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ABSTRACT

The thesis is focused on the research of structures based on the Textile Integrated Waveguide
(TIW). Attention is turned to the electrical characterization of textile materials (textile substrates,
yarns) to be used for the implementation of textile-integrated antennas, reconfigurable and active
circuits. The thesis deals with the design of multilayer transitions between a microstrip line on
a conventional substrate and textile-integrated lines. Second, a concept of the textile-integrated
switch is presented. The switch is controlled by conductive posts which are connected or
disconnected by DC driven PIN diodes to form open or closed walls. Finally, the design
methodology for textile-integrated circularly polarized antennas operating in ISM bands up to
24 GHz is proposed.

All the design procedures were verified by simulations and measurements of real samples
manufactured by screen-printing using a silver polymer paste. For bonding semiconductor
components, conductive silver adhesives were used. Screen-printed components were compared
with reference structures manufactured from a self-adhesive copper foil.
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Textile integrated waveguide (TIW), 3D knitted fabric, conductive yarn, screen-printing,
conductive adhesive, circularly polarized antenna, reconfigurable switch, transition from
conventional to textile-integrated line.
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Introduction

| ntroducti on

The integration of electronic deviciego clothing and textile matersbecameoopular inthelate
1990swith the spreadf wearabledevices and local body areatworks.The first textile antennas
and othertextile componentswere designed for military, space and healthcamplications.
Researchers and companies were focusedthen characterization oftextie materials,
developnent ofconductive textils, conductive yarnsandcomplete textile electronic solutions.

The majority of textileintegrated electrong(TIE) can be found irwearable apjrations
Attention is paid to manufacturing technoldgs integration to clothesbiological effecs,
influence ofhuman bodyn antenna parameteiaunderability, abrasion, mechanical stability,
etc. NeverthelessTIE can bealsointegrated ito upholstery in homg cars, trains oairplanes.
Thedissertatio thesigleals with the nomvearable exploitationf TIE andis dominantlyfocused
onvehicular applications

The role of the textile substrate is played by the tdiigeensional (3D) knitted fabrics. The
3D fabric is used as an equivalent of a conventionierowave substrate. As an equivalent of
asubstraténtegrated waveguide (SIW), a textilgegrated waveguide (TIWfan becreated and
can beused as a fundamental building block of texitileegrated structures.

TIW can be integratedtio textile covers of seats and textilpholsteryof trains, aiplanes and
busedo create a locatommunicatiometwork. TIW can provide servicésr passengers @an
be usedasa backup for controhndsensor systemn Each seain a vehiclecan contaira tablet,
asensometvork for passengés personal usand other electinic componentso be connected
TIW can create a wired local netwoskthin the seat and furtheommunicatiorcan beprovided
by a wirelesslink. Textile antennas anigxtile microwave components seem todpromising
way to implement the described local networks

Next to the wireless interfacaftention is turned to the development of textiilesubstrate
transitions enabling to create also a wired connedfidriE.

Implementation of TIE can become a part of the manufacturing process of textile materials.
Such multifunctional fabrics can be then used not only for attenuating mechanical vibrations,
providing thermal insulation and conventional utility properties but alsgieédd communication
and sensory resourceBhe use of multifunctional textile materials can significantly reduce
manufacturing and assembling costs.

Thedissertatiorthesis ismainly aimed to research technologies to be used for the design and
implemenétion ofadvancedl W and TIW-based radidrequency RF) components. Attention
is turned to the developmentregw component®r industrial, scientific and medicd§M) bands
2.4GHz,5.8GHzand 24 GHz
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1 State of t he Art

In theopenliterature the readecan findseverabapers focused ahe characterization oéxtile
materiak, on manufacturing textile-integrated electronic (TIE), and textile-integrated
componentsgntennaswaveguides, sensor®apers rasty deal with wearablelectronis and
the opeation close t@ human bodyAvailable publications mainly covénefollowing areas

Textile-integrated sensors and electronics,
Textile-integrated switches and buttons,
Textile-integratedenergy solutios,
Textile-integratedantennas and microwave components,
Textile-integratedights and screens,

1 Manufacturing technologies of TIE.

= =4 -4 —a A

The State of the Aris divided into the followingparts:

9 Textile electronics, theameral us@nd technoloigs of wearableapplications
Textile-integrated ricrowave components

Textile-integrated lgh-frequency antennas,

Textile-integratedswitches,

Textile-to-conventional line transitions
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1.1 Textile electronics

Clothing, military applications, space products and healthsgstems belong toché main
applicationarea of textile electronis. A heating layer integrated into clothing wdse tfirst
exploitationof e-textiles Conductive fibers were knitteinto a conventionalextile materialand
werefed bya currentto heatthe usef1].

These daysmore than 30@00resuls can be found when searchifay the keyword textile
electronisin the operliterature Most of textile electroniapplicationsaredesigned for o#body
systemsandwearable applications.e. sensors for medicand sportsystemscommunication
unitsfor smartphones and other devices, localization anthé@mergencygervicesetc A brief
description of basic textile electrorapplicatiors follows.

Textile sensors are vepopular inthe field of healthcare, rehabilitatiomnd sportsThose
sensorscan significantly improve the quality of lifeof elderly and handicapped people by
measuing a wide rangeof health functions.

The sensors can be divided into two groups

1 Sensas based on conductive yarnsor printed technolodges [2, 3]. Conductive and
piezoelectric yarns are used to measatectrocardiogramECGQ) signals and monitor
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pressurd4], [3]. Conductive yarns are weaved into electrodes and jgientric yarns
serveassensors opressure or tension.

1 Polymer sensors [5], [6]. Organic polymersexcel inlow weight, elasticity, chemal
resistance and easy prodags Those sensorsan beformed intomany shapes;an be
manufactured byrinting, sewng or knitting. The organic polymers can Ipeoducedas
piezoresistive, therm-resistve andmagneteresistivematerials Sensorsan beused for
measuringECG andmagnetocardiogramMCG), respiration, electrical impedanas
temperature of skifB, 6].

Textile pressure sensors and switchestlae@ext application fieldof textile electronics. There
are two basic concepts of the switckesontrol electronic device

9 Touch capacitive sens@ can be fabricatedsa paralletplate electrode system witdn
elastic dielectric layem betweenwhich changs its capacitancavhentouched [7, §].
Alternatively, asoft capacitor fibecan be exploite¢?].

1 Anopen circuitis created bywo electrodes on the surfaceadéibric. The electrical circuit
is closed bythe wser when connecting electrodesafjnger|[7, 9.

As all the devices,wearable devices needoower supply for their proper work. Solaéihermal

and mechanicaharvestersan be used and integratiedio textile materialsimilarly like small
battery cell§1]. A technique for energy scavenging using piezoelectric nanowires grown radially
to textile fiberswas described irf10], and the successiveesearchwas presentedn [11].
Photovoltaic energy can be hanasty flexible photovoltaic yarn cell€lsing cabon nanotubes
flexible solar yarns can mnstricted[12, 13] Harvested energy can be stored in flexible battery
cells[14] or even intextile energy storagd5].

1.2 Textile-integrated microwave components

The integration of microwaveomponents into textile materials is relatedamtennas and
successivdigh-frequencycircuits. During past yeargsesearchers integratéato diverse textile
materialssariousantennaslevoted talifferent applications ancperating at different frequencies
Neverthelesghereis only alimited number otechnologiedo createconductive conponens of
antennas otextile materials.

Embroidering is ne of thosemanufactuing techniques. Dipoles, patchs, andplanar inverted
F antennagPIFA) were usually designed for ISM bands &#z and 5.85Hz usingdifferent
fabrics and different yarnSome planar monopole antennastheUWB bandwere designed for
frequencies up to 2BHz [16]. Paperdave beefiocusng onthe manufacturing process atite
comparisorof conventionahrntennasand embroiderednes:

1 A meandered asymmetric flare dipole arpolyester fabriovas presented ifil7]. The
antenna operatiatthefrequency500 MHz, the size of the antenmas 190mmI 25mm,
and its performanceas comparable witthemetal version of theame antenna

1 The comparisonf fabric dipole antennagperatingat 2.4GHzwas presented if18]. Two
embroideredantennagsinglelayer and doubldayer ones) were compared witla silver-
fabric antennaThe gain of tie slver-fabric antennavas about &B higher tharthe gain
of theembroidered antenna.
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9 A circularly polarized spiral antenna designed for the bandMi29 belongs tomore
complex antenrseg19]. The antenna vwafed bya microstriptransmission line.

1 Comparison ofantennas created datifferent fabricsand manufactured with these of
variousconductive threads igelatively common Neverthelesg20] compare thepatch
antennadesigned for2.4 GHz, which wasembroideredusingdifferent stitch directions.
Due tothelosses in conductive threadse gain of the embroidered patch antennas is lower
thanthe gan of equivalent FR4 antenma

T The 2.4 GHz PIFA maddrom different meshes of conductive threaxh different textile
materialswas presented in21]. The antennasvere compared witlthe conventional
metalic PIFA.

In case of higHrequency componenttgxtile-materialprinting is aninterestingapproactsince
printing technologesallow to achieveagood precision compared with sieqy and embroidéng.
There are tw@rinting methodgo beused for manufacturing antennas

1 The inkjet-printing. The fabrication of inkjeprinted antennas is difficulbecause the
surface has to be smooth enouagldthetextile materiakannot allow the ink to penetrate
Therefore, e directinkjet-printing on the textile isareandwas describedor a limited
number ofmaterials and simple planar antenf2®, 23] Planar goleswere printed on
Kapton on a stretchdb polyurethane BU) fabric and on plyester/ cotton fabris with
and without interface layers. The efficigraf dipoles varid from 74%to 31 % depenihg
on materiad, interface layeyandthe number of printed conductive layers.

In further papersantennas wermkjet-printedon an interface layer. The interface layers
were often made fronaltra-violet (UV) durable polymers opolyurethaneswhich were
screerprinted on textilesubstratesThe textilesubstratestayedflexible after soeen
printing the interface layertheir surface weresmootlenedandbecamempermeable for
silver inks[24, 25]

I  The screenprinting. In textile industry, thecreemrprintingis used forcreatinglogos and
pictures @ T-shirts and other products. The scrgeimting can be appliedlirectly to
atextile material The screesprinting can be used for manufacturizigtennas for different
applications and servicel [26], 14 different woven textile substrates and two silver
conductive pastewere compare to be usedor screerprinting. As shown in[26], the
screenprinting pastescan alsopenetrateinto the textiles in someases The square
resistancesvere measured and compared [P6], and values between 0.02y / Tand
0.15Y/1 were obtainedVloreover, hechange of the square resistance af@@®abrading
cycles was described [26]. The resistancearied from 580%in the worst caseo 6% in
the best case. The maximusyuareresistance wasmaller than 0@ Y/l . And [26]
moreovershowsthatwashing anbe an issue the resistanceangrow from~0.1Y/l to
~10Y /.1
A screenprinted patch antennaas presented if27]. The antennavas printed on two
different substrates on [100% polyestdrand on [20% cotton +80% polyestdr The

antenna wa printed bypasts with square resistar&®.015Y/ I and&/ 0. 0 THh e

antennas were fabricated walprotetive cover layeand withouthe layer The antennas
were washed 20 times atieereflection coefficientit the antenna inputasmeasured after
each5" cycle. Theantennavas well protected up tthe 20" washing cycle.
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Connecting aubminiatureversian A (SMA) connector to a textiletegrated antenna isénext
issue.Connectors anlosetheelectrical connection aran become disconnected

The wearablailtrahigh frequencyYHF) radiofrequency identificationRFID) tag antenna
was designed if28] using acottonfabricanda cotton/ polyesteone. The tag wascreerprinted
by a silver conductive paste. The printagd wascovered bydifferent protective layergepoxy,
silicone, latex, ety. Therealized gain andhe theoretical readg rangeof the antennavere
computed.

