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Samenvatting

Slimme textielsystemen die discreefigiegreerd zijn in kleding bieden interessante
mogelijkheden. Ze maken ondermeer gebruikers beter beandtun omgevings- en
fysieke toestand. Deze systemen integreren sensoremt@en alsook rekenkracht
in alledaagse kledij. Door de integratie van draadloze caniaatie in de kleding,
worden de mogelijkheden verder uitgebreid, zoals bewakingare tijd van de ac-
tiviteiten van de gebruiker alsmede het controleren vam dfijhaar fysieke toestand
en omgevingsfactoren. Deze toepassingen zijn zeer istngsenerzijds in de ge-
zondheidszorg, voor het verbeteren van het comfort van tiémpan, en anderzijds
voor het monitoren van reddingswerkers. In het kader var dgatste toepassing
maken slimme textielsystemen het mogelijk om de intereetitior reddingswerkers
efficiénter te laten verlopen zonder dat zij specifieke aandacktendesteden aan
het opvolgen van de sensordata betreffende hun fysiekéatmbsn de omgevings-
factoren. Op deze manier kunnen ze hun belangrijkste tphldnt reddingsoperaties
verbeteren en dit is uiteraard het redden van mensenlevens.

De integratie van intelligente textielsystemen moet velud@aan bepaalde voor-
waarden. Deze systemen moeten discre&itggreerd worden in kleding zonder de
gebruiker te hinderen in het uitvoeren van zijn/haar takahhoudt in dat het systeem
licht, luchtdoorlatend en flexibel dient te zijn om de int&tig in kleding toe te laten.
Deze slimme textielsystemen worden ook blootgesteld aarezwmstandigheden,
zoals hoge temperaturen, vochtigheid en extreme meclhenisdastingen. Deze ex-
treme omstandigheden verbieden het gebruik van rigideegrrolbuuste materialen.

Slimme textielsystemen worden opgesplitst in verschileeanderdelen, verspreid
over het totale oppervlak van de kleding onderling en vedieondoor middel van
breekbare draadverbindingen. Deze fragiele verbindikkgenen de werking van het
systeem verstoren. Dit is absoluut niet verantwoord indssimgen waarvan het leven
van mensen afhankelijk is. Het vermijden van deze kwetstraderdelen verbetert de
robuustheid van het systeem enégd slimme textielsystemen die een toegevoegde
waarde bieden voor reddingswerkers.

In Hoofdstuk 1 wordt een overzicht gegeven van slimme tesxtséemen en hun
toepassingen, alsmede het verband van dit doctoraatsmatemet deze slimme tex-
tielsystemen.

Hoofdstuk2, gaat in op het gebruik van antennes in draagbepassingen. Het
gebruik van effigénte textiel patchantennes in kledij voor reddingswerkessd ex-
perimenteel gévalueerd om het zendvermogen in een draadloos sensorrketve
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verminderen. Er werd aangetoond dat het gebruik van tepéiglhantennes op het
lichaam ervoor kan zorgen dat het ontvangen signaalvermsijgt op de verschil-
lende nodes van het draadloos sensor netwerk en dat hiezdeneens het pakket-
verlies vermindert in vergelijking met niet-flexibele piptaat antennes met eenzelfde
zendvermogen. Het energieverbruik van de verschillendes&an verminderd wor-
den door het extra ontvangen signaalvermogen te benuttemebzrendvermogen te
verminderen.

In Hoofdstuk[3, wordt een nieuwe flexibele draadloze textmtsornode voor-
gesteld. Deze node bestaat uit een draagbare textielanteaheen gategreerde
zendontvanger en een sensor circuit. Op het voedingsvialdgae antenne is een
zendontvanger met ontvangstdiversiteitrgegreerd samen met een microcontroller,
geheugen en een sensor. De antenne is opgebouwd uit teateeiaal dat voorname-
lijk gebruikt wordt in kledij voor reddingswerkers. Dit lade naadloze integratie van
het systeem toe in deze kleding. De draadloze node is zodagebouwd dat breek-
bare en verlieshebbende verbindingen vermeden worderdéaerte vervangen door
zeer korte RF signaalpaden in het voedingsvlak van de amtedierbij vermindert
de kans op mogelijke problemen op het vlak van elektromasgpiet compatibiliteit
en signaalintegriteit. De toepassing van deze flexibeladioze node is tweeledig.
Ten eerste is de node ontworpen voor de integratie in kledif brandweerlieden met
als doel om het gevaar dat gekoppeld is aan hun werk te veemg@nd Ten tweede
wordt de draadloze node gebruikt als een on-body en off-lpedyoonsgericht meet-
instrument. Conventionele persoonsgerichte metingemevoraak uitgevoerd met
complexe en dure meetinstrumenten, welke verbonden zijnoméet lichaam ge-
dragen antennes door middel van breekbare coaxiale kalldan op hun beurt het
gebruik verhinderen om vrij te bewegen. Deze draadloze fodevalideerd in de
anechische kamer, zowel in een vlakke als gebogen toestand ommeekken van
het systeem te karakteriseren in de vrij ruimte. De perfotieavan het systeem is
eveneens gevalideerd in verschillende werkelijke siésatinet name getegreerd in
brandweerkledij als een autonoom persoonsgericht méetment.

Dankzij de comfortabele draagbare integratie in textiel #aze module gebruikt
worden voor valdetectie bij de bewaking van zowel @atien als reddingswerkers mo-
nitoring. Een dergelijk systeem werdigglementeerd in Hoofdstlk 4. Daarom wer-
den er vier nodes gjetegreerd in de beschermende kledij als een draadloosrssets
werk. Hierbij voert elke node samenwerkende synchroneisitigien gedistribueerde
gebeurtenisdetectie uit. Effénte automatische detectie-algoritmes zijn rechtstreeks
gemplementeerd op de microcontroller zelf. Zowel de gedetde gebeurtenissen
als de sensorgegevens worden betrouwbaar draadloos derzomar een basissta-
tion, rechtstreeks of doorgestuurd via andere nodes opdheiam. Het basisstation
laat toe om de ontvangen sensorgegevens te visualiserenoeziaet de interventie
codrdinatoren van de reddingsoperatie van levensreddefatenatie. De experimen-
ten in werkelijke omstandigheden demonstreren dat ditrensim draadloos sensor-
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netwerk de verschillende situaties correct detecteertdereis het draadloze sensor
netwerk gebruikt als autonoom "body-centric’meetinstemt) welke statistische ana-
lyse toelaat van zowel de gemeten on-body node-naar-nediealff-body persoon-
naar-persoon kanalen. De metingen bevestigen de kwafiteibhet draadloze kanaal.

