the warp threads,

instead of for the warp and the weft threads.
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Figure 4.28: Simulated normalised radiation patterns of the antenna. (a) E–
plane. (b) H –plane.

4.3.5 Fabrication process

A fully textile integrated antenna has been manufactured using three processes.

First, the woven structure composed of three layers has been manufactured using

an industrial loom. Secondly, an embroidery process has been employed to man-

ufacture the conductive vias. Finally, a cutting process has been required to

fabricate the radiating slot. Once the antenna is fabricated, it is connectorised

using a SMA connector which is glued to the textile prototype employing con-

ductive epoxy glue.

The woven structure is composed of three layers. The middle layer is com-

pletely dielectric, however, the conductive covers of the TIW structure have been

manufactured using conductive weft threads and dielectric warp threads. This

is due to the the woven structure employed to fabricate the proposed antenna

has previously designed and employed for another purpose. Figure 4.29 depicts

several schematic drawings of the woven structure.

In Figure 4.29a, a side view of the woven structure is presented, where the warp

ends and the weft threads are depicted. Figure 4.29b represents the side view of

the woven structure after cutting the threads belonging to the radiating slot using

a laser prototyping machine LPKF ProtoLaser. To avoid the presence of loose

threads after the cutting process, the woven structure has been manufactured

using dielectric binders, as depicted in Figure 4.29c.

Cutting the radiating slot using a laser prototyping machine has been decided

due to the unavailability to use a weaving loom provided with an automatic

cutting mechanism and an auxiliary layer.
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Figure 4.29: Schematic drawing of the woven structure. (a) Side view. (b)
Side view after cutting the threads belonging to the radiating slot. (c) Side view
using binders to avoid the loose threads.

The conductive vias of the prototype are achieved using an embroidery pro-

cedure with a Brother Innovis NV2600 embroidery machine. As a result, Figure

4.30 depicts the manufactured prototype. Figure 4.30a and Figure 4.30b repre-

sent, respectively, the top and bottom views of the prototype before its connec-

torisation. Analogously, Figure 4.30c and Figure 4.30d depict the top and bottom

views of the manufactured prototype after the connectorisation.

Figure 4.31 depicts detailed views of the manufactured prototype and corres-

ponding magnifications. In Figure 4.31a, the conductive cover of the woven SIW

structure is depicted, in which the conductive warp threads and the dielectric weft

threads can be identified. Figure 4.31b represents the woven substrate, whereas

Figure 4.31c depicts a side view of the prototype where the three layers can be

easily identified.

4.3.6 Experimental validation

With the aim of experimentally validating the prototype, the reflection co-

efficient has been measured using an Agilent N5247A PNA-X vector network

analyser with the set-up presented in Figure 4.32. The measured reflection co-

efficient has been compared with the simulations, as depicted in Figure 4.33.
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The manufactured antenna operates at a central frequency of 5 GHz and the

measured bandwidth has been found to be equal to 20 %.

The manufactured prototype has been measured in a spherical range in ane-

choic chamber in order to characterise its radiation pattern, directivity, gain and

radiation efficiency. The measurements have been conducted at the frequency f o

= 5 GHz, which corresponds to the |S 11| minimum, as observed in Figure 4.33.

The radiation pattern of the textile AUT has been measured at the distance

of R = 5.4 m, which is in the FF region. Figure 4.34a represents the measure-

ment set-up at the spherical range in anechoic chamber, where the AUT has been

mounted in a cardboard and plastic platform as detailed shown in Figure 4.34b,

and the probe antenna is a Narda 643 SGH [22]. The E -plane and H -plane

normalised radiation patterns of the AUT have been measured. The measure-

ments have been processed using ANCAN software [34, 35] and compared with
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Figure 4.30: Manufactured prototype. (a) Top view before connectorising.
(b) Bottom view after connectorising. (c) Top view after connectorising. (d) Bot-
tom view after connectorising.

144



4.3. Mixed embroidered and woven coaxial-fed cavity-backed slot antenna for wireless
body area network applications

W
ef

t d
ir

ec
tio

n

Warp direction

(a)

W
ef

t d
ir

ec
tio

n

Warp direction

(b)

(c)

Figure 4.31: Detailed views of the manufactured prototype and magnifications.
(a) Conductive cover of the TIW structure. (b) Substrate. (c) Side view.

the simulated data, as depicted in Figure 4.35.

A good agreement between simulated and measured CP components can be

noticed. The difference between the simulated and measured CP components of

the E -plane can be due to a fabrication defect in the slot, which is not exactly

rectangle-shaped as required, as it can be perceived in Figure 4.30a and Figure

4.30c. However, in both E -plane and H -plane measured radiating patterns, the

backward radiation is reduced in comparison to the simulations. The measured

XP components present higher levels in comparison to simulations, especially in

the E -plane, and may be due to the XP component of the probe antenna.

Directivity has been calculated by integrating the measured AUT radiation

pattern, yielding to DM = 7.49 dB, which is in agreement with the low direc-
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Front view

Back view

Figure 4.32: Measurement set-up with PNA-X and magnifications of prototype
under test.

tivity of the AUT radiation pattern (as confirmed by the normalised directive

gain pattern depicted in Figure 4.36a). Analogously, Figure 4.36b depicts the

measured normalised gain pattern in the backward direction.

AUT gain has been calculated by means of the inter-comparison technique [25],

leading to GM = −4.9 dB. Finally, given the AUT gain and directivity, the AUT

radiation efficiency can be calculated: eeff M = 5.77 %. A comparative between

the simulated and the measured values of the gain, directivity and radiation

efficiency is summarised in Table 4.9.
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Figure 4.33: Simulated and measured magnitude of the reflection coefficient
(dB) and bandwidth (shaded).
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AUT Probe

(a)

(b) (c)

Figure 4.34: Measurement set-up in anechoic chamber. (a) Overview of the
set-up. (b) Detailed antenna under test (AUT). (c) Detailed probe antenna.

Table 4.9: Comparative between simulations and measurements.