Figure 1 Cross section viewf textile penetrated by screpnintedpaste.
Adopted from[26].

1.3 Textile-integrated high-frequency antennas

As shownin previous chapters, the majority of papers is focusethanufactuing TIE using
different textile materials (polyester, cotton and their combingltiag substrates and different
materialsfor creating conductive layout€opper foils are often used forefirst prototygng and
manufacturing reference structures tacbenparedwith printing technologies.

TIE isintended to integraténto clothingbothstandalonéigh-frequency (planagomponents
and combinedon-chip elemens. Since high-frequencycomponentgfilters, feedng lines, etc.)
areratherlargeat commoty used ISM, Wi-Fi andBluetooth BT) frequenciesresearch in the
field of RF components @dominantlyfocusedonthe design and implementationménar textile
antennas.

Textile integrated waveguiddTIW) are a textile version ebnventionakubstrate integtad
waveguide (SIW) with some specific propertiesdJnlike a microstrip line or a coplanar
waveguide, TIWs aclosed system. TIW can ltkeereforetouched bythe humanand even ben
with aminimal affecton to parametersTIW allowsmicrowave compoents(antennas and filte}s
to be coupld with. TIW can be manufacturday all commonly used technologies like printing,
plating orembroideringNevertheless, embroideriignot suitable for creatingore complicated
structurescontainingslots or transitionsTherefore more complicated IW antennas arasually
manufacturedrom anelectically conductiveextile (ECT), from acopper foil by screerprinting
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or inkjetprinting [23, 29, 30] Manufacturingof top and bottomconductive wallsof TIW
structuress going to balescribedn following paragraphs

In the open literaturehreewaysof manufactuing sidewalls ofTIW weredescribed

1 Metal eyelets Eyelets hae agoodelectricalconductivityand stability On the other hand,
their dimensions anelatively largd31].

9 Conductive yarns Relatively high resistivity of yarns is the malisadvantage afewing
sidewalls byyarns Theusualresistivityvariesfrom 10Y / m Q0 kY /mi[32], [33].

1 Electrically conductivetextile (ECT). The textilesubstrates cut toform adielectric filler
of the waveguide,and this filler is completey covered byECT. Unfortunately,
manufactuing is rather demanding, and TIW§ not integrated int@ textile substrate
completdy.

TIWs, TIW-based components (filters, antenrea®) their propertiewere presented if81], [33].
Thedescribed IW was designed fahefrequency 2.45Hzusing aextile material witH) = 1.45
tanti=0.017 and thicknes$ = 3.94mm. The TIW was connectedo a SMA connector by

a conventionalmicrostripto-TIW transition Sdewallswere created by eyelets and conductive
layers bya copperECT. The average value tfansmission coefficient we&:1 =12 dB.

Thesubstrate integrated folded waveguide (SIFs\§doublelayer version of SIW31]. The
layers inside the waveguide are partly separated by a conductive wall and patlpeteThat
way, dimensions of the structure can be reduced. As shoy@iJinSIFW can be usefibr the
design of abandpass filterthe operation frequency was4GHz and the insertion lossat
2.45GHzwas 2.3dB.

Finally, [31] presented cavity backed patch antendasigned fothefrequency2.4 GHzwith
the gain 5.93dBi and the efficiency74%. The presentedesultsshow thatTIW components
desigredfor the ISM ban®.4 GHz can reachieasonabl@arameters

A wearable textile shielded stripline for broadband applicaties presented ifi34]. The
stripline was put inside the shield created layTIW structurefrom asilver-plated caductive
textile anda conductive yarn with resistanceYl/ mm The striplinewas connected ta SMA
connector. The transmission coeffici€hat was measured from 0 to@Hz and decreadewith
frequency. On average the transmission coefficienvaried f r o m diBO .t2o0dBiadd. 1
decreasgu p 2 dB duringstructurebanding.

A wearable quartemodetextile antennavas presented if35]. The antennavas based on
aquartermode TIW(QMTIW), usel eyelets for creating sidewalls of the TIW amas designed
for the ISM band 24 GHz. Top and bottom conductive surfacevee manufacturedfrom
acopperplated polyestdECM. Thanks toaQMTIW, the antenna size wasinimized. The antenna
gainwas 4.2dBi andthe efficiency in free spacgas 82%.

In [36], a textile microstripfed cavity antenna designed fone ISM band 2,4GHz was
presented. The cavityascreated by eyeletthe H-shapé slotwas etched ithetop conductive
layer andthe microstripfeeder was plackon the bottom. The fregpacegain of theantennavas
3.9dBi andtheefficiency68%. Thefront-to-back ratio of thentennavas about 2@IB. Feeding
on the bottom is a@isadvantage becausige microstrip can be affected by surroundn@he
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describedantenna was completed Isplar energyharvesting systemthe effect on antenna
parameters was presenteddii]. The solar system generdtinepowerfrom 100 mA to 400 mA.

In [33], a TIW for the ISM band 5.8Hz was presentedThe sidewallsvere createdrom
aconductive yarn with conductivity 16//m and TIWwas fed bya coaxial probe. The average
transmission gefficient S;; was 2.BdB for 135mm long TIW. The TIWwastested for tension,
bending and torsion witlxsmall decreasof S1 (about 0.61B).

A designof a HMTIW antennawas presented ifi38]. The sidewHs of the antennavere
manufactured by two technologi&susing a conductive yarn and a seam compreskiaase of
seancompres®n, conductivity ofsidewallswas higherandefficiency ofthe antennavas better
Neverthelessthe seancompressiomshifted theresonance frequency of the antenna.

1.4 Textile-integrated switches

TIW can be usetiothasabackupof conventionaimetallic cablesand as a building component
of reconfigurable communication metrks incars buses and airplaneBIW is a textile version
of aconventionalSIW. SIWsaredesigneddn microwave substrates like Arlon or Rogersich
have low lossesare not flexibletheir weight and cost is relatively higiith respect tacoaxial
cables.

Textile-integrated switches can laepart ofa TIW networkto switch amongapplications,
frequencybands or antennas with different radiation pattelmghe open literatureno TIW
switcheshave been described yétherefore, an overview of conventionaM&Iswitches is
provided

Depending on thewitching methodconventionalSIW switches can be dividadto three
grougs:

1 Mechanicaly driven switch was designedh [39] for V and W band A T-divider was
afundamentabuilding block of the switch with 4 metalized via holes in each arm. These
holeswere mechanically sha-circuitedto mirror the electromagnetidceM) wave.If not
shortcircuited, the via holewere invisible for the EM wave.

1 Magnetically driven switch based oraferrite-loaded SIWshiftedthe cutoff frequency of
theL-folded SIW (FSIW). The shift of the cutoff frequenayasconsidered as switching.
The LFSIW is formed by folding a SIW along itsgitudinal axisThe LFSIW switcH40]
was designed fothefrequencyl0 GHz and is bandwidthwas 1.1GHz. The isolatiorwas
20dB andtheinsertion lossvas belowl dB.

1 Electronically driven switch with PIN diodeswasused for shorting viaoles inarms of
the SIW dividef{41], for shortingslots [42] or for switchingbetweertheHMSIW structure
andthe SIW one[43]. Finally, stubs can behorted and opengd4].

Since mechanic switches need nonflexible materials and magnaiticials can behardy
integratel into textile materialsattentionis paidto electrically driven SIW switches.

A switchable TFdivider with via holesshortcircuited by PIN diode§41] had 3 via holes in
each branctlto createa mirror. The insertion lossvas lowerthan 25 dB in the open branch and
theisolationwas higheithan 10dB. The dot on the top layewas usedo creat anattenuating
impedance.
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Switches based on HMSIWere presented if43, 44] In [44], stubswere connected to the
virtual wall of the HMSIWandwere shortcircuited or operctircuited by PIN diodes flshort
circuited, the virtual wallwas damaged and the HMSIWdha highattenuation. 1§43], aHMSIW
was connectedwith a common SIW wallby PIN diodes.Connectirg the second wall to the
HMSIW, thecutoff frequency of the structumaschange, andthe attenuatiorbecamehigh.

1.5 Textileto-conventional line transitions

As shown in [25], evenrelatively complicated devices can jaented on textile materials or thin
film interposes. But:
T Soldering on textile substratewith printed electronicsspecidly) is very complicated.

1 Some componentdransceiverse.g.)needan additional shieldwhich is difficult to be
manufacturd fromtextile materials.

1 Majority of textile antennas, which adesigned for personal or local area networks, are

expected to be fed by a coaxial cable. But coaxial cables integrated into clothes are

impractical from the viewpoint of users.

Therefore transitions betweewonventionalmicrowave substrates (ArlonRogers FR4) and
textile materialdrave to be developed

In the thesis, attention is paid to twayer transitions betweea SIW and a microstrip
transmission line (MTL)on a conventionalsubstrateln [25], advanced electrongcwas on
aconventionakubstrateanantenna and micro-controller unit MCU) were ona polyethylene
terephthalateRET), interposey anda transition betweem transceiver an@n antennawvas not
solved.

Transitions betweeN TL onaceramic substrate aMTL on atextile onewere publishedn
[45, 46] These trandibns hada metallic connection betweahosetwo MTLs. The first MTL
had characteristic impedansé W andthesecondone75W.

In [47, 48] a connection bySnapOn buttons wadnvestigatel and comparg with other
methoa tobe used for @nnecting microstripsA connectionof microstripson a nonflexible
substrate and flexible onewas show in [49]: the forceto keep theconnectionwas given by
permanent magnets.

TIWs are usually fed by coaxial cabléAccording tcauthod best knowledgea twolayer
transition betweedIW andMTL hasnot been published yet.sAdemonstrated ifb0], a twe
layer transition between MTL and SI@anbe create with thetransmissior$;:° 1 1 dBBatthe
frequencys GHz.

1.6 Conclusiors

The State of thé\rt results inthefollowing conclusions:

9 Basic textile integrated elements, electronic components and sensedlatescribed in
the open literaturePublications comprise variotextile materials playing the role of the
printedcircuit board PCB) and different technologieso create electronic components
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(embroideing, severatypes of printing. Various struatres designetbr ISM bands up to
5.8 GHz are presentedin order to investigate frequency limits of textile electrsnian
antenna for the ISM band 24 GHz is designed and characterized in the thesis.

1 Despite all the effos integration of advanced elechics (transceivers, e.g.) to textile
materialgs difficult and isdoneimpracticallyby coaxial cablesTherefore, the thesis deal
with the transitios betweerconventionakubstrateand textile materials.

9 TIW structures are very practidacausaclosed systeris createl. There arenanypapers
on TIWsand TIW-basedantennas buhorecomplicateccomponents like textikintegrated
filters, switchesor reconfigurable structurdsave notbeendescribedyet Therefore, the
thesis is focused amore compcated textile elements and thewnfigurability.

Considering these conclus®nobjectives of the dissertation thesase formulated in the
following chapter



Objectives

2 Objectives

The previous part shadthe progress in the integratiof electronis into textile materialand
in techniques omanufacturingextile-integratednicrowave componentdlany textile antennas
for ISM bands2.4 GHz and 5.85Hz werepresented ithe open literature aanisolatedpart of
electronicsystemswithout any connection to the transmitter or recei@ly a limited number
of advanced componentsouplers, switchesjvas describedConsidering theséacts, three
objectivesof the dissertatiothesiscan be formulated.