In Hoofdstukl® wordt een compacte draagbare persoonlijkiisgidoueerde ex-
posimeter voorgesteld. De persoonlijke gedistribueergmsmeter is opgebouwd
uit verschillende nieuwe afzonderlijke RF exposimeter nies. ledere exposime-
ter module is afzonderlijk gategreerd op het voedingsvlak van een draagbare textiel
antenne, wat de comfortabele integratie in kledij toeldaé persoonlijke gedistri-
bueerde exposimeter is specifiek ontworpen voor epidegigtbe studies naar de
invioed van elektromagnetische golven op het lichaam, doiddel van het meten
van de invallende vermogensdichtheid. ledere exposimebelule werd gevalideerd
en gekalibreerd in de anedlsohe kamer en eveneens vergeleken met een commer-
cieel verkrijgbare exposimeter. Bovendien werden réstise metingen uitgevoerd
in het centrum van Gent voor de GSM-900 downlink band. Déeethetingen wer-
den terzelfdertijd eveneens uitgevoerd met een com#lerexposimeter. Daaruit
blijkt duidelijk dat de persoonlijke gedistribueerde exjmeter een meer nauwkeuri-
gere schatting geeft van de vermogensdichtheid rondom Beselijk lichaam. De
commercile niet-gekalibreerde exposimeter wordirtwoed door het schaduweffect
veroorzaakt door het lichaam, wat aanleiding geeft tot heleoschatten van de ver-
mogensdichtheid op dit lichaam.






Summary

Smart textile systems, which are unobtrusively integratéaiclothing, offer exciting
new possibilities for improving the user’s awareness olmgronmental or physical
conditions. These systems integrate sensing, actuatimgehss computing power
into everyday garments. By integrating wireless commuitoainto clothing, the
possibilities are even more extended, by including reaktmonitoring of the user’s
activities, physical and environmental conditions. Thagplications are very inter-
esting in health-care for improving the comfort of patiesutsl for monitoring rescue
workers. In the context of the latter, smart textile systaitmv the rescue workers to
optimize their interventions without having to pay speeitiéntion to sensor data to
be aware of their personal health and the status of their@mwient. In this way, they
can improve their main task during rescue operations, b&argg human lives.

The integration of smart textiles must comply with certadguirements. These
systems need to be unobtrusively integrated into clothmoghindering the user per-
forming his or her tasks, which also implies that the systeds to be light-weight,
breathable and flexible to allow wearable garment integnatin rescue-worker appli-
cations, these smart textile systems are exposed to harsbrenents, such as high
temperatures, humidity and extreme mechanical stresgesseTextreme conditions,
prohibit the use of non-robust materials.

Smart textile systems are currently split into several gyaditstributed over the
total area of the garment, using fragile wired interconio@stin between them. These
interconnections may cause malfunctions of the systentiwdrie not tolerated in life-
threatening applications. Avoiding these fragile compasgimproves the robustness
of the system, creating Smart textile systems which proeidéed value and life-
saving functionality for rescue workers.

In Chaptefl, an overview is given of smart textile systentstarir applications,
as well as the relation of this work to the reseach domain afrstextile systems.

Chaptef®, focuses on the use of antennas in wearable ajpl&aThe deploy-
ment of efficient textile patch antennas in fire fighter gartménexperimentally eval-
uated, in order to reduce the transmit power in a wireless@amde network. The
ability of on-body textile patch antennas to increase thequaeceived at the nodes of
a wireless sensor network and reduce the packet loss in themkels demonstrated,
compared to rigid integrated PCB antennas with the sameriampower. Energy
consumption can be reduced by exploiting the additionadived power, while main-
taining the same link quality.
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In ChaptefB, an novel flexible wireless textile sensor neqeésented. This node
is composed of a wearable textile antenna with an integratedceiver and sensor
circuit. Onto the feed plane of this antenna, a transceivdr receive diversity is
integrated together with a microcontroller, memory andssenThe textile antenna is
composed of textile material generally used in rescue wayaements, which allows
unobtrusive integration of the wireless sensor node indogairment. The wireless
node is designed in such a way that fragile and lossy interections are eliminated,
by replacing them by very short radio-frequency signal attthe antenna feed plane,
reducing electromagnetic compatibility as well as sign&grity problems. The ap-
plication of the flexible wireless sensor node is twofoldrsEithe node is designed
for integration into fire fighter garments, with the aim to wed the risk associated
to firefighting operations. Second, the wireless node is aseah on- and off-body
body-centric measurement device. Conventional bodyricectiannel measurements
are generally performed with complex and expensive meamntdevices, which are
connected to body-worn external antennas by means of éragéxial cables, hin-
dering the test person to move freely. This textile wirelesde was validated in the
anechoic chamber, in several states such as under a bernti@mmdassessing the
characteristics of the integrated system in free-space périformance is also verified
in various real-world conditions, integrated into a firefeyhgarment, and used as an
autonomous body-centric measurement device.

Thanks to its functionality integrated in a textile nodettisscomfortable to wear,
the unit can serve for fall detection as well as for patierescue-worker monitoring,
an application which is implemented in Chagdiér 4. Thereféwar nodes are inte-
grated into the protective garment, deployed in a wirelessar network, where each
flexible textile node performs cooperative synchronousussitipn and distributed
event detection. Computationally efficient situationabeeness algorithms are im-
plemented directly on the microcontroller. The detecteehéy as well as the sensor
data are reliably wireless transferred to a base statiomdking use of both a direct
wireless connection and forwarding by other on-body nodElse base station al-
lows to visualize the received sensor data in a more detaitdccomprehensive way.
This information provides intervention coordinators andhenanders with life-saving
situational awareness of the entire rescue operation. Xjerienents in realistic con-
ditions demonstrated that this autonomous, body-centligless sensor network is
able to correctly detect different operating conditionsadirefighter during an in-
tervention. Furthermore, the wireless sensor network jgoged as an autonomous
body-centric measurement device, providing statistinalysis of measured on-body
node-to-node, and off-body person-to-person channelssd bhannel measurements
confirm the reliability of the communication system.