Parameter Gain (dB) Directivity (dB) Radiation efficiency

Simulated -5.1 6.3 7.2%

Measured -4.9 7.49 5.77%
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Figure 4.35: Simulated and measured normalised radiation patterns. (a) E–
plane. (b) H –plane.
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Figure 4.36: Measured normalised gain pattern. (a) Forwards. (b) Backwards.
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A comparative between different textile SIW antennas found in the literature

has been summarised in Table 4.10 in terms of the operating frequency, f, band-

width, BW, gain, G, directivity, D, and radiation efficiency, eeff. In the case a

parameter has not been provided in the corresponding paper, NP has been indi-

cated instead. The antennas presented in [26,27,30–32] present higher radiation

efficiencies for several reasons. The main reason is due to they operate at lower

frequencies than the antenna proposed in this section. Moreover, in the before-

mentioned references, the conductive covers of the SIW structure of the antennas

are achieved using different conductive fabrics (ShieldIT Super from LessEMF

Inc. in [30], electrotextile in [26, 31], conductive copper plated Taffeta fabric

in [27, 33]), instead of woven patterns. In [29], even though two different values

of the gain are presented, for each frequency band, neither the directivity nor

the radiation efficiency are provided, consequently, the antenna is not completely

characterised.

In [32], a SIW antenna has been presented which is based on the same topol-

ogy as the antenna presented in this section. However, although the antenna

presented in [32] has been fabricated using copper-plated taffeta electro-textile,

it is not fully integrated into textile for several reasons. Firstly, the employed

substrate is cork and, secondly, the conductive vias are achieved using brass

eyelets. Moreover, the conductive taffeta and the cork substrate require an ad-

ditional adhesive procedure to achieve a compact prototype.

4.3.7 Conclusions

A novel mixed embroidery and woven coaxial-fed cavity-backed slot antenna

for its use in wireless body area network applications has been presented. First,

a complete characterisation of the employed textile materials has been explained.

Then, a translation from a conventional SIW antenna into an embroidery and

woven prototype has been presented. To validate the design, a prototype has

been manufactured and experimentally characterised. The simulations have been

compared to the measurements and a good agreement has been achieved.

Nevertheless, the antenna presents a low gain, as it has been predicted by

the simulations, due to the use of conductive threads only in one direction. In

order to improve the performance of the antenna, using conductive threads in

both directions is proposed, as well as employing conductive threads with higher

conductivity.
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Table 4.10: Comparative between textile SIW antennas in the literature.

Reference f (GHz) BW (%) G (dB) D (dB) eeff (%)

[30] 2.45 6.12 5.35 NP 74.3

[28] 5.8 4.3 3.12 NP 37.7

[29] 2.45 6.4 2.9 NP NP

5.5 12.1 5 NP NP

[26] 2.45 4.9 5.9 NP 74

[27] 2.45 12.2 6.5 NP 73

[31] 2.4 16.2 4.7 NP 67

[32] 5.15-5.85 23.7 4.3 NP 85

[33] 2.45 NP 5 NP 89

2.53 NP 5 NP 93

2.65 NP 5 NP 92

This work 5 20 -4.9 7.49 5.77
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This chapter includes the description of fully woven textile integrated fre-

quency selective surfaces (FSS) achieving a bandstop behaviour.

5.1 Narrow-band FSS

5.1.1 Introduction

During the last few years, there has been an overwhelming interest in FSS

due to the wide number of applications in which they can be used [1], such

as absorbers [2], artificial magnetic conductors [3, 4], electromagnetic shielding,

among others. The electromagnetic shielding can be achieved thanks to the

bandpass [5,6] or bandstop [7,8] responses of the FSS, depending on the periodic

structure.

Different approaches have been used to develop FSS, from conventional de-

signs based on resonators implemented over rigid substrates [9–11], FSS based

on 3D printing [12], the use of high permittivity ceramic materials in order to

avoid conductive materials [13], thicker multiband designs based on SIW techno-

logy [14] or multilayered designs [15]. The before mentioned alternatives present

different advantages, such as the possibility of achieving high precision details in

the fabricated prototypes. Nevertheless, none of them are flexible or washable

through industrial processes, and their dimensions are constrained by the proto-

typing machine or 3D printer, leading to a limited number of unit cells in the

manufactured design.

In order to solve these problems, there has been an increasing interest in flex-

ible FSS manufactured using different technologies applied to textiles, such as

embroidery [16], ink-jet printing [17] or screen printing [18]. However, these solu-

tions still present the disadvantages thoroughly explained in Chapter 1. There-

fore, with the aim of achieving a large, flexible and washable FSS completely

integrated into textile, a narrow-band FSS implemented in a woven structure is

proposed [19].
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H

(c)

Figure 5.1: Schematic drawing of the unit cell and corresponding dimensions.
(a) Top layer: W T = 5 mm and LT = 35 mm. (b) Middle or bottom layer:
L = 45 mm. (c) Side view and its layers: H = 1 mm.

5.1.2 Structure of the FSS

A bandstop FSS is proposed to work at 3.75 GHz with a 0.8 GHz bandwidth.

The FSS has been designed from a unit cell. Figure 5.1a and Figure 5.1b re-

present, respectively, the top and bottom views of the unit cell. The unit cell

is composed of three layers, leading to a total height denoted by H as depicted

in Figure 5.1c, where the middle and bottom layers are identical and completely

dielectric. The top layer of the unit cell is composed of a cross-shaped resonator,

whose geometric parameters are LT and WT, respectively. The total length of

the square-shaped unit cell is L.

5.1.3 Description of the employed materials

Different materials have been employed for the design of the FSS, for both the

weft and the warp directions. In the proposed FSS, the warp direction coincides

with the direction of the Y–axis. Consequently, the weft direction is oriented in

the X–axis direction.

Electrically conductive Shieldex 117f17 2-ply yarns have been used for the

conductive warp and weft threads. The diameter of the Shieldex 117f17 2-ply
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Ply 1 Ply 2

Substrate

Figure 5.2: Woven substrate with two conductive threads and magnifications:
a Shieldex thread and a dielectric PET warp thread.

yarns has been aproximated to dShieldex = 0.3 mm. In the upper right corner of

the Figure 5.2 a sample of a Shieldex 117f17 2-ply yarn is depicted.

For the dielectric parts of the FSS two different types of threads have been

used. One the one hand, high tenacity black polyethersulfone (commonly known

as PES) 550 dtex, formed by 28 filaments, has been employed for the weft threads.

The diameter of the PES yarns is dPES = 0.3 mm. One the other hand, for

the warp threads, white polyethylene-terephthalate (commonly known as PET

or polyester) 76f24, which means that it is composed of 76 filaments with 24

dtex, has been used. The diameter of the PET yarns has been approximated to

dPET = 0.1 mm. Figure 5.2 depicts a sample of the woven substrate, where the

black PES is depicted, and a magnification of a warp PET yarn is detailed in

the bottom right corner.