Objective 1

Design nethodology 6r transitions betweeMTL on a conventional(nonflexible) substrate
andatextile (flexible) substrate will béormulatedwith emphasis on the tratisn between two
MTLs and betweeMTL and TIW. The transitions betweéno MTLs at two frequenciesand
the transition between TIW and MTL will lwkesigned and experimentally verified

Objective 2

Methodology ofthe integrationof advancedand reconfigurablenicrowave components into
textile materiad will be formulatedin the thesis, a TIWbasedswitchwith PIN diodes will be
described. The switctan be used for switching two antennas with different radigidierns

Objective 3

Methodology of the synthesis of a TIW antenna for the ISM bar@r24will be formulaed
The antena can be usedrféuture wireless communicati®ystemsn public transpogtionand
canbeintegrated intdextile upholsteryof vehicles

-10-
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3 Text#iomheenti onal Line Transitio

Textile materials can beonsidered slow-permittivity substrategor frequency range from
0 GHzto 60 GHz[51]. Therefore, tnensions of 5@V/transmission lines and antennaslarger
compared taconventionalmicrowavesubstrategArlon, Rogers FR4) of the same thickness
Next, thickness of textilesubstrate usuallyranges from 0.5nm to 5 mm[1], and he width of
the microstripcan be from 2 mm to 1&mfor 50 WMTL [46, 48]whenconsideringacommon
relative permittivity of the textile. The problem can bsolved by microstrips witha higher
characteristitmpedancgup to 1000) [52]. Nevertheless:

1 The width of 100W MTL on a 3D knitted fabric3D041 is 5 mm andonnecting
atransmitter or aeceiveris still difficult.

9 Transmittersand receivers are designed for B0 impedance. The e of 100 W
transmission lines leads mismatch and additional losses.

3.1 Design of MTL-to-TIW t ransition

A two-layer transition betweeflW andMTL on a conventionasubstrate is based arcurrent
probewhich isused for feeding waveguider SIWs This transition can connect electram
aconventionalsubstrate and textiimtegrated antennagntennas can be designed a textile
substratewithout difficulties. me subsystemlike RF circuits are to small and sensitive for
manufacturing precisioandhave to be designed @nconventionaPCB. The transition allows

to connect TIW working witithe dominaniTEio mode andMTL with a differentcharacteristic
impedanceon aconventionalsubstrate The mechanical connection between TIW &€B is
given bya metal wire used aa current probeMoreover, the connectiotan be supported by
additional mehanicsuppors. Hence, astrong connection protected against mechanical damage
can becreatel.

The design of the transition is similarttee designof a current oaxia) transitionbetween
acoaxial cablgconnectoy and TIW. The coaxial cable i®nly replaced byMTL. The shorting
pin connecs theend of theMTL and thebottom conductivevall of TIW (seeFigure2). The
waveguide part is designed byeas given by{53], and the width ofhe microstrip is given byt
characteristic impedan¢g4].

The distance between the shaitcuited terminationof TIW and theshortingpin lgp1 is an
importantparameterThe proper distance has to &# wheregay is the wavelength in TIW (the
pin isin the maximun of electric field).

On the top side of TIW andnthe groundsideof MTL, a circular slotis createdThe slot is
centeredaround theshorting pin and its diameter can be calcuthtas the diameter of

-11-
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acorrespondingoaxial cablg54]. The bandwidth of the transition can be increaseadcular
ring aroundhe sorting pin which compensateits inductancg55].

shorting pin

b o

view A

| F I}
g R
TIW end wall slot metal ring

Figure 2 Topview and cross section vieaf MTL-to-TIW transition.

The shorting pirhas two main functions:

1 Excitation of electromagnetic field inside TiW
1 Mechanical connection betwethretop PCB and the bottom textile material

The circles withthe diametes din andd..: Createa coaxial probe withthe samempedancesthe
top MTL. If relative permittivity of the top conventional layer is high and relative permittivity of
the bottom textile layer is small, recalculations used for coaxial cable impedances can be applied.

According to[53], TIW can bedesigned aarectangular waveguidaith effective widthwer.

, , Q Q (1)
0 0 p8TL|:!i— T[iﬁ)l,)—

l )

o @

Here,d denotes the diameter of viads the distance between two neighborings\aadw is the
physical width of TIW.

3.2 Design procedure and results of simulations

Usingrulesgivenin the previoussection two transitiors were designed

1 For UWB frequency band around@Hz;
i1 For ISM band 5.85Hz.

Transitions were designedfor the textile substrate3D097 (i = 1.22 tan &y = 0.002
hrst = 2.6 mn) and two different conventional substratesr the UWB band we used Arlon 25N
(Cr = 3.38 tan tp = 0.0025 he = 0.762mm). For the ISM band we use FR4 (Us = 4.2,
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tanUs = 0.02 hg = 1.52mm). The FR4waschosen because this material is often usedhir
constructiorof electronic device The design procedure is the same for hbéhtransitions

1 MTL on theconventionakubstrates designed;

1 TIW with shortcircuitedterminationis designed,;

1 Wavelength in TIWis calculat&, shortingpin is installed inthe distanceay/4 from the
termination;

1 Circular slot around shorting pie desigred (the same impedancas MTL);

1 Circular metal ring aroundhortingpin is designedifitial radius is half of the slot radius

Thedesignedransitionis shown in Figure3, dimensions ofransitionsaregivenin Tablel.

Table 1 Dimensions of MTLto-TIW transitions for ISM and UWB bands.

dim
[mm] Wsiw w d dp d: (07 Wp hs1 hs2 S

ISM 50 19.1 0.3 1.0 2.0 52 2.8 2.6 152 | 20

uwB 23 13.2 0.3 2.0 2.0 4.6 1.7 2.6 0.76 | 20

ISM

(75 50 19.1 0.3 0.4 2.1 4.0 13 2.6 152 | 20

— --t—h51

|
£ e
e de

Figure 3 MTL-to-TIW transition with dimensions.

Now, attention is turnetb outputs olsimulationsof the ISM 5.8 GHz transition Thetop MTL
was designed on FR4 dnhe bottonTIW onthe3D textile 3D097Thetransitionwas simulated
with SMA connected tMTL andthe waveguide port at the end of TIWhe ieflection coefficient

was S;; = - 24.2dB and the transmissid®; = - 0.32dB.
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Sincethe diameter ofhe conductive threadvas d = 0.3mm and thevall was sewed by hand,
the distance between stitchess s = 2 mm. Thisrelatively long distance causkaparasitic
radiationamongstitches and decreasperformance of the transitiomhe difference betwedhe
transitiors simulated withcontinuous sidealls and with stitche oness shown in Figure4. The
differences areDS,1 = 0.98 dB andDS;; = 3.32 dB.

0 — — 0

1
(5]
|
o

L
o
T

-10 |

Scattering parameters [dB]
Scattering parameters [dB]
1
o

-20
_o25 k-

-25

5 SI.2 5‘.4 516 ‘543 IE» 6.2 6.4 5 5I.2 5‘.4 SI.G 5I.8 ‘6 6.2 6.4
Frequency [GHz] Frequency [GHz]

Figure 4 MTL-to-TIW transition for ISM band: simulateeftection and transmission

coefficient forcontinuous sidewall@eft) and stitchedidewalls(right).

Figure 5 shows results ofparametric analyses performed on important pafrtthe transition
During parametric anadgs, the reflection coefficient artthe transmissiorone were observed

Diameter ofthe circular slotd, waschange from 4.4mm to 60 mm and the transmission
varied from - 0.20dB to - 0.37dB. The results shosd that thevariation of d» can improve

performance but theariation of the diameteaf themetal ring changkthetransmission onljor
about 0.11B.

The variation of thedistance betweethe end of TIW andthe shortingpin causd that the
maximum of thetransmissiommoved to anotherfrequency.When varying lhe diameter othe
shorting pins from 0.4 mm to 1.6 mm with the step 0.4mm, the transmissionchange from
-0.21 dB to- 0.78dB (thelargerradius of thepin, thebetter performange

Parametri@nalyses shoedthat the performance of the designed transition can be improved
by varyingimportant parameters. Especiallje diameter ofhe shortingpin is critical.

The MTL-to-TIW transition can be designezlenfor microstrips withthe characteristic
impedancevhich differs from50q .In order to approve the conceptettransitiorwasdesigned
for themicrostrip withthe characteristitnpedance 7% . Performance of the desigd transition
was verified by simulatiom The transitionwas designedaccording torules describedin the
previous section. inensionsof the transition are givem Table 1. Frequency responses of
reflection and transmission coefficientt this transitionsare shown in Figure6. The reflection
coefficient isS;1 = - 25.47dB andthetransmission coefficient iS;; =- 0.11dB.
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Figure 5 MTL-to-TIW transition for ISM bandparametric analysis of theahsmission
coefficientwhen varyingd (top, left),d: (top, right)d, (bottom, right) and, (bottom, left)
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10 F 4

15 | .

Scattering parameters [dB]

.30 I I I I I I I
5 5.2 5.4 5.6 58 6 6.2 6.4

Frequency [GHz]

Figure 6 MTL-to-TIW 75 Wtransition: reflection and transmission coefficient

The MTL-to-TIW transition forthe UWB bandgroup 6wasdesigned withoué circular ring in
the slot because the pin diamet&sincreased according to previous parametric simulafeses
Table 1). The transitionwas simulated with stitched sidewall&s the conventional substrate,
Arlon 25N with thickness 0.768mwas used
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3.3 Results of measurements

For the experimental verification,wo transitionsoperating inthe ISM band 5.85Hz and two
transitions operating ithe UWB bandwere manufactured amwbnnected by TIWsee Figure 7)
Manufacturing and technologic@gtails are provided i@hapter 6

—

Figure 7 Photograph of manufacturedTL -to-TIW transitiors (ISM left; UWB right).

Results of Bnulaionsandmeasurmentsof these transitiamareshown in Figure8 andFigure.
The ISM transitionhasthe simulatednsertion loss 2.38B (the measuredne is3.12dB) and
the simulatedeflection coefficient athe SMA input isS;; = 119.22dB (the measuredne is
117.23dB). The maximum ofhetransmission is shifted wlower frequency than 58Hz. The
minimum ofthereflection coefficient is shifted tafrequencylower for about 100MHz.

The UWB transitions wereptimized to maximize the bandwidth wherg €110 dB. The
insertion loss varies for less tharB in the bandyroup 6. Results of measurements show that
the reflection coefficient is higher that0dB in a lower part of the UWB band and the insertion
loss varies from 1.dB to 4.3dB.

-10 |-
15 |

-20 }

Scattering parameters [dB]
Scattering parameters [dB]

25 |
.‘.J‘
-30 | "-.'.'I
3

-35

5.5 5.6 57 58 5.5 5.6 5.7 58 5.9 6
Frequency [GHz] Frequency [GHz]

Figure 8 MTL-to-TIW transition for ISM band: simulated S parameters (left)
and measured S parameters (right). Configuration Figure?7.
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-35 |

-40
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7 7.5 8
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Figure 9 MTL-to-TIW transition for UWB band: simulated S parameters (left)
and measured S parameters (right). Configuration figure?7.