In Chaptefb, a compact wearable Personal Distributed Hxyber is proposed.
The Personal Distributed Exposimeter is composed of sevendy designed compact
personal wearable RF exposimeter modules. Each exposimetkile is individually
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integrated onto the feedplane of a wearable textile patténaa, allowing unobtru-
sive garment integration, leading to user-friendly ogeratThe Personal Distributed
Exposimeter is specifically designed to enable epidemicégtudies, by measuring
the incident power density on the person wearing the Per&isiibuted Exposime-
ter. The system is validated and calibrated in the anecl@mber, and compared to
a commercially available single-unit exposimeter. Furtiare, a real world exposure
measurement was carried out for the GSM-900 downlink baadppmed in the city
center of Ghent. The measurement was also carried out emglaycommercial ex-
posimeter, clearly illustrating that the PDE provides aemmecurate estimation of the
power density levels on the human body. The commercial,cadibvrated exposime-
ter deployed on the body, influences the measurement refudtdo shadowing by
proximity of the body, leading to an underestimation of tloevpr density levels on
the human body.
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CHAPTER]1

Introduction

1.1 Wearable textile systems and its applications

Today, wearable electronics are developed for consumeels/professional pur-
poses. These systems need to be easy to use, unobtrusieghated into clothing and
must provide the required connectivity with other devic8sich products are called
wearable textile systemsThis is one of the fastest developing interdisciplinary re
search fields, where information technology and microesyistmeet textile sciences,
with the ultimate goal of embedding electronics into clothicreating intelligent sys-
tems which are seamlessly integrated into garment.

The first research prototypes were calfdart Textileswhich are special textiles
that are woven into clothing. Besides the traditional uspessonal protective cloth-
ing, being a layer to protect the body from the elements ofineads well as from
hazardous situations, these textiles are used for addirgjngeand/or actuating func-
tionalities into clothing. The sensing functionality isalieed by integrating sensors
into the clothing, measuring vital signs such as heart tadely temperature, blood
pressure, humidity, etc. The actuator functionality iskded by integrating actua-
tors into the clothing, such as alarms, notifying the wearezase of an emergency
situation regarding his/her vital signs or environment.

One of the first wearable textile systems is described|in'Tte Wearable Moth-
erboard: The first generation of adaptive and responsivéeestructures (ARTS) for
medical applications”. In this project, a smart shirt isqeeted, developed by the
Georgia Institute of Technology for medical as well as kéittld management. The
nameWearable Motherboarts chosen, because just like a regular Personal Computer
(PC) motherboard, the various components are pluggedhertwearableboard.

These wearable systems can be deployed in numerous ajgplgat various mar-
ket segments, where monitoring of persons is importanthérhiealth-care segment,
for example, various monitoring situations can readily beigaged, starting from
monitoring vital signs of patients after surgery to moriitgrgeriatric patients and
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Interconnections GPS antenna  Data Processing Unit Outer fire fighter garment

Texile antenna Transceiver Flexible battery Inner fire fighter garment

Figure 1.1: Prototype of the wearable textile system for firefighters, developed hyattieers
of the European ProeTex project

small children, preventing Sudden Infant Death SyndromB$$ By continuously
monitoring patients, health-care workers are capable pfawing the quality of their
service. Furthermore, wearable textile systems can behysathletes for monitoring
vital signs, such as breathing rate and heart,beat. Intf@egnvironments, such as
space applications, unobtrusively monitoring the astutsanedical status will gain
insight in understanding the influence of space onto the hupoaly. In critical and
dangerous environments, such as mining excavations,anjukmnts, etc, special sens-
ing devices can be applied to the wearable textile systeaiscting the presence of
hazardous gasses, materials, radiation or other lifextbnéing conditions for the peo-
ple working in those environments. In military applicatpithe wearable textile sys-
tems enable monitoring of the soldiers medical conditiaménd) combat and alert the
military staff. Together with this alert, the condition diet soldier can be transmitted
to the medical unit, providing the necessary informatioprtavide first aid. For public
safety, wearable textile systems can be employed on fireefigand law enforcement.
Monitoring the health-, physical conditions and/or looatof public regulatory ser-
vices, will enhance their ability of performing operatidnsdangerous conditions or
in remote areas. In this manuscript, we will discus this sagnn particular, where
the wearable system is employed onto fire fighters. Earliren&University partic-
ipated in the European FHR®&oeTexIntegrated Project, in which a wearable textile
system was developed for fire fighters. A picture showing tioéopype developed by
the partners is shown in Fig1.1

A overview of these applications was summarized in T4bIB. 1.



1.1 Wearable textile systems and its applications

Segment Application type Target audience
Military Combat casualty care Soldiers and support persbnn
in battlefield
Civilian Medical monitoring Patients: surgical recovery,
psychiatric care
Senior citizens: geriatric care,
nursing homes
Infants: SIDS prevention
Teaching in hospitals and medical
research institutions
Sports Athletes, individuals, scuba diving
Performance monitoring Mountaineering, hiking
Space Space experiments Astronauts
Specialized Missions critical Mining, Mass transportatio
Hazardous applications
Public safety  Fire fighting Firefighters
Law enforcement Police

Universal

Wearable mobile information  All information jgessing
infrastructure applications

Table 1.1: Potential applications of wearable textile systems (Ffdm [1])
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O Sensor
O Actuator

Data Processing Unit
Power Supply

Figure 1.2: Wearable system integrated on-body

1.1.1 Typical Smart Textile system building blocks

Smart textile systems consist of a wearable garment, comapotseveral building
blocks. These blocks extend the functionalities of thesitagarment to enhance the
quality of life of the person wearing the garment. A schemdtawing of a typical
Smart Textile system is shown in Flg. 1.2, with its six fundetal building blocks.
These blocks are the sensors, the Data Processing Unit (@Etuators, Power Sup-
ply (PS), communication device and interconnections.