5.1.4 Design of the woven FSS

A layer-to-layer angle interlock 3D woven bandstop FSS is proposed. The FSS

has been designed from a unit cell to which perfect boundary conditions (PBC)

have been applied, leading to an ideal infinite FSS. Nevertheless, a finite version

composed of 8 × 8 unit cells has also been simulated to be able to compare the

simulations with the measurements.

The substrate of the FSS is a multilayered fabric composed of three layers

of weft PES threads interwoven using warp PET yarns, leading to a satin wo-

ven structure. Due to the air gaps between the threads, a sample of the subs-

trate has been manufactured and electromagnetically characterised using an Ag-

ilent Technologies 85072A Split Cylinder Resonator. Consequently, its relative

dielectric permittivity and loss tangent have been found to be esubs = 1.75 and

tan(δ)subs = 0.0037, respectively. Figure 5.2 represents the top view of a sample

of the woven substrate.
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Figure 5.3: Schematic drawing of the proposed unit cell and its dimensions.
The dimensions are summarised in Table 5.1. (a) Top view. (b) Detailed view
of the dimensions (top view). (c) Bottom view.

As previously mentioned, the woven prototype is composed of three layers: the

top layer is a dielectric layer in which the conductive cross-shaped resonators are

inserted, and the middle and bottom layers are identical and completely dielectric

layers. Two dielectric layers have been used due to the already mounted warp

threads in the employed weaving machine. Nevertheless, the use of an additional

dielectric layer (the bottom layer) does not suppose any modification in the EM

behaviour of the FSS. Consequently, the three layers are identical, except for

the positions where the dielectric threads have been substituted by conductive

threads to implement the resonators.

Due to the dimensions of the unit cell, the simulation of the complete woven

structure is not possible with the available resources. Consequently, the conduc-

tive resonators placed in the top layer are translated into 5 Shieldex threads as

shown in Figure 5.3a, which will be simulated as 5 conductive strips, separated

a distance sT between centres and whose widths are dT = dShieldex, as it can be

Table 5.1: Dimensions (mm) of the top layer and the unit cell of the FSS.

Top layer Unit cell

LT W T dT sT L H

35 5 0.3 1.2 45 1
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Figure 5.4: Detailed schematic drawing of the different versions of the proposed
unit cell and its dimensions. (a) Uniform . (b) Three strips. (c) Five strips.
(d) Nine strips.

Table 5.2: Dimensions (mm) of the different versions of the translation into a
woven prototype.

Figure 5.4a Figure 5.4b Figure 5.4c Figure 5.4d

W T sT dT sT dT sT dT sT

5 0 0.3 2.4 0.3 1.2 0.3 0.6

seen in Figure 5.3b. The middle and bottom layers are completely dielectric as

depicted in Figure 5.3c. All the beforementioned dimensions are summarised in

Table 5.1.

Nevertheless, Figure 5.4 depicts different detailed versions of the translation

of the unit cell into a woven prototype. Figure 5.4a represents the detailed

uniform cross-shaped resonator which would be structured in a conventional rigid

substrate. Figure 5.4b, Figure 5.4c and Figure 5.4d represent, respectively, a

detailed view of the unit cell translated using 3, 5 and 9 strips corresponding to 3,

5 and 9 conductive threads. While the dimension denoted by dT remains constant

in the non-uniform resonators, the distance sT is modified as summarised in Table

5.2. In section 5.1.5, the different electromagnetic behaviours of the presented

versions are explained.
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5.1.5 Simulations

The proposed design has been analysed using the 3D full–wave HFSS software.

Figure 5.5 depicts an overview of the unit cell to which PBC have been applied.

The tangential component of the magnetic field, HT, in the two boundaries which

are parallel to the YZ–plane fulfils HT = ~H · n̂Y = HY = 0. Alternatively, the

tangential component of the electric field, ET, in the two boundaries which are

parallel to the XZ–plane fulfils ET = ~E · n̂X = EX = 0, being n̂Y and n̂X the

unit vectors in Y and X direction, respectively. These two conditions lead to a

PBC environment. The unit cell has been illuminated with a plane wave, whose

polarisation axis is vertically oriented (Y–axis), propagating in the k̂ direction

from port 1 to port 2, so that the S21 parameter can be calculated.

First, different versions of the translation into a woven prototype have been

simulated as depicted in Figure 5.6. These versions have been simulated as infi-

nite FSS using the set-up presented in Figure 5.5, with two ports at a distance

of D/2 = 0.75 m from each side of the FSS. Consequently, the more strips em-

ployed in the translation, the higher attenuation achieved. Nevertheless, instead

of using the translation proposed in Figure 5.4d with 9 strips, the translation

depicted in Figure 5.4c with 5 strips has been employed. This decision has been

made due to manufacturing specifications.

X

Y

ZE

H

k̂

ET = 0

HT = 0Port 1

Port 2

D

Figure 5.5: Overview of the unit cell with the boundary conditions.
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Figure 5.6: Simulated |S 21| parameter for the different versions of the unit cell
proposed in Figure 5.4 using the infinite FSS (set-up in Figure 5.5).

Table 5.3: Characteristics of the employed horn antennas.

Narda Standard Gain Horns

Model 644 643

Notation N644SGH N643SGH

Low Frequency (GHz) 2.6 3.95

High Frequency (GHz) 3.95 5.9

Waveguide dimensions WR-284 WR-187

Then, an infinite array of resonators has been simulated and compared to a

finite version 8× 8 unit-cell. For the finite FSS, two horn antennas are simulated

at a distance of D/2 from each side of the FSS in order to illuminate the FSS

emulating the real set-up. Two pairs of different horn antennas are required

for the simulations and characterisation of the FSS in order to guarantee the

single-mode operation in the complete range of frequencies.

Consequently, a pair of Narda 644 SGH antennas and a pair of Narda 643

SGH antennas have been employed, whose characteristics are summarised in

Table 5.3 [20]. For this reason, the non-shaded and the shaded range of frequen-

cies represent, respectively, the frequencies in which a single-mode operation of

each different horn is guaranteed, and this is applicable for the all of the following

graphics.