3.4 Conclusions

The methodology ahedesignof multilayer transitios betweerMTL on a conventional substrate

and TIWwas presented. The designed transitiaase simulated and results were verified by
measuremest

The conclusions are as follows:
1 TIW can be used in combination with other devices integrateaiher substrate

1 The presentedMTL-to-TIW transition is sitable for narrowband applicationgfor ISM
bands, e.g.)

T The transition can balsoused for wideéband applicatioswith a higher insertion loss and
a highervalue ofreflection coefficient.
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4 Te-knht bgratesd Switch

Since TIWare relatively bulky and are not suitable Yogarableapplicationsattention is turned
to nonwearable structurebéd sheetaipholstery seat covers, etclh all those textilestructures,
TIW can play the role of ransmission lineTIW can be usedsa highspeed communication
bus for media streaming in calmses and airplanes. THAsed systesrancreatea backup
communication bus for sensors or emergency systems.

The chager is aimed to descritibedesignof a TIW switch which isexpectedo transmit the
powerfrom the input 1o the outpu®, or the outpuB.

The designof textile-integrated compantsis specificdue to themanufacturing technology.
Tolerances ofextile materialarevery limited Theresistancef conductive textileandyarns is
relatively high compared with coppegold or even with aluminum. The yarns or eyelets have
fixed dimensions and propertieBue tothese reasonghe textile-integratel switchhasto be
designed step by step. Alle steps are describedtime following paragraphs

4.1 Textileintegrated T-divider

The design othe textile-integrated ¥divider is simiar to the design ofa SIW T-divider with
some manufacting limitations. The width of the waveguide is giventhgformulas (1) and (2)
on the page 1Z'he width of the waveguide is 3Bm for the operatiorirequency5.8 GHz, the
cutoff frequencyfor = 3.9GHz and he 3D textile withthe height 3.dmm andthe relative
permittivity 1.2. The length of waveguidieanchesvaschoserto be20 mm.

The T-divider hasaninductive postin the center The conductivityandthe diameter ofthe
postare very importantBoth these parameters affettte reflection at the inpuport and the
insertion bssbetween the input port and the output poRigure 10 to Figure 13 show the
frequencydependencef S;; and $: with theradius and the conductivity of tivductivepostas
parameters, respectively

Obviously,the diameter of the inductiy@ostplays animportantrole. Thevalue ofS;; varies
bet we ednB Ta3n7dB andl®3b et we e id BT & .n % @BISkhceth® diameters of
conductive yarns are limited, tieductivepostcan be constructeas follows

9 To use more yarns in paralldlhe method isomplicated for manufacturinge precision
of the diameter imited.

1 Touseacopper wire witraproper diameteiT he method isasyfor use and manufactug,
theprecision of the diameter good.

I To manufacturethe conductive thread witlthe definel diameter The tolerance of
manufacturing the yarn with a givelimmeteri s10%
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The conductivity othe central post varieom 10? SIm'? to 10° SIm'*. Sincethe conductive
threads used for RF applications haleresistance between Wand 100W, these threads
were not suitable for creatirtge centralinductive post and alsswitchablepins.
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Frequency [GHz]

Figure 10 Frequency response of theflection coefficient athe input port of the switch:
radiusof theinductive posts a parameter
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Figure 11 Frequency response of transmissiorbetween the input port and the port 2:
radius oftheinductive poshs a parameter
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Figure 12 Frequency response of theflection coefficientatthe input port of the switch:
conductivity oftheinductive postas a parameter
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Figure 13 Frequency response of tiransmissiorbetween the input port and the port 2:
conductivity oftheinductive postas a parameter
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4.2 Switch design and simulations

TheTIW switch is based oa conventionall -divider with four switchable pins. These pins are
separated from the top and bottom conductive layers by a circular gap and can be connected by
PIN diodes.

Schematics of the designeelivider is depicted ifrigure14. The strong inductive post is in
the vertical axis of the divider. On the lafand side and the righiand side, switchable pins to
be used for switching are installed.

Figure 14 Position of the inductive post (on the top) and switchable pins
(on the left, on the right). Linear or parabolic distribution.

The diameter and the conductivity of switchable pins are important as well. Therefore, all the
switchable pins are constructed from copper wires. Switchable pins are placed inside the TIW.
Their positions with respect to the central post and inner coofi¢he divider are given by an
equilateral triangle or by a part of a parabolic curve EBgere14). The distances between pins

are the same.

The switchwas simulated with perfectly electrically conductive (PEC) pins. Two pins on the
right-hand side were fully connected to the top metal layer and the bottom one and closed the port
no.2. Two pins on the lefhand side were disconnected and opened thenpoBt

Frequency responses of reflection and transmission coefficients are sheigurel5for the
parabolic distribution of switchable pins andHigure16 for the linear distribution of switchable
pins. Responses for closed ports are very similar for both the distributions, but responses for open
ports are different: §i s f or dBlbaiter and $id fBr about 0.51B better in case of the
parabolic distribution.

The shape of the gap between the inductive post and conductive layers is a circular ring slot
(seeFigurel?). The radius of the ring slot affects parameters of the switch. The top slot and the
bottom one can have a different radius. Using a simplified model of the switch withoubBé#s d
(the diodes were replaced by a conductive strip), parametric analyses were done for the diameter
of the top slot, and the diameter of the bottom slot. The simplified switch is depi€tediral8
and transmissions to the open and closed port are depidtegline 19 andFigure20.
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Figure 15 Frequency responsd S-paraméersof the switch:
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Figure 18 Switch without PIN diodessidewdls created bygontinuousPEC

Sz [dB]

-15 | dg=2 mMm = - - -+ E

_2.5 | L | I I
54 56 5.8 6 6.2 6.4 6.6

Frequency [GHz]

Figure 19 Frequency respons¥ the transmissiorirom the input porto the openport:
diameter otheslot on theiop dstas a parameter
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Frequency dependencieshigure19to Figure22 show the effect of diameters of slots on the
top and the bottom of the swhiton the transmission between the input port and the open port or
the closed one. The simplified switch used for parametric analyses is shé&guial8. The
width of the waveguidewas 35mm and switchable pinsereplaced on the part of a parabolic
curve. Two switchable pins on the lfand sidevere connected to the metal layer by conductive
strips and two pins on the rightind sidevere disconnecteduring the parametric analyses, the
inner diameter of the top and bottom shats changed (dimensiah: anddsy) and the width of
slots @) was constant (dimensigrare shown irkigurel7).
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Figure 21 Frequency response of the transmission from the input port to the open port:
diameter of the slot on the top as a parameter.
Inner diameter of the bottostot ds, varied during parametric analgs
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Figure 22 Frequency response of the transmission from the input port to the closed port:
diameter of the slot on the top as a parameter.
The nner diameter of the bottom sl varied during parametric analgs
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During the first simulation, the slot on the top had the diantkterl mm and the diameter
of the slot on the bottomk, was changed. During the second simulation, the diameter of the slot
on the bottom was set th, = 3mm and diameter of the slot on the thpwas changed-igure
21 andFigure 22 show that the diameter of the bottom slot is critical for the proper function of
the TIW switch.

Results of parametric analyses show that the diamet#éretofp andthebottom circle around
pins are very importargaraneters The diameteds, shouldvary between6 mm and9 mm and
the diameter of the top rindy: should be betweehmm and7 mm if the diameter of the bottom
ring is chosento be 7 mm. Since these diameterinfluence the parasitic capacitance and
inductance of the pjrthe right diameters depend on thiameter ofpins and parasitic properties
of used PIN diodeslable2 shows that the diodes usi&d[41, 44] have lower capacitance and
inductance than diodes used 48], but these diodes are in a small package andothae used
for textile manufacturing. Therefore, the PIN diodes BAR@4were used. Their maximum
operation frequency is 6 GHz.

Table 2 Parameters of equivalent circatmponent®f PIN diodes.

PIN RON( Y)| ROFF( kY| C(pF) L (nH) Ref.
BAR64-02 2.1 3.0 0.20 0.80 [43]
HPND-4038 1.5 - 0.06 0.15 [41]
GC494112 1.5 - 0.06 - [44]
MA4AGFCP910 5.0 - 0.02 - [42]

The equivalent circuit of PIN diodes is shownFigure 23 for the ON state and the OFF state.
Results given by these equivalent circuits correspongaar&meters given in the datasheet. PIN
diodes are connected betwa®e ring around the switchablgin and the top conductive layer.
The PIN is connected to the driving voltage.

More diodes can be used per @vgatchablepin to improve theperformance. One, two and
three diodes were simulateahd resultsverecomparedseeFigure24 andFigure25).

L | L R
— YN -
—
R
Figure 23 Equivalent circuit ofPIN diode.

=<+ O
=<+ O+
O+

Figure 24 Connedbn of the different number ¢&?IN diodes.
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Figure 25 Frequency responses ofp@rameters ahesimulated switch with one (top),
two (centej andthree (bottom) PIN diodes connected to switchable posts.
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Figure25shows that the parameters of the switch depend on the number of PIN diodes connected

to switchable pins. All simulations were done with the same dimensions and setting. The switch

with one PIN diode per pin had:S1 1 2 dBL 8:=17 2 .dB3and $:1=1 5/3dB. As shown

in [41], one PIN diode per pin can be used, but parameters of used PIN diodes have to be much

better than BAR642 has. Isertion loss of the open port is similar to cases with two and three

PIN diodes. Due to the parallel combination of three PIN diodes, the switch has a very low
transmission to the cl| eobe di @B3Théd Rifcakitotwa PIN 28 . 22 ¢
diodeshas= 1T 18&8B9But the transmissian to the cl osed

4.3 Switch manufacturing and measuremens

TheTIW switchwas designed fothe 3D textile substrate 341 produced bySINTEX. The
height ofthe 3D textilewas 3.4mm, relative permittivity 12 andthe loss tangertant= 0.002
Top and bottom conductiayerswere screerprintedby asilver pasteThescreen printingvas
chosen for théollowing reasons:

1 The manufacturing process is compatible witle standard PCB technology

9 The precision of manufacturingéemparabldo thestandard PCB technology

1 Thesilver pasteas well conductive

1 The PIN diode®r metal wires can bsoldered or glued to the scregrinted silver paste

Sidewalls of the TIWwere sewedby theconducti ve sil ver thread E
110/f34_PAJ/Agwith the diameter 0.3nm andtheresistivity 18Wm. The thread is suitdke for

hand and machine sewin§ince TIW was connected t@ standardvector network analyzer

(VNA), thetransmissiorbetween TIW an@&MA wasdesigned. The width ahe50 W microstrip

was 15 mm and theidth of the TIWwas 35 mm. The tapered transition between microstrip and

TIW can be calculated e equationgivenin [56].

1

Figure 26 TransitionMTL to TIW.

Sincethe heightof the substatewas 3.4 mm thelosseof the transitiorwere relatively high(see
Figure 27Figure 27 Simulated fequency response of -gfarametersof the transition
betweerthe SMA connector and TIV}.anddegradd parametersf theTIW switch.The nsertion
loss at 5.85Hzwas 1.27dB for the optimized transition.
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Figure 27 Simulated fequency response ofarametersf thetransition
betweerthe SMA connector and TIW.

Figure 28 TIW switch with transitions to SMA connector

The switchwasmeasuredising atwo-port VNA. The VNAwasconnected by SMA connectors
to the inputport and oneof the switchableports The unconnected port wasnded bya 50 Y
resistor. Switchable pinsere connected tdhe driving voltage- 5 V for the openport (diodes
OFF) and+1.1 V fortheclosed port(diodesON). The arrentwaslimited by a series resistor to
the maximumrecommended vak 80mA. The manufactwed switch isshownin Figure29.