Here, a brief overview of these fundamental building bloskssted.

e The first building blocks of the smart textile systems aresbesors Sensors
can be integrated into garment, allowing to assess the futations of the
person wearing the system, such as heart rate, blood pegessapiration rate
and body temperature. Besides monitoring the vital fumstidhe sensors can
measure the environmental conditions of the person wegnm&mart Textile
system, such as outside temperature, the presence of eeptvshazardous
gasses, oxygen level, and many other parameters

e The second building block is theata Processing Unit (DPU) which is re-
sponsible for the management of the full Smart Textile systEheintelligence
that is introduced by the data processing unit, allows tharstextile system
to take autonomous decisions, such as detecting dangeznsers levels and
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alarming the user.

e Furthermore, the third building block of the system are db&uators. These
devices generate a mechanical action, based on an eléatgoasignal. This
allows the user to be alarmed when a dangerous conditiongicauch as a high
level of toxic gas in the environment, high external tempegor a low oxygen
levels and so on.

e ThePower Supply (PS) of the system is the fourth essential building block of
the smart textile system. The power supply is facing someams regarding
implementation in a Smart Textile system. Integration dkjiatteries is not
an ideal solution for providing the necessary power to teetebnic system, as
this limits the user in his/her movements. Small, light virtignd flexible bat-
teries are proposed inl[2], to resolve the problem of rigiddvees. Furthermore,
researchers are working on other methods of powering elgictdevices, such
as energy scavenging from human body sources, such astéspimovements
(walking, vibrations, ...) and body heat. The mechanicargy generated by
the body can be converted into electrical energy by meangabplectric sys-
tems. Besides energy scavenging from the human body, thigyeneeded for
powering the system can be extracted from the user's enwieot A proven
example of such a system is solar enefgy [3, 4]. A small s@aepcan provide
sufficient energy for powering the Smart textile System.i@esdirectly power-
ing the system, several scavenging systems can be combipedvide charge
to flexible light-weight batteries, buffering energy anadyiding the necessary
power when no energy can be scavenged (for example, no Btialighovement
of the user).

e The fifth building block of the smart textile system is t@mmunication unit.
This unit will provide the necessary wireless connectiotween the smart tex-
tile system and the external devices. By making the systgrahbta of com-
municating with the outside world, valuable services amegidto enhance the
performance of the smart textile system, such as the céiyadiilestablishing
an wireless network. This allows the system to communidateexample, with
a base-station, allowing real-time monitoring of the serdata provided by
the smart-textile system. The unit is composed of an antennaected to a
transceiver unit, mostly integrated onto the data proogsshit. The commu-
nication unit has the same design requirements as the atiiding blocks. It
needs to be light weight and flexible for unobtrusive intégrain the garment,
resulting in a system that is comfortable to wear. Numerexsilé antenna
designs have proven to fulfill this requirements.

e Finally, the last building block, consists of tirgerconnections All other crit-
ical building blocks of the smart textile system mentionbd\e, are obviously
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Figure 1.3: Prototype of stretchable interconnections for integration into clothing, frost.be

distributed over the body of the users. The distributionhef different blocks
is chosen for optimal flexibility and on-body performancetioé Smart Tex-
tile system. Therefore, the different units need to be cotatketo each other,
by means of reliable and robust electrical connectionschwvktill maintain the
overall flexibility and performance of the system. To acki¢hese intercon-
nections, different technologies are available. A firstrapph of connecting
the different blocks, is by making use of conductive yarnygminto the gar-
ment [5]6]. Another solution for connecting electronic gaments, developed
at Ghent University, is by making use of stretchable intenaztions. By us-
ing a meandered structure for these interconnectionsbftegroperties are ob-
tained [7]. This technique is also available for high fremgyeinterconnections,
as described in8]. This high frequency interconnectiokesaise of a coplanar
waveguide topology, also in a meandered structure. A mabdlithese stretch-
able interconnections is shown in Fig.]1.3 Furthermore, r@less connection
can be provided, avoiding fragile interconnections which woven into the
garments. This technique of connection is callégtless on-body communica-
tion [QH11]. Several independent nodes mounted onto the bodythave own
communication unit, communication to each other, sharatg.dThis approach
is further studies in this work.
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1.2 From wearable antenna to smart textile system

1.2.1 Wearable antennas

Conventional antennas are made of rigid materials suchmsecoFor wireless appli-
cations, these antennas can be integrated onto the systamadns of Printed Circuit
Board (PCB) antennas. When these systems are worn onto tlye thedantennas
are influenced by the body, making the antennas less penfdrmaway to improve
the antenna performance is by replacing it by an antenndgtess affected by the
nearby body. Excellent performance is obtained deployatglpantennas. The patch
antenna is consists of a metallic "patch”, mounted on toaajér metallic sheet or
"ground plane”. Both patch and groundplane are separatechion-conductive mate-
rial, called the "substrate”. The Patch and ground plan@faresonator with a length
of approximately half a wavelength of the radio signal. Ehpatch antennas are typ-
ically constructed using rigid materials, such as Dufi@s a substrate material and
copper for the ground plane and patch of the antenna.

In [12], a quarter-wavelength wearable planar invertedtemna is proposed for
operation in the GSM)00 band, suitable for off-body communication thanks to the
radiation which is directed away from the body. Furthermdmanks to this antenna
topology, a higher antenna gain is obtained.

Today, these wearable antennas are commercial availaiiex&mple Flexten{a
flexible antenna technoloﬂlpatented by Pharad, provides wearable textile antennas
for military purposes as well as for law enforcement appiices. As stated by the
manufacturer, these antennas are waterproof, flexibletwigight and unobtrusively
integrable in garments.

From the research on textile electronics, the researchnebgohinto the research
into the field of textile patch antennas. These textile patttennas are partially or
completely constructed based on textile materials, fosthmstrate as well as the con-
ductive parts of the antenna. The need for textile antennassafrom the need of
wearable applications, in which antennas need to be irtsjiato clothing as a part
of a Smart Textile system. These textile antennas are thgbipdeveloped and inves-
tigated by our research group [3[4] £3-23] as well as by etserarch groups [24, P5].