The simulated set-up for the finite FSS is depicted in Figure 5.7a. The simu-

lated S 21 parameter, normalised by the response in the absence of the FSS, is

shown in Figure 5.7b. The dimensions of the simulated horns are identical to the

dimensions of the real horns employed for the validation.
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Figure 5.7: Normal incidence. (a) Schematic drawing of the simulated set-up
(D = 1.5 m). (b) Simulated |S 21| parameter for an infinite FSS (set-up in Figure
5.1a) and for a finite FSS.
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Figure 5.8: Set-up and performance in terms of angle θ. (a) Schematic drawing
of the simulated set-up. (b) Simulated |S 21| parameter and the influence of the
angle θ on the finite FSS performance.

The behaviour of the designed FSS in terms of the angle θ formed by the

electric field, ~E, and the resonators when rotating the FSS around the Z-axis has

been studied. For this purpose, the FSS has been simulated from θ = 0◦ to θ =

45◦ as depicted in Figure 5.8a. The simulated |S 21| parameter for the different

angles θ is shown in Figure 5.8b. The minimum value of the |S 21| parameter

is modified with the angle θ, however the attenuation level remains over 10 dB

in the studied cases. Consequently, the FSS presents an stable performance in

terms of the angle θ.

To study the behaviour of the designed FSS in terms of the angle of incidence,

the FSS has been simulated rotating it around its Y–axis, from φ = 0◦ to φ = 45◦
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Figure 5.9: Set-up and performance in terms of the angle of incidence. (a)
Schematic drawing of the simulated set-up. (b) Simulated |S 21| parameter and
the influence of the angle of incidence on the finite FSS performance.

as depicted in Figure 5.9a. The simulated |S 21| parameter for the different angles

of incidence is shown in Figure 5.9b. Although the minimum value of the |S 21|
has been shifted, the simulated FSS presents a stable performance in terms of

the angle of incidence.

5.1.6 Fabrication process

A finite 8×8 unit cells FSS has been manufactured using an industrial MüGrip

loom. The manufacturing process has been based on satin weaving. The con-

ductive warp yarns are previously mounted in the loom and the conductive weft

threads are inserted in the fabric during the fabrication process leading to a con-

ductive lattice in the top layer of the fabric, instead of the required cross-shaped

resonators, thanks to an auxiliary layer as depicted in Figure 5.10a.

In Figure 5.10a, the red and blue colored segments of conductive thread corres-

pond, respectively, to the segments of warp and weft conductive threads which

are interwoven in the auxiliary layer. In Figure 5.10b, a schematic drawing of

the woven structure after the cutting process is depicted, in which the leftover

conductive segments have been removed and the cross-shaped resonators are

represented.

With the aim of translating the schematic drawing in Figure 5.10 into woven

patterns, Figure 5.11 is presented. Figure 5.11a represents the front view of

the weft threads and the side view of the warp patterns. In the segment which

corresponds to the separation between two adjacent resonators the conductive

threads must be interrupted in order to avoid a shortcircuit. For this reason,
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(a) (b)

Figure 5.10: Schematic drawing of the woven structure before and after the
cutting process. (a) Top layer before the cutting process. Red and blue colored
segments represent, respectively, warp and weft segments of threads which have
been left unwoven from the main fabric for the subsequent cutting procedure.
(b) Top layer after the cutting process.

along this segment, the conductive warp threads are interwoven in the auxiliary

layer and, subsequently, interwoven again in the main fabric. An analogous

process is required for the undesired segments of the weft threads.

An automatic cutting process is then required to remove the auxiliary layer,

leading to the representation depicted in Figure 5.11b. In this representation, the

weft threads corresponding to the positions of the top layer beneath the auxiliary

layer have been left loose, after the cutting process.

The described woven patterns lead to a layer-to-layer angle interlock weav-

ing [21–24], due to the individually woven layers of weft threads through undu-

lated warp threads. In order to, not only connect the different layers to create a

multilayered structure, but also avoid the presence of loose weft threads after the

cutting process, binders must be employed. Binders are threads which, instead

of present a woven pattern in an individual layer, they connect different layers to

conform a compact woven structure, as depicted in Figure 5.11c. These threads

must be dielectric, in order to achieve the separation between the conductive

resonators avoiding the shortcircuits. Due to the necessity of using these binders

also between the conductive threads, 5 conductive strips have been employed,
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Figure 5.11: Schematic drawing of the woven structure based on a layer-to-
layer angle interlock 3D fabric. (a) Side view of the woven structure with using
an auxiliary layer. (b) Side view of the woven structure with the loose threads,
after cutting the auxiliary layer. (c) Side view of the woven structure using
binders to avoid the loose threads. (d) Top view equivalence.
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Figure 5.12: Schematic drawing of the finishing process using a stenter machine.
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Figure 5.13: Manufactured prototype and magnification of a unit cell. (a) Top
view of the prototype. (b) Bottom view of the prototype. (c) Magnification and
dimensions of the top view of the unit cell. (d) Magnification and dimensions of
the bottom view of the unit cell.

instead of 9, in the translation into the woven prototype. By the use of the auxi-

liary layer and the binders, the different cross-shaped resonators can be achieved

as schematically depicted in Figure 5.11d.

167



Chapter 5. Fully woven frequency selective surfaces

A finishing process is required after removing the fabric from the loom in order

to achieve the requirements. Figure 5.12 depicts a generic finishing process which

starts with the insertion of the fabric in liquid chemicals, then needling the fabric

and finally applying heat to dry it. The manufactured FSS has been heated at

185◦ on the frame of the stenter machine. The top view of the manufacture

prototype can be seen in Figure 5.13a, whereas the bottom view is depicted in

Figure 5.13b. A magnification of a unit cell from the top layer is shown in Figure

5.13c, whereas its analogous bottom view is depicted in Figure 5.13d. The white

woven lines in the beforementioned figures are due to the binders.

5.1.7 Experimental validation

The prototype has been experimentally validated using different set-ups and

employing the two beforementioned horn antennas, horn N644SGH and horn

N643SGH, respectively, which are depicted in Figure 5.14, together with their

dimensions in centimetres. All the set-ups are composed of a wooden frame,

in which the prototype has been assembled and allows the required movements

for the validation under different angles of incidence, two different pairs of horn

antennas mounted on rotary platforms for the validation of the different values of

the angle θ and a vector network analyser. The S 21 parameter between the horn

antennas, for each set-up, calibrated by using the response between the antennas

without the FSS, has been measured using an Agilent N5247A PNA-X vector

network analyser and compared with the simulations.