Figure 29 Photos othescreerprintedtextile-integrated switch.
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Simulated and measured results of the complete switch are depiEigdr@30. The sitch was
simulated withSMA-to-TIW transitions and diodes replaced the equivalentcircuit. The
reflection coefficient of the simulated switchas 1 QdB.(3meas ur edB) aithed4 . 6 O
frequency 5.&Hz and lossesf the openport were5.10 dB (measured 6.2dB). The simulated
isolation of the closal port was14.92dB (measured 15.68B). Obviously, neasured data
correspondsvell with simulations.

4.4 Conclusions

The methodology of the desigfithetextile-integrated switchvas presented in ik Chapter.The
design was verified byimulations and measurement he desigmprocedurecan be divided into
the following steps

9 The textileintegratedT-divider is designedvith the fixed post in théongitudinal axis of
the divider

1 Switchable conductive postse installed into the divider following thi@ear or parabolic
trajectory. The trajectory is defined the center post aridternalcornes of the T-divider.

9 Suitable PIN diodes arecleced. The selections limited by the operation frequency
(parasite properties) and technolagycreating metal layers.

1 Top and bottom slots around switchable pins and the fixed posesigretl The bottom
slots are ecommended to be of the double size compared to top ones, approxifiagely
width of the slot is given by manufacturing technology (precision) and used PIN diodes.
The parasitic properties of the diodes can be compensated by incrénesimgmber of
diodes.

These design rules were used for desigriimgtextile-integratedswitch for the ISM band
5.8 GHz. The switch was fedia SMA-to-TIW transitiors by tapered microstrifines on each
port. Figure 27 shows that this transitiowas not ideal for this type dhe textile material and
degradd properties of the switcseeFigure30).
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Figure 30 Frequency responses of S11, S21 and S31 of the TIW switch:
simulated (left) and easurd (right).
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5 Circularly -PotagraeddTArRt eheaas

The circulaly polarized textileintegrated antenna is based amronceptof a circular patch
antenna fed bshemicrostrip fromthebottom side and witthecross slot inside the circular patch
[57]. The role of theadiating element iplayed by acircular ring slot in the top metal layer of
TIW. Insidethe circular ring slotacross slot rotatefbr about 4%\is etched to exciténe circular
polarization.The polarization of the antenna can be changeatidoptation of the cross slot

The antenna is designed in two versioifie first version is more complicated for
manufacturingat frequencies above 20 GHespecially. The second version is edsybe
manufactued becausehe mostcritical parts ofthe first versionwere eliminated.Hence, the
second versiolis suitableevenfor higher frequencies laove 20 GHzand alower precisionof
manufacturing. Both versions tife antenna hee similar propertiesthe firg version has better
axial ratio(AR).

5.1 Design of extile-integrated antennas

The textileintegrated circularlyolarizedslot antennds an analogy of aantenna integrated into
a conventionakubstrate. The design rules @ne sameboth for SIW and TIW, but different
technical limitationdave to be considerethédiameter of conductive thregdhe thickness and
permittivity of textile substrates, therecision of manufacturing conductive layestc.)

The design of the antenna can be divided into two parst, the TIW has to belesigred
Second theradiatingelementhas to be developehd its positiorhas to be optimizedesign
equationsprovidebasic dimensionef radiating slotdor furtheroptimization.

The radiating elemeris depicted irFigure31. The antennaonsists of @ircular ring slot and
across slot insideThe circumferenceof the ring slot is given bthewavelergth of the radiated
wave. Thecircumferenceshouldequal tahewavelength ofheradiated waveThe middleradius
of the ring slot can be calculated [58]:

w (3)
¢ 'ne
wherec is velocity of light in vacuun is frequency of operation aralis relative permittivity
of the textile substrate.

Thewidth of the slotis given behe requested characteristigpedancef the slot.

The cross slot can be divided into two armike first arm is longer and the secamuk is
shorter. The length of tHenger arm is given btheradius of the circular ring slot and its width.
Thereis asmall conductive stripdiweenthe circular ring slot and #searms(seeFigure 31).
This thin strip improvetheaxial ratio of the antenna.

The length of the girter arm is given by:
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a im 4)

wherer is the middle circumference of the ring slot given by (3).

Figure 31 Version 1 of theadiating element (left)
detail of theconductivestrip betweerthering slot andhe cross slofright).

Figure 32 Version 1 of the antenna: simplified model (lefti) model (right).
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Figure 33 Version 1 of the textiléntegrated antenna.
The whole antenna (left), the radiating slot (right).
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First, TIW has to be designed by a conventional approach as a cascade ointegfitded
waveguides of two widths (the version 1, Figure 33 and Figure 34). The cutoff frequency of the
narrower part of the TIW has to be 7%bof the operational frequeynand the cutoff frequency

of the wider part of the TIW has to be 58.3% of the operational frequ&hiywider part close

to the radiating ring creates more constant fididtributionin the slot and improweradiation
parameters of the antenna.

The digance between the shanircuited end othe TIW and the center of the radiating slot
has to be determined. This distance should equal to half of the wavelength at the operating
frequency. The length of the wider part d¥\ equals to 0.4 of wavelength atie slot is placed
to the center of the wider part of TIWhese simple rules allow the antenna to achieve good
radiation parameters.

textile textile

central wire Ihp central wire
Z
I_E’

Z

i,
conector conector

Figure 34 Coaxial excitation of TIW feeder: SMA not connected to top wall (left),

SMA connected to top wall (right).

X X

The TIW feeder is recommended to be excitgda coaxial probefrom the bottom. Figure 34
shows two possiblerays oftheexcitation The thickness afhe 3D textile is usually higher than
the thickness ofconventionallyused substrates. For this reason, the conventionaittcem
betweenTIW and the coaxial does not workandthe conventional transition betwedine
rectangular waveguide arttle coaxial probe isa proper solution.This type of transition is
relatively hardo be integratethto the textile becaugbediameter othecentral wire othe SMA
connector is 1.2mm. Moreover, placing the central wire t@arrect positions challengng also

Due to the limited manufacturing precision of textile technologies, the design of the antenna
has to be simplified:

9 The thin strip between the ring slot and the cross slot is removed. The width of the strip is
about 02 mm at 24GHz and touches limits of manufacturing precision.

1 The width of TIW is unified keeping the larger width.

Version 2 of the antenna is depictedrigure 35 (the radiating slot) an&igure 36 (the whole
antenna). Version 2 of the antenna wasgiesi considering scregminting. Dimensions of
version 2 of the antenna are giverTable3.
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Figure 35Version 2 of theadiating element with missing conductive strip (left),
TIW feeder with unified width (right).
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Figure 36 Version 2 of the textilentegrated antenna.
The whole antenna (left), the radiating slot (right).

Table 3 Dimensions of version 2 of the textiletegrated antenna.

Param[mm] | |1 2 Wy dv g le | wa | W2 | ls2 r{ | d
5.8GHz 258 | 55.7|140.82| 03| 1.2 | 226| 25| 27 | 123 | 98 | 25
24GHz 5.86 | 11.30| 10.20| 0.3 | 1.2 | 3.23 | 0.42| 1.28| 1.79 | 1.76| 0.65

Table 4 Dimensions of version 1 of the textiletegrated antenna.

Param[mm] | 11 | l2 | Iz | wa [We | dv | g | lc [Wst|Ws2| lsz| ls2| r1 | o

24 GHz 6.00 | 7.00 | 3.93 | 7.74 | 9.70 | 0.30 | 1.00 | 3.23 | 0.46 | 0.51 | 3.40 | 1.75| 1.85 | 0.27

-33-




Circularly Polarizedr extile-IntegratedAntennas

5.2 Simulation, implementation andmeasurement of TIW antennas

Textile-integrated antennas are constructetkatile substrateby screerprintingtheconductive
layers andsewingthe sidewalls hence conductivities are different

The textile substrateis inhomogerous consists of vertial textile fibers from different
materials infree space. Tdsubstratecan be affected by humidity or mechanical pressure during
manufacturingThe thickness of the textilubstratecan varyfor aboutN0.2 mm. Sidewallscan
be manufactured usingyelets[36] or conductive thread§37] with limited accuracy. The
resistance othreadsvaryfrom 10Y t & Y1 0

Simulations otextile-integrated structures are therefore ratfifficult sincethe conventional
simulation software is natdoptedor suchcomplex and random structures. Open literature shows
that textileintegrated antennas can be simulate& ¥ antennas oronventionalmicrowave
substratesln next paragraphssimulationsof textile-integratedantennasiesigned for the ISM
band24 GHz are described using conventiorstnulation software andonventionaprinciples.

Version 1: simulation

The antennavas simulated in CST Microwavet&dio. Simplified simulatiors considered
continuouametalsidewalls ofTIW and feedingby a waveguide port carected toTIW directly
(the red line irFigure32). The antennavasoptimized for resonance frequency@#lz andaxial
ratio lower than 3B in thefrequency rangéom 24.00 GHz to 2425 GHz.

The principle of antennaperation is demonstratég electric and magnetic fieldistribution
in TIW and in the plane of the sI(geeFigure37). Theelectric field isvisualizedfor three cases

1 Theringslotis covered by PEC
9 Thecross slois coveredoy PEC;
9 All slots are uncovered.

Figure38 showstherotation of the electrical field in the sliot a different time (phase).

[ vmdos) ]

cyeed B 88 EREEL

Figure 37 Electrical field in TIW(left), electrical field in the ring slot (right).
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0° 45° 90° 135° 180°
Figure 38 Rotation of Efiled in the ring slot with the cross slot inside.

The frequency response tifereflection coefficient othe simulatedversion lantenna with full
sidewalls andhe waveguide port connected directlyttee waveguide is depicted iRigure 39.
The impedance bandwidof the antenna fori$< - 10dBis 11.05% (23.18GHz to 25.83GHz).

The AR bandwidthof the version XseeFigure40) is lower thantheimpedance banddth,
reaches327MHz and coverghe whole ISM band. The antennaas notoptimizedfor the best
parameters because the model is strongly simplified.
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Figure 39 Simulated frequency response of reflection coefficient of the version 1 antenna:
continuous walls and waveguide port.
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Figure 40 Simulated frequency response of axial ratio of the version 1 antenna:
continuous walls and waveguide port.
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Radiation patternef theversion lantennasre show in Figure 41andFigure 42. The width
of the main lobe is 10%n theXZ plane and 1004in theYZ plane. The maximayain is 6.61dBi
and the maimum is shifted talirectiors 17Aand23A The gairin thefront direction is 5.531Bi.
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Figure 41 Simulated radiation patterns of the version 1 antenna
with the waveguide port: XZ plane (left) aNd plane (right).

Figure 42 Simulated 3D radiation pattern of the version 1 antenna
with the waveguide port.

In the full model of theversion lantenngFigure32 right), continuous sidewallwerereplaed
by posts from theconductive thread antllW was excitedby the coaxial probelnstead of the
coaxial probe, we can use a conventiomaleguideoperaing at thefrequency 245Hz. Strips,
microstrips and coplanar waveguideannot be used at this frequermythe textile substrate of
a giventhickness.

A precise SMA connector is ustmlexcite thavaveguide in theptimum positionSinceTIW
meetsobjedives of arectangular waveguide, the SMA center pin is not connected to the top side
of the TIW (sedrigure34).

Theantennasveresimulated as idealized models, whitre conductive material is represented
by PEC andheTIW structure is replaced by full wallsocationof theexcitation isthe same for
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boththeantennasThe length ofhe usegrobe(in casehecentral pin is notonnected tothetop
conductive layed is 1.95mm andthe 3D textile 3D097h = 2.6mm) is used as substrate.