In this work, one of the proposed antennas, is a dual-p@driextile antenna
[13]. The substrate material of the textile antenna beingxldle, closed-cell, water-
repellent, expanded-rubber protective foam (permittiwit= 1.53 and tanj = 0.0012,
density = 187.3 kg/ry thickness =5 mm) is commonly used in protective garments
for rescue workers. The antenna ground plane and radiaditofp @re constructed us-
ing a low-cost, conductive, electro-textile material edlFlecTron, with a thickness
less than 0.25 mm and a surface resistivity less tharf)/sq. The patch of the tex-
tile antenna consists of a rectangular patch with a slot,tedantenna feed points

Lhttp://www.pharad.com/wearable-antennas.html
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Figure 1.4: Detailed geometry of the dual-polarized antenna

symmetrical along the y-axis, each point correspondingntardenna port. The topol-
ogy of this antenna allows to excite two orthogonal linegobjarized waves, enabling
2" order diversity on a single antenna. The antenna has anrentgain of6 dBi
along the boresight at a centerfrequency oPf45 GHz, and an isolation between the
two feed-ports, better tharb dB. Fig.[T.4 and Fig_T15 show the detailed geometry
with the antenna dimensions and a picture of the antenraectgely.

Deploying of these wearable textile antennas, the totalfiléy of the smart tex-
tile system and its overall performance should be taken dotwsideration. These
wearable textile antennas cannot operate on their own, alvegys need to be con-
nected to a wireless transceiver system. To connect theceamr unit of the wear-
able textile system to the textile antenna, an RF-coaxlaleda needed. These cables
will limit the movements of the person wearing the textilestgyn, due to the non-
flexibility of the coaxial cables and total size of the systéfioreover, the use of long
coaxial cables that connect the transceiver unit to thenaatentroduces RF losses, re-
ducing, the sensitivity of the receiver unit. Besides trss&s when receiving a signal,
the power of the transmitted signal generated by the tratesmill be reduced at the
antenna feed, reducing the total power transmitted by ttenaa. The use of coaxial
cables requires interconnections between the antennampaithe cable, these fragile
interconnections need to be avoided in wearable applitaitichere severe operative
conditions occur.
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Feed points

Figure 1.5: The dual-polarized antenna, with two antenna feeds

In order to solve some of the problems mentioned above, rdsea have pro-
posed some solutions. In current literature, the numbereafrable systems that in-
tegrateflexible electronic circuits with textile antennas is very limitebh [14], the
first wearable active receive textile antenna for use in@®tsarea networks in the
2.45 GHz ISM band is proposed. The integrated Low-Noise Amplifi€dA), which
is realized on a hybrid textile substrate is integrated enkthickside of the wearable
patch antenna. Thanks to the integration process, thisiaateas an active gain of
about12 dB, added to the passive antenna gain of approximateli. After de-
ploying the newly designed active antenna into a fire fightengent, the on-body
performance was evaluated. Experiments show that onlyahepgrformance of the
antenna is mainly affected by the body, in contrast to th&vecircuitry, which is
less influenced by the nearby human body! Id [15], an actieileirly polarized tex-
tile antenna is developed for use in the Global Positioniygte&n (GPS) and Iridium
satellite phone applications. On the feed substrate, a aotriNA chip is directly
integrated underneath the antenna patch, with a gain hipherR8 dBi and a3 dB
axial ratio bandwidth in free-space 983 MHz. Furthermore, in[[16, 26] an active
textile receive antenna is deployed in a wearable througl®oppler radar system
and integrated into clothing.

By integrating an LNA, its noise characteristic can be ojtéed, eliminating the
influence of the coaxial cables that connect the antennathétineceiving unit of the
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wearable textile system. Furthermore, other active coraptscan be integrated onto
the textile patch antenna. Inl[3], a wearable aperturedeolughorted patch antenna
combined with flexible solar cells covering thé2 —928 MHz ISM band, is presented.
The antennas are constructed using textile materials axidlédoam, allowing con-
venient integration into garments.

The antennas proposed above, only integrate a Low Noise if@npforming an
active antenna which is highly useable in low noise appboat however still requir-
ing a coaxial cable to be connected to transceiver or recenits. Due to the size and
rigidity of coaxial cables, the total system is bulky andnarable to defects. Elimi-
nating these problems is the next step in the developmentafable textile systems.

1.2.2 Body-centric communication

Three main communication classes can be distinguishe@&ndiépy on the applica-
tion. Together, these communication classes implemeny-bedtric communica-

tion [9,[27].

e On-body communication[28+32] focuses on the communication between dif-
ferent components on the body. This communication clasgpigally used
in Wireless Body Area Networks (WBAN), where the goal is torgfiate the
wired connections between the different components of éteark. The most
common example of on-body communication is the wearableMgs Sensor
Network (WSN), where several wireless sensors communiaadewsrk to-
gether.

e Off-body communication identifies the communication between the human
body and any external device, such as a wireless commandmpseatellite. In a
Wireless Personal Area network (WPAN), this includes shate radio com-
munication, such as Bluetodt) ZigBee®, WiMax, WiFi and Ultra-Wideband
(UWB) protocols. This category also includes in long rangmeminication,
such as Global Positioning Systems (GPS) and the Globaé®y&ir Mobile
Communications (GSM).

e In-body communication focuses on the communication between different de-
vices, which are implanted into or placed onto the body. Angs for these
applications need to be constructed using bio-compatiblenals.[27, 33=37]

In the context of rescue-worker applications, two commaiian classes are com-
monly used, being on-body as well as off-body communication

Today, measurement campaigns on body-centric commumisatire generally
performed by means of complex or expensive measurementesde88-40], con-
nected to antennas mounted onto the body of the human tesirpby means of
fragile coaxial cables. The connections hinder the testqreto move freely.
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During the last years, several measurement campaigns gndeodric communi-
cations for rescue workers were performed at our reseaotipdd1--53].