The FSS has been experimentally validated under normal incidence conditions

using the set-up shown in Figure 5.15a. The comparison between simulations and

measurements can be seen in Figure 5.15b. The manufactured FSS presents a

bandstop behaviour, |S 21| < −10 dB, which provides a 0.6 GHz stopband cen-

tered at 3.75 GHz, with a 10 dB minimum attenuation and a 27 dB maximum

attenuation. The predicted simulated data agree with the measurements, al-

though the differences may be due to the approximations taken into account in

the simulations. In the simulations, conductive flat strips are employed for the

resonators, whereas the manufactured conductive woven paths are slightly longer

due to the weaving curves. For this reason, the measured range of working fre-

quencies has been slightly shifted to lower values, although the bandwidth has

been enhanced.

The FSS has been experimentally validated for different values of the angle

θ ∈ [0◦, 45◦], using the set-up shown in Figure 5.16a in which the antennas have

been mounted on the rotary platforms. The comparison between simulations
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Figure 5.14: Horn antennas employed for the measurements and their dimen-
sions in centimetres. (a) Top view. (b) Overview.
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Figure 5.15: Normal incidence. (a) Measurement set-up using horn N644SGH
(D = 1.5 m). (b) Measured vs. simulated |S 21| parameter.
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and measurements is depicted in Figure 5.16b. The manufactured FSS presents

a bandstop behaviour, consequently, the FSS exhibits a stable performance in

terms of the angle θ. This represents an interesting point for the potential use of

the proposed FSS as a wall cover or curtain to filter undesired frequencies.

The FSS has also been experimentally validated for different angles of inci-

dence, φ ∈ [0◦, 45◦], using the set-up shown in Figure 5.17a. The comparison

between simulations and measurements is shown in Figure 5.17b. As predicted,

the manufactured FSS also exhibits a stable performance in terms of the angle

of incidence, reinforcing its applicability in the aforementioned wall covering.
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Figure 5.16: Performance in terms of the angle θ. (a) Measurement set-up
using horn N643SGH. (b) Measured (solid line) vs. simulated (dashed line) |S 21|
parameter and the influence of the angle θ on the finite FSS performance.
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Figure 5.17: Angle of incidence. (a) Measurement set-up using horn N643SGH.
(b) Measured (solid line) vs. simulated (dashed line) |S 21| parameter and the
influence of the angle of incidence on the finite FSS performance.

5.1.8 Conclusions

A novel flexible fully textile-integrated bandstop FSS has been presented. A

methodology to implement a layer-to-layer angle interlock 3D woven structure

and its subsequent cutting procedure to achieve the independent resonators have

been throughly explained.

To validate the design, a 8× 8 unit–cell prototype has been manufactured and

experimentally characterised under different conditions, including different angles

of polarisation and angles of incidence. A good agreement between simulations

and measurements has been achieved, experimentally verifying the theoretically

predicted behaviour of the textile structure. Therefore, the manufactured FSS

exhibits a stable performance in terms of the angle of polarisation and the angle

of incidence.
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The manufacturing procedure using industrial textile machinery provides the

possibility of manufacturing flexible and large FSS, as opposed to other alterna-

tives based in conventional substrates, solving the fabrication problems of large

shielding surfaces.

5.2 Wideband FSS

5.2.1 Introduction

With the aim of enhancing the bandstop FSS presented in the previous section,

in terms of the bandwidth, a broadband FSS is proposed. For this purpose,

two isolated layers of resonators are implemented in the woven structure, whose

individual resonant frequencies are 3.4 GHz and 5.1 GHz, respectively, leading

to a more complex layer-to-layer angle interlock 3D woven structure.

A broadband bandstop behaviour is achieved as a result of the coupling phe-

nomenon between both layers of resonators. In contrast to the FSS presented

in the previous section, this FSS is implemented using square-ring resonators

instead of cross-shaped resonators [25].

5.2.2 Structure of the FSS

The broadband bandstop FSS is designed to opertate at 5 GHz with a 1.8 GHz

bandwidth. For this purpose, first, the FSS has been designed from a unit cell

to which PBC have been applied, leading to an ideal infinite FSS. Figure 5.18a

represents an overview of the unit cell and the boundary conditions, which are

analogous as the conditions explained in the previous section.

Figure 5.18b depicts a side view of the unit cell and its layers. The unit cell

is composed of three layers, the top and the bottom layers which are separated

by an insulating layer (middle layer), leading to a total height of the unit cell

denoted by H. The top layer of the unit cell is composed of a square-shaped

ring resonator, whose side and width are LT and WT, respectively, as it can be

seen in Figure 5.18c. Similarly, the bottom layer of the unit cell is composed of a

square-shaped ring resonator, whose side and width are LB and WB, respectively,

as it can be seen in Figure 5.18d. The total length of the square-shaped unit cell

is L. All the mentioned dimensions are summarised in Table 5.4.
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Figure 5.18: Schematic drawing of the unit cell and dimensions. (a) Overview
of the unit cell and PBC. (b) Side view. (c) Top layer. (d) Bottom layer.
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5.2.3 Description of the employed materials

The proposed FSS is completely integrated in textile, therefore, different ma-

terials have been employed for the warp and weft threads during its fabrication.

In the proposed FSS, the warp and weft directions coincide with the directions

of the Y–axis and X–axis, respectively.

Electrically conductive Shieldex 117f17 2-ply yarns have been used for the con-

ductive warp and weft threads. The equivalent diameter of the Shieldex 117f17

2-ply yarns is dShieldex = 0.3 mm. For the dielectric parts of the FSS two different

types of threads have been used. For the weft threads, high tenacity white PES

550 dtex has been employed. The diameter of the PES yarns is dPES = 0.3 mm.

Alternatively, for the warp threads, white PET 76f24, which means that it is

composed of 76 filaments with 24 dtex, has been used. The diameter of the PET

yarns is dPET = 0.1 mm. Figure 5.19 depicts a comparison between the employed

dielectric materials.

5.2.4 Design of the woven FSS

The FSS has been designed from a unit cell to which PBC have been applied,

leading to an ideal infinite FSS, as previously explained. Nevertheless, a finite

version composed of 9 × 9 unit cells has also been simulated to compare the

simulations with the measurements. First, a sample of the dielectric substrate

has been manufactured and electromagnetically characterised in order to design

the FSS and, therefore, translate it into a woven prototype.