Frequency responses of reflection and transmission coefficients are dapieigure43 (the
center pin othe coaxial probds not connected to the top conductive lageT W) andFigure
44 (the centepin is connected to the top conductive lgy&he transmission coefficiewtf the
nonconnect ed ©.I6dBmrandihéreflechon cosfficient is 21.5dB atthefrequency
on

24GHz. Thet ans mi s s i

connected central wire.

Scattering parameters [dB]

20

cadd8f faindi

eretf | ies t 1 4B fodhe e f f i

-25

23

1 I
23.5 24 245
Frequency [GHz]

Figure 43 Simulated frequency responses gb&@ameters of the version 1 antenna:
center pin is not connected to conduetiep wall of TIW b= 2.6mm,f = 24 GHz).

25 |

Scattering parameters [dB]

3.5 |

45 L

22

22.5

I
23

235 24 245
Frequency [GHz]

Figure 44 Simulated frequency responses gb&ameters of the version 1 antenna:
center pin is connected to conductive top wall of TW¢R.6mm, f = 24 GHz).

All the sidewalls arehandmade, and the precision of the sewing is very low. Thergfore
parametric analysesereperformedto test influence o$electedcritical dimension®f radiating
elemensandTIW feeders on manufacturing tolerandesaring parametric analysgse changd

the length of arms of the cross dlgtandls,, the width of armsvs andthe width of the radiating
circular slotd.. Those parameters provide a good description of the antenna performance. The
parameters are shown able 5 with their limits and the steg=requency response of the
reflection coefficient, the axial ratio and the gaiereobserveduring parametric analyses.
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Table 5 Variation of mrameters ofheversion lantenna
duringthe parametric anabis

Parameter Limits Step
dr 0.107 0.40 mm 0.1mm
Is1 1.507 1.90 mm 0.1 mm
ls2 0.707 1.10mm 0.1 mm
Wo 0.907 1.50 mm 0.5 mm
Ws 0.107 0.40 mm 0.1 mm

In Figure45, influence of the width of the circular ring skihton antenna parameters is analyzed.
Variation of the width ofthe ring slotinfluences theeflection coefficientat the inputof the
anten@. The reflection coefficient changes itagnitudeandthe frequency ofesonance. The
frequency ofresonance isfluencedbecause the inner radios the slot staysconstant andhe
outer radiusvaries Magnitude of the minimum ohe axial ratiovariesfor about 3dB and the
frequency of the minimuroshangs in rangeof 0.5GHz If the d: equals tdd.4mm, the gain is
almost constant over frequency.
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Figure 45 Frequency response of the reflection coefficient (tipjjuency response of axial
ratio (bottom left); frequency response of gain (bottom (right).
Width of the circular ring slad, varied during parametric analysis.
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Figure 46 Frequency response of the reflection coeffic{gmp); frequency response of axial
ratio (bottom left); frequency response of gain (bottom (right).
Length of longest arm of cross slgtvaried during parametric analysis.

In Figure46, influence of the length of longest arm of the crosslslon antenna parameters is
analyzedThe parametdg; influences thdrequency response tifereflection mefficient andhe
axial ratio. If the parametéy; is 1.9mm, the crosslot arm meetthe ring slot and the antenna
totally changeits parameter@he axial ratio, thgain). The minimum othereflection coefficient
variesfrom 23.8GHz (1.7mm) to 24.8GHz. If the ls1 is in rangefrom 1.5 mmto 1.7 mm, the
gain stayspracticallythe same(change about 0.251B). Thevariationof |s; does noinfluence
thereflection coefficient of the antenna becatlseshortest arm is short and fawayfrom the
ring slot.The minimun oftheaxial ratiovariesbetween 23.%5Hz and 245Hz and thenagnitude
of the axial ratios about 2dB. The gain of the antenna varisem 4.8dBi to 5.25dBi. The
changs of Is;influence theshape of radiation patterns.
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Figure 47 Frequency response of the reflection coefficient (top); frequency response of axial
ratio (bottom left); frequency response of gain (bottom (right).
Length of shortest arm of cross digtvaried during parametric analysis.

In Figure 47, influence of the length of shortest arm of the crosdsloh antenna parameters is
analyzed. Frequency response of the reflection coefficient is not influenced significantly.
Frequency ofthe minimum of the axial ratio varies from 23.5 GHz to 24.0 GHz. And the
maximum gain in the frequency band of operation is obtained.ferl.0 mm.
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Figure 48 Frequency response of the reflection coefficient (tipjjuency response of axial
ratio (bottom left); frequency response of gain (bottom (right).
Width of wider TIW part, varied during parametric analysis.

In Figure48, influence of the width of the wider part of the TWY on antenna parameters
analyzed. The width of the TIW changes electromagnetic field distribution insid:
waveguide, and the field ithe slot is different too. The width of the TIW strongly influen
frequency response of the reflection coefficient. On the other hand, changes of the fre
response of the axial ratio are relatively small (the minimum shift is abodB) &onsideng

the difference is 1 mm. The gain varies fromdBs (w. = 0.5 mm) to 5.3%IBi (w. = 1.5 mm).
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Figure 49 Frequency response of the reflection coefficient (top); frequency response of axial
ratio (bottom left)frequency response of gain (bottom (right).
Width of cross slotvs varied during parametric analysis.

In Figure49, influence of the width of cross shat on antenna parameters is analyzed. This

width influences all antenna parameters, but the variation of the gain is relatively small. Dealing
with frequency response of the reflection coefficient, the matching afritesmna is better if the
width of the slot is small (simulated G1im) but this dimension is too small for the

manufacturing process.

Now, let us turn the attention tbd full model of the version &antennaThe full modelwas
optimized for the ISM band 24GHz (24.00GHz to 24.255Hz) and antenngparameters
(reflection coefficient, axial ratiogadiation patterngain) wereinvestigated in this band.

Frequency response dfd reflection coefficient of the antenna is depicte#igure50. The
impedance bandwidth of the antenna is Za&¥z comprisingtwo main resonancg23.76 GHz
and 25.69GHz2). Thevalueof S is for about 2dB highercompared withthe simplifiedantenna
(a waveguide port instead of tB&A feeding.

Frequencyresponse of thaxial ratio is shown ifrigure51. The AR bandwidth is 470/Hz
and the minimal value of the AR is 1.8B atthefrequency 24.24%Hz.
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Figure 50 Simulated fequency response of reflection coefficiehtrersion lantenna
feedingwith connected SMA connector.
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Figure 51 Simulated fequency response of axial ratibversion lantenna
feedingwith connected SMA connector.
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Figure 52 Simulated adiation pattern®f version lantennan XZ plane (left), YZ plane (right);
feedingwith connected SMA connector
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Figure52 shows radiation patterns of the full model of the antenna. The lotae is divided
by smallgain gapabout0.3d B i nt o two parts. The width of the
pl ane amtike YA@ane The maximum gain of the antenna is 68 and declines from
theZaxis to the Y axievébrof26hAe FhedBsatdedl|l abeeh

Version 1: implementation and measurement

The antenna was fabricated frdire 3D knitted fabric3D097 producedy SINTEX. The
relative permittivity of the fabriavas 1.2 and the heightas 2.6mm. The conductivenetal layers
were manufactured bthe PCB technology froma selfadhesive copper foil (the thickness
0.03mm). The PCB technology allowed to achieve a good manufacturing precision which is
important at the operation frequency GHiz.

The sidewalls of TIW wre sewed byhe conductive thread IHTEX 440dtex produced by
IMBUT. The resistivity of the threadas 15.52Y (for details, seeChapter § The precise
connector was soldered to the bottom conductive coppePfamtography of the manufactured
antennas depicted irFigure53.

Figure 53 Photograph of theersion lantenndor the ISM band 25 GHz;
manufacturedrom copper foil.

Antennaparametergreflection coefficient, axial ratio, radiation pattergain) were measured by
VNA ZVA-110in an anechoic chambdbependencies ifigure54 to Figure56 show that the
operatiorfrequency of the antenmeasshiftedfrom 24 GHz to22 GHz. This frequency shiftas
caused by undestching of the crossslot andthering slot. Therequested length of the firstrar

of the cross slot was increased from 3r8fh to 3.60mm and the resonance frequency of the
antennawas shifted to 22.35Hz. The simulation modelvas thereforemodified accordingly.
Then, the measured data shovaggbod agreement withraulated ong

Figure 54 shows that the sasuredvalue of reflection coefficient decreagdor about 4dB
with respecto simulaton. The bandwidth of the antennas 800MHz. This decreaswascaused
by acombination of several factors:

1 Additional lossesregiven by conductivity of the usdbread,
9 Additional lossesregiven by humidity irtheknitted fabric,
1 The $mulation model did not contain athanges oflimensions caused by unestching
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Figure 54 Version 1 antenna for the ISM band 25 GHz:
simulated and meauredfrequency response odflection coefficient.
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Figure 55 Version 1 antenna for the ISM band 25 GHz:

simulated and measuregliation patternsy XZ plane (left) and YZ plane (right).
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Figure 56 Version 1 antenna for the ISM band 25 GHz:
simulated and measurement frequency response of axial ratio.
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Radiation patterns and the gain of the antenna are shofigune 55. The measured gain is

5.81dBi at the frequency 22.2BHz and the main | obe width in the
YZ plane is 91A. Due to the <conhpaffansaerd on of
measured only in the span from T100A to 100A i

Figure56 showsfrequency response of tlagial ratioof the version 1 antera The minimal
value of the AR is 0.98B atthefrequency 22.2@Hz and the AR bandwidth is 386Hz.

Version 2: simulations

The versior? of the antenna was designed at two frequencies. ThefiestasthelSM band
5.8 GHz and the second orlee ISM band 24GHz. Boththe antennasvere designed by same
procedureand optimized for typical impedance and axial raaodwidthsand maximal radiation
in thefront direction.

Let us start with the 5.8 GHz antenf@gure57 shows frequency responsetbé reflection
coefficient simulated in CST Microwave Studidhe designed antennach#he impedance
bandwidth 682MHz and two resonances close to frequen&.9GHz and 5.GHz. The
impedance bandwidth of the versiom&ennds as wide as the versiadhantennaThevalueof
Si1 at5.8 GHzis - 15.6dB and is between resonancksthis simulation, no foil separating the
conductive (screeprinted) surfaces antie textile substrate was considered.
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Figure 57 Frequency response of reflection coefficient of the version 2 antenna;
simulated without foil.

The frequency response of axial ratio is shawFigure58. The minimalvalue of AR is 04 dB
atthefrequency 5.&Hz The axial ratidbandwidth (ARsmallerthan 3dB) is 151 MHz.Even
in that case, the foil separating tiegtile material and conductive surfaces wasconsidered.

Figure59 shows radiation patterns of the antennthefrequency 5.85Hz in two planes. The
maximum gairin thefront direction is 4.92iBi and the elevation angle of the maximumAsrb
the XZ plane The maximum gain ithe YZ plane is 4.9@IBi and the elevation anglei® 3 A i n
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the YZ plane. The main lobe width is 9Ain the YZ plane and 87 Ain the XZ plane. The
sidelobe level is 20dB.
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Figure 58 Frequency response AR of theversion 2antenna
simulated without foil.
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Figure 59 Radiation patterm oftheversion 2antenna
simulated without foil in AR minimum.

Now, attention is turned to the antenna designedHeiSM band24 GHz The antennas

depicted inFigure36 and thedimensionsre givenin Table3. The antennavas simulated ahe

full-wave model in CST Microwave Studieor thesimulaion, boththefrequencydomain solver
andthe time-domainsolverwere usedo verify results The modelwas relativelycomplicated

including athin layer ofthe DIGIFLEX MASTER foil.