The human body provides a large area for deploying off-bagraunication plat-
forms with multi-antenna systems. When these antennas Higently distributed
over the available body area, they provide spatial diverdy implementing these
antennas by means of flexible textile fabrics into a garmeemipnvenient integrated
system is obtained.

Off-body communication

Typical off-body communication systems for rescue worleeescommonly deployed
in indoor environments. In these environments, the radjoadiis influenced by vary-
ing path loss, shadowing and fading as well as a variable Ropift for a walking
person according to his or her walking speed.

In general, these effects are described separately inwadie propagation theory.
However, these three effects are difficult to distinguishtreey appear superimposed.
Fading causes fast signal fluctuations that occur over sauelengths, due to destruc-
tive and constructive interference of the signals follagviifferent paths, arriving
at the receiver with different phases and amplitudes. Thiipteisignals paths are
caused by multiple reflections and scattering at differdaj¢as such as the ground,
large buildings and objects in the near environment of tleeiver. Shadowing or
large-scale fading is observed when displacements of thelegs system exceeds
several wavelengths. This effect is present in the signanathe signal paths are
blocked by different obstacles. The last effect, path lestependent on the distance
between the receiver and transmitter as well as the propagatvironment.

The influence of the fading and shadowing on the signal inrtlear environment
is hard to predict. Hence, these effects are mostly treatedstatistical way, due to
unknown details of the indoor environment influencing théiogpropagation. The
distribution of the measured signals are commonly fittechion statistical distribu-
tions, allowing further analysis of the propagation enmireent.

On-body communication

Together with off-body communication systems for rescuekenxs, on-body com-
munication links are also commonly deployed in indoor emwinents. The on-body
communication channel can include different propagati@ctmanisms. Direct com-
munication between the different wireless nodes onto tliy EEosometimes possible,
but often the link is realized by scattering of the RF sigmathie environment, caus-
ing significant fading [9, 10]. Even in static positions oéthody, the propagation
is not constant, because the body is still subjected to warsonall movements. The
on-body communication channel can be statistically chareed according to the
wireless link between the different positions of the wissl@odes onto the body.
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Diversity

The signal impinging on the antenna of the receiver exhibgsfluctuations and deep
fades in signal level, where the signal powers drop down ovéers of magnitude
compared to the median signal level. This effect is causetthdynultipath environ-

ment and is very dependent on the position of the receivibgreaa as well as on the
particular time instant. These effects cannot be changdtéyesign of the system,
as the multipath effect is entirely caused by the propagatiovironment. Therefore
the system needs to be able to deal with these fluctuationsow®nbul technique

to improve the quality of the signals is diversity. A summaifysome of diversity

techniques is listed below

e Space diversityuses multiple antennas, which are deployed such that the di-
versity branches experience uncorrelated fading. Separaf the antennas by
about a half-wavelength will be sufficient.

e Pattern diversity is obtained by deploying a number of directional antennas,
pointing in different directions, each receiving uncoatet signals.

e Polarization diversity exploits the scattering property of the environment, which
tends to depolarize a signal. To obtain diversity, the kecantenna must have
antenna ports with different polarizations, or the divgrsistem can be con-
structed using multiple antennas with different polaiag. In this work, a
dual-polarized antenna is used, to construct a wireless mgth polarization
diversity.

By using several antennas, receive diversity is obtain&e. uncorrelated signals
received by the antenna system need to be further processeder to enable the
system to deal with the effects of the multipath environménio of these techniques
are listed below.

e Selection Combining(SC) is the simplest technique to implement receive di-
versity, by selecting the received signals that have tlengtst signal level in
comparison to the signals received by the other antenndg.tnselected sig-
nal is processed by the receiver unit. Practically, theaigan be selected by a
low-cost logarithmic detector, generating an output \g#téhat is linear to the
input signal strength in dBm. As only one receiving unit iguied, a low-cost
diversity solution is obtained.

e Maximum Ratio Combining (MRC) is a diversity technique that achieves a
signal with a highest possible signal-to-noise ratio (SNR)heory, the SNR of
the resulting signal, is the sum of the SNRs of each of theadsgaf the receiving
channels. This technique has a better performance than &Cth¥ diversity
technique requires full receiving chain for each separaémgel. Furthermore,
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accurate channel estimation is needed to combine of thalsigvith a correct
phase relationship and correct gain, making it a less déistemt solution.

Typical measurement setup for body-centric measurements

Measurement campaigns that evaluate off-body commuaitatie generally per-
formed by means of complex or expensive measurement devibesantennas, which
are integrated into the garment, are connected by meanagifefrcoaxial cables to
these measurement devices. The RF connections can beate@gnto the garment,
minimizing the installation time onto the body. Howeveragil cables and their
connectors are fragile, and stress and strain can damagetérena system.

1.2.3 Body sensor networks

In the last decade, a rapidly increasing interest in sereiggmonitoring devices was
observed, evolving in the research on Body Sensor Netw®&8&] [54-557], which
are networks of wearable computing and sensing devicesseTBENs are deployed
in different domains, from healthcare to law enforcementvadl as daily use for
individuals.

Body Sensor Networks perform monitoring, of vital signstsas being respiration
rate, body temperature, heart rate, etc. As well as mongasf motion of the user,
enabling to identify the position of the user, being the &ltsdocation (for example
by means of GPS localization) as well as his/her posturerméted by means of
accelerometers, compass or gyroscope. Moreover, sehgmgvironment is enabled
by adding sensors for sensing gas, temperature, etc. Fuidhe, the BSN is equipped
with a communication unit, to transmit the sensor data teta# monitoring the user.

The BSN is can be deployed on different ways. First, the BSNoeadeployed by
integrating the sensor into clothing as well as surfacesmtanionto the body of the
user. Second, the BSN can be deployed by means of sensors ttwateare implanted
into the body or swallowed by the user, these network noded t@be constructed
using bio-compatible materials.