The substrate of the FSS is a multilayered fabric composed of three layers of

weft PES threads interwoven using warp PET yarns, leading to a satin woven

structure, which has been manufactured and electromagnetically characterised

using an Agilent Technologies 85072A Split Cylinder Resonator. Its relative

dielectric permittivity and loss tangent have been found to be esubs = 1.7 and

tan(δ)subs = 0.00362, respectively. Figure 5.20 shows a side view of the woven

substrate.

Table 5.4: Dimensions (mm) of the FSS.

Top layer Bottom layer Unit cell

LT W T LB W B L H

34 5 30 7.5 45 1
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(a)

Filament

(b) (c)

Filament

(d)

Figure 5.19: Employed dielectric weft and warp thread. (a) High tenacity PES
550 dtex weft thread sample. (b) Unraveled filaments from (a). (c) PET 76f24
dtex thread warp sample. (d) Unraveled filaments from (c).

The woven prototype is composed of three layers, as the FSS presented in the

previous section: two dielectric layers in which the conductive square-rings are

inserted, separated by the insulating layer. The three layers are identical, except

for the positions where the dielectric threads have been substituted by conductive

threads to implement the square-ring resonators. The conductive square rings

placed in the top layer are translated into 5 Shieldex threads as shown in Figure

5.21a, which will be simulated as 5 conductive strips, separated a distance sT

between centres and whose widths are dT = dShieldex, as it can be seen in Figure

5.21c. The conductive square rings placed in the bottom layer are translated

into 7 Shieldex threads as shown in Figure 5.21b, which will be simulated as 7

conductive strips, separated a distance sB between centres and whose widths are

dB = dShieldex, as it can be seen in Figure 5.21d. The mentioned dimensions are

summarised in Table 5.5.
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1 mmWarp PET

Weft PES

Figure 5.20: Side view of the woven substrate.
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dB
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Figure 5.21: Schematic drawing of the proposed unit cell and its dimensions.
(a) Top view. (b) Bottom view. (c) Detailed view of the dimensions (top view).
(d) Detailed view of the dimensions (bottom view).

5.2.5 Simulations

The proposed design has been analysed using HFSS software. First, an infinite

FSS modelled as one unit cell with PBC have been simulated under normal

incidence conditions. Then, the result has been compared with the simulation

of a finite structure. Afterwards, the behaviour of the finite FSS in terms of the

angle θ formed by the electric field, ~E, and the resonators, the angle of incidence

and the radius of curvature.
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Table 5.5: Dimensions (mm) of the woven FSS.

Top layer Bottom layer Unit cell

LT W T dT sT LB W B dB sB L H

34 5 0.3 1.175 30 7.5 0.3 1.2 45 1

2
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| (
dB

)

Frequency (GHz)

Figure 5.22: Simulated individual behaviour of the resonators in the top and
bottom layers using the PCB conditions.

Two infinite arrays of resonators have been simulated applying PBC to a unit

cell placing two ports at a distance of D/2 = 0.75 m from each side of the

FSS, respectively, as previously illustrated in Figure 5.18a. In Figure 5.22, the

individual behaviour of the resonators in the top and bottom layers, respectively,

is represented. The resonators in the top and bottom layers present a bandstop

behaviour at a central frequency of 3.4 GHz and 5.1 GHz, respectively.

The simulated individual behaviour of the electric field is depicted in Figure

5.23. Figure 5.23a represents the electric field at 5.1 GHz for a unit cell with

PBC composed only of the top layer resonators, whereas Figure 5.23b represents

its behaviour at 3.4 GHz. As predicted, the resonance phenomenon is produced

in Figure 5.23b. Figure 5.23c represents the electric field at 3.4 GHz for a unit

cell with PBC composed only of the bottom layer resonators, whereas Figure

5.23d represents its behaviour at 5.1 GHz. Analogously, the structure resonates

at the highest frequency.

An infinite FSS (using both arrays of resonators) has been simulated, leading

to a broadband bandstop behaviour of the complete FSS, as a result of the

coupling phenomenon between the two layers of resonators. A finite version 9×9

unit–cells has also been simulated in the middle of two horn antennas separated
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Figure 5.23: Simulated individual behaviour of the normalised electric field
(PBC). (a) Resonators in the top layer at 5.1 GHz. (b) Resonators in the top
layer at 3.4 GHz. (c) Resonators in the bottom layer at 3.4 GHz. (d) Resonators
in the bottom layer at 5.1 GHz. (e) Common scale for (a) to (d) representations.

a distance D = 1.5 m, as depicted in Figure 5.24a. The simulated S 21 parameter,

normalised by the response in the absence of the FSS, is shown in Figure 5.24b.

The dimensions of the simulated horns are identical to the dimensions of the
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Figure 5.24: Normal incidence. (a) Schematic drawing of the simulated set-up
(D = 1.5 m). (b) Simulated |S 21| parameter for an infinite FSS (set-up in Figure
5.18a) and for a finite FSS.

real horns which have been used for the experimental validation, which are the

denoted as horn N643SGH and described in Table 5.3 in the previous section.

The comparison between the simulation of both |S 21| parameters can be seen in

Figure 5.24b. The non-shaded range of frequencies represents the frequencies in

which a single-mode operation of the horns is guaranteed.

To study the behaviour of the designed FSS in terms of the angle θ, the FSS

has been simulated rotating it around the Z–axis, from θ = 0◦ to θ = 45◦ as

depicted in Figure 5.25a. The simulated |S 21| parameter for the different angles

θ is shown in Figure 5.25b. Although the minimum value of the |S 21| parameter

is modified with the angle θ, the attenuation level remains over 10 dB in the

non–shaded region. Consequently, the FSS presents an stable performance in

terms of the angle θ.

To study the behaviour of the designed FSS in terms of the angle of incidence,

the FSS has been simulated rotating it around the Y–axis, from φ = 0◦ to φ =

45◦ as depicted in Figure 5.26a. The simulated |S 21| parameter for the different

angles of incidence is shown in Figure 5.26b. The simulated FSS presents a stable

performance in terms of the angle of incidence.