Figure 60 shows fequency response tierefledion coefficientand the axial ratio ithe Z
direction Theimpedancebandwidth of the antenna gider thanthe depicted2 GHz and is
similarto theversion 1 of the antenna.

The minimum of the axial ratio isdB and the frequency of the minimum is @#lz. There
are small differences betweegsponses provided by the frequeigiomain solver and the time
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domain solver. These differences can be caused by differences in meshes and solver errors. The
axial ratio bandwidth is 96WIHz (T-solver) and 958Hz (F-solver).

Radiationpatterns are shawin Figure61.

The

ma i

n | oibtheX@plad and i s

1 0 5 and iAtheYZ plane The sinulated gain of the antenna is 63 and the main dire¢ion

of t he
antenna is 28.28B.
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Figure 61 Radiation pattersiof version 2antenna at 2GHz
the XZplane (lef}, theYZ plane (ight).

104.

Parametric analyses are not presented because the second version of the antenna shows very
similar characteristics as the version 1 antenna.

Version 2: implementation and measurement

Version2 of the circularly polarized antenna wdesigned anchanufacturedor the ISB band
5.8 GHz and the ISM band 24 GHz. Antennas were designdtk @btextile 3D09Awith height
2.6mm and relative permittivity 1.22. €hselectedD textile allows to create textile antennas

evenat frequeniesabove 20GHz.

-48-



Circularly Polarizedr extile-IntegratedAntennas

The antennawere manufactured by scre@ninting, but an iroron foil protecting theextile
substate againstthe penetration \&s not considered durinthe design and simulationf the
antenna at 5.8&Hz. This inaccuracy irthe model caused therequency shift ofantenna
characteristicef the manufactureprototype
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Figure 62 Version 2 antenna for ISM band 5.8 GHz: simulated and measured
frequency responses of reflection coefficient (left) and axial ratio (right).

The resonanfrequency of the antenna was shifteavaods 5.4 GHz due the used foil. This
explanationwas spported by additional simulations with the foil abgl comparisos with

measured resut

The frequency responsethtreflection coefficient is shomin Figure62 (left). The measured
bandwidth for & <710dB is 674MHz. The AR bandwidth is 15MHz for AR < 3 dB. The
frequency respongsf theaxial ratio is showin Figure62 (right) and the minimunvalueof AR

is 1.27dB atthe frequencyp.45GHz.
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Figure 63 Measured normalized radiation patterns of version 2 antenna
for ISM band 5.85Hz: XZ plane(left), YZ plane (right).

The radiation patterns were measuirethe XZ planeandthe YZ planein the span 248 .

The

left-handedcircular polarizationl(HCP) radiation patterns are show Figure63. The measured

width of themain lobe irtheXZ plane is 88 a rihe YZiplaneis 94A .

hih af theggmeasured

antenna is 5.38Bi and the elevation of maximumiiZA theiXZ planeand3A thelYZ plane

-49-



Circularly Polarizedr extile-IntegratedAntennas

The difference between measured and simulated sesat be caused bthe measurement
precision or byscreerprinting (the real precisionf printing onthetextile isN0.3mm).

For the ISM band 2GHz, two samples ohe versior? antennaveremanufacturedrirst, the
standard copper foivas used to fabricate conductive surfaces]secondthe screesprinting
was appliedBoth the conductive materials were placed orDlgIFLEX MASTER foil. Using
two fabrication technologiesnanufacturing intolerancesn be compare@ndproperties of the
antennas can beerified.

The 3D textilamaterial3D097played the role of the substrateboththeantennasTheprecise
SMA connectomwith the maximum operatiofrequency 24.%5Hz was u®d for feeding. Both
versionf the antennavere manufacturedonsideringhe same source data and basic parameters
were measuredlhe cetaileddescription of thenanufacturilg processs givenin Chapter 6
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Figure 64 Measured frequency response of reflection coeffiaéthe input
of version 2antenndor ISM band24 GHz(copper foil)

First, frequency response of the reflection coefficient at the input of the version 2 antenna for the
ISM band 24 GHz was measureg the vector analyzer RS ZVA110 (deigure64). The result

shows that reflections are lower thadOdB with two modes of resonance at frequencies
224 GHz and 24,85Hz. The % level at the band of interest varies frofr?.15dB to7 13.08dB.
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Figure 65 Measured radiation patterns\arsion 2 antenna for ISM band 24 GHz (copper foil):
YZ plane(left); XZ plane(right).
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Radiation patternsiere measureith theXZ planeandtheYZ plane (se&igure65). The span
of the measurementas 1 8 WA +90A becausen good precision can be achieved in this
limited span The gainwas measured bthe methodbased on theomparison witlthereferene
antenna. The measured beam wigdts 5 @hW&X Z np | an e teYiZbla®4 A i n

Frequency response ofig axial ratio(Figure 66) was measured in th&ont direction
( ORAA) . T lremagritudéofrthe AR °© 5.0 dBis at the frequency290GHz Since he
magnitude of thewxial ratio is higher than @B, the antenna radiateke elliptically polarized
wave. The higherAR magnitudes causedy the manufacturing method (see Chaptéer 6
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Figure 66 Frequency response afial ratio of version 2 antenna
for ISM band 24 GHz (copper foil)

CHTTIFERTRUTATIIL i ihiae (145

Figure 67 Photograph of the version 2 scrgamted antenna for the ISM band 24 GHz:
the macroscopic view (left), the microscopic view (right).

The antennavasprinted onthe DIGIFLEX MASTER foil by a silver polymer pastdn Figure
67, the macroscopic photo (left) and the microscopic(dgat) are given Since he viscosity of
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the polymer paste is nbigh enoughthe shape of thantenna layous not sharpand the width
of thering slot is notconstant

Measuredrequency responses of theflection cefficient and the axial ratio are shown in
Figure68. The minimum of reflection coeffient is shifted tdhe frequency 22.7GHz and the
shape diffes from the copper antenna artkde simulation. Thémpedance bandwidth of measured
printed antena is3.02GHz Sincethe resonarnfrequency is shifted to lower frequen@sothe
minimum of theaxial ratio is shiftedo the frequency 22.2%Hz The minimummagnitudeof
theaxial ratio is 1.0@&I1B. The axial ratio bandwidth is 1GHz

Radiation pattens are showin Figure69 for the XZ planeandtheYZ plane The maximum
of the gain declinegor abouti2 A  &4nAtespectively. The maximum gain is 4.2 dBi. The
radiation patterns are measuredhiaminimum ofthe &ial ratio (22.25GHz). The width othe
main lobe is7 9 AtheiY@ p | ane thexXzpla®5 A i n
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Figure 68 Measuredrequency response of reflection coefficient (left) and axial ratio (right)
of version 2 antenna for ISM band 24 GHz (screen printing).
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Figure 69 Measured radiation patterns of version 2 antenna for ISM band 24 GHz
(screen pnting) at 22.25 GHz: YZ plane (left); XZ plane (right)

5.3 Conclusions

Two versions of the circularly polarized slot antenna were presented in this chapter. The First
version of the antenna has been designed for ISM band 24 GHz and compared simulated and
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measured results. Due to manufacturing wedehing, the resonance frequency of the antenna
shifted to 22.3 GHz. The second version of the antenna was simplified and prepare for
manufacturing by screen printing technology. Two versions of the antennanaetgactured.

The first one was designed for ISM 5.8 GHz and the second for ISM band 24 GHz.

The resonance frequency of manufactured ISM 5.8 GHz antenna is shifted to lower frequency
because the antenna was simulated without interlayer used for printing.

The version 2 of the antenna designedtieiSM band 24 GHz was manufactunesing both
the copperfoil and screen priimg. Both versionf the antennavere measured and compared
with simulated data. The copper antenna is well match#ee &equency 24 GHz but the axial
ratio is about5 dB inthe minimum. The resonarfrequency of thescreerprinted antenna is
shifted to 22.7 GHz.
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6 Technol ogical Aspects

The technologcal aspects of manufacturing rwave structureson textile substrateshave
specificfeatures comprising usedaterials, technolagsandtheir precisionwhich isaboutN10%

in the textile industry. Parameters of textibateriab used as substest, conductive surfaces or
thread are given with &ypical precisionwhich is relatively low Since the thesis deal with the
design of TIWbased components and antennas, there are three main conductive objects to be
characterized: textile substrates, cottive surfaces and conductive sidewalls.

3D textile materiab, which are used as substratan this work were measuredby the
transmission line methaahd presented i59]. Values ofrelative permittivity ofselectedextile
substrate are showin Table6.

Table 6 Material properties of selected 3D textile substrates.

Material Relative permittivity Loses @nu )
3D041 1.22 0.0021
3D097 1.22 0.0019

Conductive surfaces are anothrgerestingcomponenof textile-integratecantennas and circuits.
As described irthe State of the Artwo manufacturing techniques are used #ithiesis:

1 The self-adhesivecopper foil. Thelayout can berepaed compatiby with the standard
PCB technology witthe comparable precisions. The thicknesshefcopper foil is 0.035
mm andthe glue is orits bottom side.

9 Screen printing. A silver paste can be printed by screen printing technologiatious
surfaces(textiles, foams, etc.) Since the used 3D textile is porous, the silver paste
penetrates intthe textile substrateand d@snot createa conductive surface on the top of
the textileonly. Thereforeaniron-onfoil is used t@void the penetration of the silver paste
and to smoothen the textile surface befprinting Thickness of the foil is 0.08m and
relative permittivity 2.1A corresponding layenas to be adatlito the simulation modeto
preventshift of the resonant frequency.

6.1 Conductive threads

Thesidewalls of TIW were shown ifate of theArt to beimplementedy variousmaterials
and technologies Since the thesis idocused onadvanced textikintegrated componentshe
constructiorof sidewallsis critical. The requirements follow:

1 Good conductivity comparable with a conventional SIW,;
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1 Good manufacturing precision and a small diameter;
1 Possible hand sewing and machine manufacturing;
9 Possibility to create various shapes (rectangles, circles, etc.).
Table 7 List of measured threads.
No. Materials Name Linear mass Datasheet| Manufacturer
density resistivity
1. | PAD/carbon F901 144 dtex Shakespeare
2. | Stainless sd Bekonix VN 14.1.9.00Z 110 tex 70 Bekaert
3. | PAD/silver silver-stat 240 dtex R-stat
4. | PAD/silver X-static 160 dtex NFT
5. | PAD/silver Elitex 220 dtex 220 dtex 70 Imbut
6. | PAD/silver Elitex 440 dtex 440 dtex 20 Imbut
7. | Stainless s& Bekonix VN 12.1.2. 235 dtex 30 Bekaert
100Z
8. | Stainless s& Bekonix VN 760 dtex 9 Bekaert
12.3..2.175S
9. | PES/Stainless Bekonix BK 50/3 50/3Nm Bekaert
sted|
10. | PES/Stainless I-tech 20 312*3 dtex Amann
sted!
11. | PES/Carbon C-tech 80 111*3 dtex Amann
12.| Silver Schieldtex 235f 560 dtex <100 Statex
13. | PAD/Silver Shieldtex 110/34 dtex 10/34 dtex| <3000 | Statex
HC
14. | PAD/Silver Shieldtex110/34 dtex 117/17 dtex| <3000 | Statex
HC
15. | PAD/Silver Silver-tech 120 90*3 dtex 360 Amann

Considering e abovegivenrequirementsconductive threads or metal wires ased to create
TIW sidewalls Metal wiresexcelin avery high conductivitygiven by the metal thevire is
produced from. Unfortunatelyetal wires are hari be used fosewing.