Rescue-worker applications

One of the most important fields to deploy wearable systems) rescue workers
interventions. During major disasters, rescue workerggpesed to hostile and harsh
environments. At our research group, research has bedactatt on the integration
of wearable textile systems into garments of rescue workerthe context of the
European project ProeTex. The work at Ghent University wasiy focused on the
development and prototyping of textile antennas for irdégn into rescue worker
garments. This project was the first step into the currenfeptpthe Smart@Fire
Seventh Framework Programme (FP7) project (2012-201%) [58
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As stated on the website of the Smart@Fire FP7, every yeag than100 fire-
fighters of the European union lose their lives whilst sawatiggrs. They lose their way
in smoke, become surrounded by a sea of flames, get cut offddesly rising water,
and continually find themselves in perilous situations. @ha of the Smart@Fire
FP7 [58] project is to reduce the risk associated with firdiigh by the development
of innovative ICT-solutions, which need to be integratecismart Personal Protec-
tive System (PPS). Current ICT-solutions available on tlagket do not provide full
satisfaction. Based on large scale survey@f fire brigades, the main needs have
been identified. To increase the safety of the fire fightersgetinain innovative tech-
nologies need to be studied. Firsgnsordo measure vital body functions of the fire
fighters and environmental parameters. Seclmudlizationsystems to determine the
position of the fire fighters. Thirdjata transferand visualization systems to better
assess situations. These innovative technologies neealitddgrated in the PPS of
fire fighters

RF signal level sensing

Besides deploying Body sensor networks for rescue workaicgtions or health care
applications, these networks can be deployed in resedatededomains. For exam-
ple epidemiological studies on the influence of the absonptif Radio Frequency
(RF) electromagnetic fields by the human body.

In the last three decades, the number of devices emittingaRiation is dramati-
cally increased. These devices such as microwave ovenst-ghtmes, military and
civilian radar systems, radio transmitters, base stafionthe Global System for Mo-
bile Communications (GSM), satellite communications eyst (Global Positioning
System or GPS, Iridium, etc.) and other are widely used ily @givironment of the
general public[[59]. The increasing development of devideseased the concerns
about the influence on the human body, which is still an ingdrtesearch topic to-
day.

The absorption of radio frequency (RF) radiation is preseim terms of the spe-
cific absorption rate (SAR) in watts per kilogram. The SAR wsaggested by the
National Council on Radiation Protection and Measuremamd, generally accepted
by engineers and scientists. The most commonly studied $AtRel whole-body
averaged SAR (SARwb) [60], which only can be evaluated usimgerical simula-
tions. To accommodate this, reference levels have beeredafimthe incident power
density, which can be measured. The measured level can hgacedto the interna-
tional guidelines issued by organizations such as INCIFP. [Bersonal exposimeters
or dosimeters are developed to measure exposure levelsubfecs[60-64]. These
devices are used to measure the electromagnetic fieldemai the human body.
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1.3 Goal of the thesis

The research in this work focuses on thiegration of electronic systems onto tex-
tile antenna platforms. By integrating the electronic systems onto the textileant
nas, several improvements are achieved in comparison wéthqus non-integrated
designs. The design requires to be integratable into clgthBy integrating electronic
systems onto the antennas, fragile and lossy coaxial RFeortiaections are avoided,
making it convenient to integrate. Several specific appiboa are developed to vali-
date the potential of the integrated textile antenna system

First, A wireless sensor node is developed, which is intefta in rescue work-
ers garments. The wireless node enables the potential tegleyeéd as an Personal
Protective System for fire fighters, as requested by the nire project. Wireless
systems that integrate several sensors can be used to miheitfire fighters condi-
tions and environment. Furthermore, the wireless nodestelde deployed in the
research domain of body-centric communication, which ireguto evaluate body-
centric wireless communication in terms of signal leveld data packet loss. This
enables convenient measurement procedures in comparigothe traditional tech-
niques, that use separate antennas onto the body which ameated by means of
long RF coaxial cables to large and expensive measuremeipiregnt, which is very
difficult to handle and requires lost of time to deploy thetsys

The second integrated textile antenna system that is deigma wireless senor
node network for RF exposure measurements. Current RF esgaseasurements
are compromised by large measurement uncertainties, ¢éysthe influence of the
nearby body. Moreover, the uncertainties are also causezlbgf-band detection
as well as the dependence of the polarization of the detdREedignals. Besides
the required improvement on the measurement results, thbifiy of the system is
crucial, to enable unobtrusive garment integration. Tioeeg textile antennas with in-
tegrated electronic systems are an excellent solutionfpasison with the traditional
exposure measurements on the human body.

1.4 Overview of the manuscript and
own contributions

1.4.1 Reducing Power Consumption by means of
Textile Antennas

Employing textile antennas has several advantages in agsopawith regular PCB
antennas on electronics systems. By replacing the inegjREEB antenna by a textile
patch antenna, the quality of the off-body wireless commatinon link is improved
both in receive and transmit mode. In Chapler 2 the advamtageking use of textile
antennas instead of regular PCB antennas is experimentditiated. Furthermore,
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this may be be exploited in reducing transmit power at theilagtodes while guar-
anteeing the same link quality. enabling to reduce the tthéurreduce the power
consumption.

1.4.2 Flexible Dual-Diversity Wearable Wireless Node Design

In Chapte[B the first autonomous textile wireless sensoe ffotly integrated onto the
feedplane of a flexible dual-polarized textile patch angesmpresented. The wireless
node is particularity designed for two purposes. First,raaitonomous body-centric
channel measurement device with all the equipment intediiato clothing. Second,
as an wireless network node for rescue worker applicatidiitsee wearable node is
equipped with a dual-polarized textile patch antenna withgrated microcontroller,
sensor, memory, and transceiver with receive diversitg fgérformance of the wear-
able wireless node is enhanced by implementffga2der receive diversity, by means
of selection combining. By integrating the node onto a flexgubstrate directly be-
low the antenna patch and the ground plane, fragile and limésgconnections are
avoided, allowing to be unobtrusively integrated into teseorker garments, which
was not possible earlier for body-centric communicatiorasueements The compact
and flexible module combines sensing and wireless channeitonimg functional-
ity with reliable and energy-efficient off-body wirelessnamunication capability, by
fully exploiting dual polarization diversity. This novebittile wireless node is vali-
dated, both in flat and bent state, in the anechoic chamlsassiag the characteristics
of the integrated system in free-space conditions. Mongtive wireless performance
is verified in various real-world conditions, integratetbim firefighter garment, used
as an autonomous body-centric measurement device.