The performance of the FSS has also been studied in terms of the radius of

curvature, bending it around a cylinder whose axis is parallel to the X–axis,

with a radius varying from R = 600 mm to R = 400 mm, as depicted in Figure

5.27a. The minimum distance between the FSS and the transmitter horn is D/2.

The simulated |S 21| parameter for the different radii of curvature is shown in
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Figure 5.25: Set-up and performance in terms of angle θ. (a) Schematic drawing
of the simulated set-up. (b) Simulated |S 21| parameter and the influence of the
angle θ on the finite FSS performance.
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Figure 5.26: Set-up and performance in terms of the angle of incidence. (a)
Schematic drawing of the simulated set-up. (b) Simulated |S 21| parameter and
the influence of the angle of incidence on the finite FSS performance.

Figure 5.27b. Although the minimum value of the |S 21| parameter is modified

with the radius of curvature, the attenuation level remains over 10 dB in the

non–shaded region. Consequently, the FSS presents an stable performance in

terms of the radius of curvature.
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Figure 5.27: Set-up and performance in terms of radius of curvature. (a)
Schematic drawing of the simulated set-up. (b) Simulated |S 21| parameter and
the influence of the radius of curvature on the finite FSS performance.

5.2.6 Fabrication process

A finite 9×9 unit cells FSS has been manufactured using an industrial MüGrip

loom. The manufacturing process is based on satin weaving and leading to a

layer-to-layer angle interlock 3D woven structure. For this purpose, the conduc-

tive warp yarns are previously mounted in the loom and the conductive weft

threads are inserted in the fabric during the fabrication process leading to two

conductive lattices in either side of the fabric, instead of the required square-rings,

as depicted in Figure 5.28. In Figure 5.28a, the lattice which corresponds to the

top layer is presented, where the red and blue colored segments represent, re-

spectively, the warp and the weft segments of the conductive threads which have

been left unwoven from the main fabric for the subsequent cutting process. Con-

sequently, Figure 5.28b depicts the top layer after the cutting procedure where

the square-shaped resonators can be identified. Alternatively, Figure 5.28c and

Figure 5.28d represent the analogous concept applied to the bottom layer of the

design.

As already thoroughly explained for the FSS presented in the previous section,

the weaving procedure employed to create a layer of individual resonators requires

an auxiliary layer. This procedure is summarised in Figure 5.29. In contrast

to the FSS previously presented, this FSS requires two auxiliary layers, and

consequently, each auxiliary layer corresponds to each layer of resonators. Figure

5.29a depicts both auxiliary layers before the cutting procedure, whereas Figure
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(a) (b)

(c) (d)

Figure 5.28: Schematic drawing of the woven structure before and after the
cutting process. (a) Top layer before the cutting process. (b) Top layer after the
cutting process. (c) Bottom layer before the cutting process. (d) Bottom layer
after the cutting process.

5.29b represents the loose threads after the cutting procedure if binders had

not been employed. As explained in the previous section, dielectric binders are

required to provide the prototype with compactness, avoiding the presence of the

before mentioned loose threads. A schematic drawing of the binders is depicted in
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Figure 5.29: Schematic drawing of the woven structure based on a layer-to-
layer angle interlock 3D fabric. (a) Side view of the woven structure with using
two auxiliary layers. (b) Side view of the woven structure with the loose threads,
after cutting the auxiliary layers. (c) Side view of the woven structure using
binders to avoid the loose threads. (d) Top view equivalence. (e) Bottom view
equivalence.
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Figure 5.29c. Using these auxiliary layers and the binders, the required structure

is achieved, which is represented in Figure 5.29e (top layer) and in Figure 5.29e

(bottom layer). A finishing process has been required after removing the fabric

from the loom, as explained in the previous FSS, using the same stenter machine.

(a) (b)

WT

LT

(c)

L

LB

WB

(d)

Warp thread

Weft ends
H

(e)

Figure 5.30: Manufactured prototype. (a) Top view. (b) Bottom view. (c)
Magnification of a unit cell from the top layer. (d) Magnification of a unit cell
from the bottom layer. (e) Side view of the prototype compressed between two
metallic sheets.
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The top and bottom views of the manufactured prototype can be seen in Figure

5.30a and Figure 5.30b, whereas a magnification of the unit cells from the top

and bottom layers are shown in Figure 5.30c and d, respectively. A side view of

the manufactured prototype is depicted in Figure 5.30e.

5.2.7 Experimental validation

The prototype has been experimentally validated using the set-ups presented

in the following paragraphs. These set-ups are composed of the same wooden

frame employed in the previous section, two horn antennas (horn N643SGH in

Figure 5.14) mounted on rotary platforms and a vector network analyser. The

S 21 parameter between the horn antennas, for each set–up, calibrated by using

the response between the antennas without the FSS, has been measured using

an Agilent N5247A PNA-X vector network analyser and compared with the sim-

ulations.
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Figure 5.31: Normal incidence. (a) Measurement set-up (D = 1.5 m). (b) Mea-
sured vs. simulated |S 21| parameter.
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The FSS has been experimentally validated under normal incidence conditions

using the set-up shown in Figure 5.31a. The comparison between simulations and

measurements can be seen in Figure 5.31b. In the nominal frequency band of

the horn antennas, the manufactured FSS provides a bandstop behaviour, with a

minimum 10 dB attenuation over a 1.8 GHz bandwidth centered around 5 GHz.

There is a good agreement between the simulations and measurements, although

the differences might be due to the approximations employed in the simulations.

While the manufactured conductive paths are curved due to the weaving process,

they are slightly longer than their analogous simualted flat strips. For this reason,

the measured range of working frequencies is slightly shifted to lower frequencies.
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Figure 5.32: Performance in terms of the angle θ. (a) Measurement set-up. (b)
Measured vs. simulated |S 21| parameter and the influence of the angle θ on the
finite FSS performance.
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The FSS has been experimentally validated for different values of the angle θ

using the set-up shown in Figure 5.32a in which the antennas have been mounted

on the rotary platforms. The comparison between simulations and measurements

is depicted in Figure 5.32b. In the single mode frequency range of the antennas,

represented as the non-shaded part of the figure, the manufactured FSS has a

bandstop behaviour.

Consequently, the FSS exhibits a stable performance in terms of the angle θ.