Conductive threads can be manufactured from different matenidfs different thicknesss
and conductivies Conductive threads aresually composed froitwo types of materiali from
a nonconductive fiber (cotton, polyestestc) anda conductivewire (dlver, stainlesssted,
carbon butalsocopper nickel, etc.) Conductive threadsre usually classified according tosed
conductive material

9 Carbon (threads no. 1 and 11 iRable7). Threads arelominantlyused for protective
clothes and EM shielding.
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i Stainless steelthreads no. 2, and 7 &0 in Table 7). Threadsare manufactured from
textile fibers and thin steel wires. Thread®w abetterconductivitycompared taarbon
threads.

9 Silver threads (threads no3 to § and12to 15in Table7). Threads armanufactured from
textile fibers which are enriched byilver particles. Silver threadsshow avery good
conductivity even fomvery thin threadtbe diameter~0.3mm).

Insteadof the diameternthreadsare usually characterized by tleear mass densityiven intex
and dtexThe unit tex is used for naturbhsed fiberg60]

YO Qa b 0 (5)
YT a
and the unit tkx is used for synthetic materifO]
Q0 Qa b 0 (6)
P To s

whereM represents the weight of a sample ansl the length of this sample.

6.2 Measurementof threadsand results

Conductive threadsreproduced by dfierent manufacturefsom different materialsvith various
thickneses. Obviously, mechanical parameters (elasticity) and electrical parameters (resistance)
of those threaddiffer. Some threads can changergsistancelepending on theension(which

is used forsensingnechanical tensioor breath

[70500 o| =€ 1 0 ad

Figure 70 Measurement ohireads

The threads were measuredtbg RLC metelLCR-819between two pointgseeFigure70). The
threads werstretchedy loads 70 g and 50@. The threads ere measured dbur frequencies

DC, 1kHz, 10 kHz and 10&Hz. Each thread was measured five timesaddifferent partto
minimize the influencef inhomogeneitiesrinal values ofresistivity of all measured threadse
givenin Table7. If some valusmiss, the resistiwtwas not measured.

Carbon threads hatkeresistance-100 MWand aresuitablefor manufacturinglothes which
shieldEM fields.

Two stainlesssteel threads (Bekonix VN 12.3.2.175S and Bekonix BK50/3) Haee
resistance aroundl KA. this higherresistance is given bie structure of threadther two
stainlesssteel threads(Bekonix VN 12.1.2. 100Z and Bekonix VN 12.3.2.1798)ve the
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resisance between~10 W and ~40W these threads areell-conductiveat DC and low
frequendes but theirlinear mass densitig relatively high and it is difficult to sew with them.

Silver threadsexhibit significantdifferencesn resisance but the resistnceis relatively low
for all thethreads. The resmihce rangefom ~10 Wto ~1 kW, depends on theonstuction of
thread andtheamount of silver used. The thredflSITEX 220 dtex andELITEX 440 dtex have
the best resistance, théivear mass densiig relatively low, and the threads angtableboth for
manualand machine sewing.

The threads withhe resistance lowethan 100W were chosen fofurthertesting. TheSIW
wasdesigned and sidewalls were seweddstedconductive threads. TH&W was designetbr
a conventionaFR4substrate with relative permittivity 4.2 arahtl = 0.02. The cutoff fre@gency
wasb GHz andheoperation frequency 8Hz. Diameterof metallized vias creay thesidewalls
was1lmm and the distance between two wess 1 mm. Metalized vias of one testirggmple
were created bya conventionalPCB technology and thisample was the referencefor
comparison.

Table 8 Measured resistivity of conductive threads.

709 500¢
DC 1 kHz 10 kHz | 100 kHz DC 1 kHz 10 kHz | 100 kHz
1. 77 M 254 M 25M 697.7K | - | e | e | -
2.| 7333 68.92 68.9 69.72 69.61 68.94 68.96 69.42
3. 226 2288 2286 2294 234 232 2322 2332
4, 232 2554 254.6 2546 | - | meeeem | e | e
5.| 7226 7242 74.92 63.60 NA NA NA NA
6. 14.08 14.22 14.25 14.30 1552 15.56 1570 15.68
7. 50 36.2 37.46 318 38 29.88 29.8 29.86
8. 11 9.23 9.18 9.32 108 9.18 9.19 9.25
9. 3k 4.04 k 2228k | 1334k 16k 1904k | 1666k | 153k
10. 7k 3.26 k 3.82 k 2394 k 25k 2394k | 234k | 2626k
11.| >200M | >200M | 7578 M 05M >200M | >200M | 532M | >200M
12. 15 13.88 13.95 13.95 1411 13.32 13.64 13.67
13. 758 848 8232 743 643 594.32 633 652
14. 141 1408 1405 14024 1481 1498 1496 1498
15. 309 30560 30540 304 311 308 310 310

The threads 2, 5, 6, 7,&8hd12 were selectetb creae thesidewalls ofSIW, and he SIW was
simulated in CST Microwave Studi&IW wasnot optimize forthe best $: but it is only as a
testing example. The cutoff frequency wasGHz. The simulated results are showrfFigure
71. The transmission coefficiemtiries between2 dB andi 3 dB.

The simulatedSIW manufactured in twegamples- with metallized vias angmpty holes
Throughempty holesgconductive threadwerelaced to create sidewalls. Measured results are
givenin Figure72. The transmission coefficient:Sor the copperwire is in a good agreement
with simulation.
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The silver threads 2, 5, 6 and 1&how adifferent DC conductivity and very similar
transmissions when usedsidewalls ofthe FR4 SIW. Thetransmissions of SIW with sidewalls
implemented by ththread 12and the copper wire aneagood agreement. The threagr@vides
good resulttoo, but there is a gap aroun@Hz the tranmission coefficient is arountd2.5dB.
The threads 2 andshowworseparameterthan previousnes; he transmission coefficiexaries

betweeri 2.5dB andi 3 dB. All these threads are suitable fmplementingconductive wallf
TIW components

In case of stainlessteelthreads 7 and,&he transmission coefficient &W rapidly changes
with frequency $p1is 17 6.4dB for thethread7 andi 8.1dB for the tiread8 atthe frequency
7 GHz (seeFigure72). The threads 7 and 8 are harder than sthrda conductive connection
betweerthe copper part othewaveguide and threads is not ideal.

S-parameters [dB]

Frequency [GHz]

Figure 71 Simulated SIWcharacteristic$or testing conductive threads.

\
|
|
'\

o = S — ——
5,
e 4
o
L |
£ -6 o ]
g - |
5 -8 S S _—
2 copper
2 no. 2
E-lo . no. 5
H no. 6
= no. 7

-12 no. 8 ——

2 —

no. 1
6 6.5 7 7.5 8 8.5 9 9.5 10

Frequency [GHz]

Figure 72 Frequency response of transmission coefficient of SIW
with sidewallscreatedrom conductive threads.

6.3 Conclusions

The resistivity of fifteen conductive threads was measured and some threads were tested as
sidewalls ofSIW. The threads were loaded by two loads duthrgresistivity measurement to
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achiewe thesame conditions fadhreadsThreadsvere measured BNRLC meter at four different
frequenciesThreads, which have resistanicaver than 100 Ohmswere used as sidewalls of
SIW. This practical test shows that threadth alow DC resistivityare not any time thbest
choice for this type of application atlide selectiordepend on thenaterial of thehread and its
construction.

For manufacturing TIW structuredreadsno. 6 and 12 can hecommended. Both threads
are PAD/silver based with relatively highlinear mass densityout the diameter of the thread
number 6 is 0.83nm andthe diameter of théhread number 12 isrhm. Due tothis reason, the
thread no. 6 is suitable for maoapplications, machingewingand hand sewing.
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/ Summary

The dissertation thesi was aimedto extend possibilities of textiimtegrated electronics
Attention was turned thigh frequency circuits integrated into textile substraspecially. The
basic concepts of planar antennas and circuits were advanced to ensure aopeiatiien in
ISM bands 5.&Hz and 24 GHzand the band group 6 UWB band

Textile-integrated electronidsas been intensively researchiedlast 30 yeas. Nevertheless,
only few products based on textilgegratedelectronis is commercially available to operate
without a plastic box or another protectidResearch outputs ifield of textileintegrated
electronis are interesting but manufacturing and integratiedifficult and expensive. Last but
not leastthe problems wh durability of textileintegrated electrongin clothinghave not been
solved yetsufficiently. But clothing is notthe only application field of textile-integrated
electronics Promising applications ofektile-integrated electronicappear also irthe area of
homecare systems and vehicles.

In the thesis, attention is turned to vehicular applications (cars, busses, airplanes). Thanks to
the textileintegratedelectronicspurely textileupholsteryand seat coversan obtain additional
functions Theupholsteryintegratecelectronis can be:

1 Relatively large becaugdextile materialsoverrelatively large surface

9 Durable because upholstery is matshed and is protected by a cover layer (glassinate
panels in airplanes);

1 Reliable because integratedmmunication busses or sensor networks are supported by
aplanar, firm surface of a vehicle

Therole of the main building block of textii@tegrated electronics is played by texiiegrated
waveguides (TIW)In theState of the Artheprogress inheTIW-basedntegration of microwave
componentsvas documentednd particular manufacturing options were discussed comprising
screenprinting, inkjet printingandembroideing. In order to creatside wals of TIW, various
approachesvere presentethcluding metal eyelets, conductive threads or conductive textiles.
Advanced circuitsvere shown to be implemented byecombinations oEonventionasubstrates
integrated buttonand elementary semiconductor elements

The PhD thesis was aiméal meetthreemain objectives:
Objective 1

The methodologyf designing the transition between a microstrip lineactonventional
substrate and textile-integratedwaveguidewas presented in Chapter 3. The transitias
constructed using a current probe placead the waveguideThe transition is similar to the
transition between coaxial connector ana@SIW.
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In the thesis,wo transitions were proposethe firsttransition was optimized fahe ISM
frequencyband5.8 GHz and the second efor the UWBfrequencyband8 GHz Results indicate
that the transitios are suitable for narrowband applications. The attenuationranfsitions
(including SMA connectojswas 3.32 dB fothe 5.8 GHASM bandandvaried from1.1 dBto
4.3 dB forin the band group 8WB band

Objective 2

The methodology aflesigring atextile-integratedvaveguide switclvas presented in Chapter
4. The switch wasbased on & divider completed byPIN diodesplaying the role ofcontrol
elements. The divider waptimizedfor thetextile integration Achievedparametersvere worse
than those available [A1, 42] This result was causég largemrmanufacturing tolerancely the
useof PIN diodes with a larger package astibngerparasitic propertieg.he improper transition
between the SMA connector and the TIWnether disadvantage.

The dividerwas designed faheworking frequency 5.8 GHand was manufactured bgreen
printing. Thefollowing parametersvere measuredreflectionfrom the input port 14.60 dB,
transmission téheopenporti 6.21 dB and transmission tioe closedporti 14.92 dB.

Objective 3

The methodology of designing circularly polarized antenna rfmperaton frequendes
5.8 GHz and24 GHzwas described in ChapterBwo versions oftte antennavere implemented
T thefirst one was manufactured using@perfoil andthesecond one was produceddnyreen
printing. Properties oboththe antennas were experimentally verified. Antennas aekigains
ranging from 4 to 6 dBi. The circular polarization of the antennas wasrpbyveneasuring the
axial ratio, whichwas 1 dBin the minimum

In case ofintennasptimizedfor the frequency®4 GHz andnanufactured bgcreen prinng,
the resonant frequeneyasshifteddue tothe manufacturing limitations
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