This represents an interesting point for the potential use of the proposed FSS as

a wall cover or curtain to filter undesired frequencies.
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Figure 5.33: Angle of incidence. (a) Measurement set-up. (b) Measured vs.
simulated |S 21| parameter and the influence of the angle of incidence on the finite
FSS performance.
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Figure 5.34: Radius of curvature. (a) Measurement set-up. (b) Measured vs.
simulated |S 21| parameter and the influence of the radius of curvature on the
finite FSS performance.

The FSS has been experimentally validated for different angles of incidence

using the set-up shown in Figure 5.33a with a rotary canvas. The comparison

between simulations and measurements can be seen in Figure 5.33b. In the single

mode frequency range of the antennas, the manufactured FSS has a bandstop

behaviour. Consequently, the FSS exhibits a stable performance in terms of

the angle of incidence, reinforcing its applicability in the aforementioned wall

covering.

Due to its high flexibility, this FSS has been experimentally validated for

different radii of curvature using the set-up shown in Figure 5.34a. The FSS has

been bent around different cardboard pieces to achieve the required radius of

curvature. The comparison between simulations and measurements is shown in

Figure 5.34b. The manufactured FSS presents a bandstop behaviour leading to

a stable performance in terms of the radius of curvature. This fact is of great
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interest for the beforementioned application of covering walls. For this purpose,

it is not necessary to attach the woven FSS to the wall, as it works properly

under bent conditions. Consequently, the FSS can be used as a curtain, leading

to an easily removable filter.

5.2.8 Conclusions

A novel broadband flexible fully textile-integrated bandstop FSS has been pre-

sented. To validate the design, a 9×9 unit–cell prototype has been manufactured

and experimentally characterised under different conditions, including different

angles of polarisation, angles of incidence or radius of curvature. A good agree-

ment between simulations and measurements has been achieved, experimentally

verifying the theoretically predicted behaviour of the textile structure. There-

fore, the manufactured FSS exhibits a stable performance in terms of the angle

of polarisation, the angle of incidence and the radius of curvature.

The manufacturing procedure using industrial textile machinery provides the

possibility of manufacturing flexible and very large FSS with sizes up to 5 metres

wide and hundres of metres long without the need of unions, as opposed to other

alternatives based in conventional substrates, solving the fabrication problems of

large shielding surfaces.
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6
General conclusions

In this Doctoral Thesis, the design, simulation and manufacturing techniques

to develop fully textile integrated circuits and antennas operating at the mi-

crowave range of frequencies have been presented. Although several approaches

to develop circuits and antennas based on textile have been previously discussed

in the bibliography, none of them present, simultaneously, three important char-

acteristics: complete integration in textile, possibility of achieving multilayered

designs and large-scale production. For this reason, weaving technology has been

found to be the appropriate alternative.

First, with the aim of simplifying the design and simulation of woven struc-

tures, a novel modelling technique based on three steps has been developed.

These three steps correspond, respectively, to three different, although electro-

magnetically equivalent, models of a woven structure. The first model, denoted

by filament model, emulates the real composition of the employed materials –

multifilament threads–, whereas the second and simpler model, the monofilament

model, transform them into monofilaments. Finally, the layers model emulates

the conventional topologies employed to simulate circuits and antennas using ho-

mogeneous substrates. As a result, the translation between the models allows

the reduction of the computational complexity of the simulations.

With the aim of demonstrating the validity of the modelling, the beforemen-

tioned technique has been first employed in the development of two textile inte-

grated waveguides working, respectively, in the millimetre-wave and microwave
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ranges of frequencies. As a result, a good agreement between the simulations and

the measurements has been achieved and the propagation of a signal through a

woven structure has been demonstrated.

Once the modelling has been has been experimentally validated, different pro-

totypes have been designed based on the beforementioned technique. First, a

woven near-field radiofrequency identification tag provided with a commercial

chip has been discussed and different alternatives to connect the chip have been

proposed. Nevertheless, with the aim of developing radiating structures working

in the far field region, two different antennas have been implemented. First, a

microstrip-fed slotted antenna has been presented, although, with the aim of sup-

pressing the backward radiation, a coaxial-fed cavity backed slotted antenna has

been also proposed. Both antennas have been validated in an anechoic chamber

presenting good agreement between simulations and measurements.

In addition, two different frequency selective surfaces have also been proposed

taking advantage of the large-scale production capabilities of the weaving techno-

logy. For this purpose, first, a frequency selective surface based on a layer of pe-

riodic cross-shaped resonators has been proposed. Nevertheless, with the aim of

increasing the bandwidth, a new frequency selective surface based on two isolated

layers of periodic squared-ring resonators has been proposed. Consequently, not

only the large-scale production capabilities have been employed, but also, this

last prototype represents an example of a completely textile integrated multilay-

ered design, satisfying the aforementioned three important characteristics which

a textile integrated circuit should accomplish.
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(IV) L. Alonso-González, S. Ver-Hoeye, C. Vázquez-Antuña, M. Fernández-
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Other works related to the

Doctoral Thesis

B.1 International research stay

During the development of the Doctoral Thesis, the author carried out a re-

search stay in the George Green Institute for Electromagnetics Research at The

University of Nottingham.

• Stay under supervision of Dr. Steve Greedy.

• Duration: from September 13th, 2017 to December 12th, 2017.

• Funding: Ayudas económicas de movilidad de excelencia para docentes e

investigadores de la Universidad de Oviedo.

As a result, there has been a research collaboration with the Future Compo-

sites Manufacturing Research Hub through The University of Manchester. This

collaboration is related to the manufacturing of complex woven structures under

the supervision of Prof. Prasad Potluri, principal investigator in the Hub.
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B.2 Technology transfer through research projects

During the development of the Doctoral Thesis, a Eurostars project proposal

has been accepted. Therefore, the research group in which the author of this

Doctoral Thesis works has been subcontracted. The main information related to

the project is the following.

• Project: Fully integrated textile electronic tags for the next generation

RFID uses in the fashion sector.

• Project ID: 118021.

• Abbreviation: FITex-ID.

• Reference: E! 11802 FITex-ID

• Start date: July 1st, 2018.

• Duration: 24 months.

• Technological area: electronic engineering.

• Market area: clothing and shoe stores.

• Project costs: 1.552.240 e.

• Main partners:

– 3D Weaving2 (Belgium)

– Primo1D3 (France)

– Wearable Technologies SL4 (Spain)

1www.eurostars-eureka.eu/project/id/11802
2www.3dweaving.com/
3www.primo1d.com/
4http://wetech.es/es/home/
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