1.4.3 Wearable Wireless Body Sensor Network for Fire Fighters

In Chapte# a fully-autonomous, wearable, wireless senstwork is presented,
where each flexible textile node, which is presented in GhEpperforms cooperative
synchronous acquisition and distributed event detectorio each microcontroller of
the wireless nodes, a computationally efficient situafi@weareness algorithm is im-
plemented, performing event detecting at the user. Thetetevents are wirelessly
transmitted to a base station, directly, as well as forw@uze other on-body nodes.
Thanks to the integrated polarization diversity, the tglity and energy-efficiency
of the wireless transmission is improved. The body cenwimmunication is further
statistically analyzed for on-body node-to-node, as web#body person-to-person
communication. On-body node-to-node communication idcétgul to synchronize
measurements on multiple autonomous nodes, at differety larations, and to
share sensor data between these noddsomder transmit diversity performance is
approached, by repeating the sensor data from the otheody#odes, drastically
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enhancing communication reliability by eliminating packess. The signal levels re-
ceived at the receiver are at ledst dB above the transceiver’s specified receiving
threshold of—95 dBm for 98% of the received packets. Off-body person-tsper
communication has the same functional purpose as the op+hmde-to-node com-
munication, synchronizing measurements and sharingéiaing sensor data. The
signal levels received at the receiver for off-body persmperson communication is
at least20 dB above the transceiver’s specified receiving threshold &f dBm for
98% of the received packets. The development of the intelgl@sensor network for
rescue workers is a first step in the development of a smartf®RBe Smart@Fire
project.

1.4.4 Compact Personal Distributed Wearable Exposimeter

Integrating electronic systems onto textile antennas idead solution for body sensor
networks. Exposure measurements currently performedasithmercially available

personal exposimeters, are compromised by large measotemeertainties, due to
the influence of the body of the test person, as well as deperdmn polarization and
out-of-band detection. Moreover, conventional persompbsimeters do not allow
unobtrusive integration onto the human body, making thesomfortable to wear.

In Chaptefb the hardware to construct a compact wearabtsRarDistributed Ex-

posimeter (PDE) is proposed for measuring the power deasithe human body. A
fully integrated wearable on-body personal exposimetabkss continuously mon-
itoring of the long-term RF exposure, without hindering teers daily activities.

The on-body PDE, is composed out of several newly designeed@&simeter sensor
modules, increasing the measurement accuracy. Each exgtesisensor module is
integrated onto the feedplane of a wearable textile patténaa, enabling unobtru-
sive garment integration. The sensor modules are emplojtacaw RF detector and
necessary memory for data logging. The proposed systentidsted and calibrated
in the anechoic chamber, as well as compared to a commgraialllable single-unit

exposimeter. Further validation of the PDE is performediiea-environment, deter-
mining the average power density on a human during a walk urlan city.

1.4.5 Conclusions and further work

The conclusions and further work in Chapfér 6 evaluate theefits of integrating
electronic systems onto textile antenna platforms. Funtbgearch that needs to be
performed in the near further for developing the wearalidbrielogy on a large scale
is outlined.
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1.4.6 Schematics of the wearable integrated electronic designs

In the appendix of this work, the schematics of the develapestiems are included,
together with the composite drawing of the top- and bottayet of PCB layout.
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Smart-fabric interactive textile systems have been stuiitensively during

the last decades and are ready to penetrate the market. Sgténss are be-
ing tested in different application domains, such as heaitinitoring, coor-

dination of military and emergency operations monitorisgorts and gam-
ing. To make such systems attractive to consumers, theytodxdlow cost,

low weight, flexible and primarily energy-efficient. We ekpentally evalu-

ate the deployment of efficient textile patch antennas ifi§jlrger garments to
reduce the transmit power in a wireless sensor node netwdhe measure-
ments performed in an advanced testbed setup, demonsteigotential of

on-body textile patch antennas to increase the power rede@¢ the nodes of
a wireless sensor network and reduce the packet loss in tiaerie compared
to using a rigid integrated PCB antenna with the same trabgoiwer. The

additional margin in received power may be exploited to mxthe transmit
power while maintaining the same packet, resulting in a oeduenergy con-
sumption, paving the way towards smaller, lower-weight bs$ expensive
consumer products.

2.1 Introduction

Wireless body-centric sensor networks received incregdsierest in the last decade.
At first, these systems were very complex, high-cost andcdéelil to professional ap-
plications such as monitoring of military, law enforcemefiiicers and rescue workers
by means of, for example, the intelligent fire fighter suiteleped in the FP6 Proe-
tex Integrated Project. Nowadays, such systems are reguhntetrate the market for
all kinds of consumer applications, given their potentigbersonal communications,
gaming, sports and healthcare. In order to be successfulcamchieve high market

penetration, besides offering the required performarteese systems must be low-
cost, light-weight, comfortable to wear and highly eneedfjeient, as, especially in

wearable applications, heavy batteries and frequent rgicttashould be avoided.

In this chapter, we demonstrate how the power required fdvady wireless com-
munication may be reduced by making use of more efficientaa® The key idea
consists of exploiting the large area available in a garnemteploy a flexible tex-
tile antenna that provides high gain and large radiatiowieficy while being seam-
lessly integrated in the garment. In particular, we makeafigee RM090 transceiver
module [1] to study the potential reduction in transmit powhile maintaining the
wireless link quality by replacing a simple printed PCB ami& by a wearable textile
antenna. In addition, we study the effect of antenna p@#adm on link quality.

In current literature, the experimental characterizatbriextile patch antennas
for different applications is mainly performed in terms af$al-to-noise ratio (SNR)
and bit error rate (BER) for uncoded data transmission mglyin basic modulation
schemes[[235]. In this chapter, measurements are perfofofilediing the IEEE
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Figure 2.1: The w-ilab.t testbed, 3th floor

802.15.4 standard. In particular, we experimentally est@a wireless cooperative
network, where a mobile node deployed on the human body sesva hop, relaying
data between the fixed nodes of the sensor network.

The chapter is organized as follows: Secfiod 2.2 providesnaptete description
of the measurement setup, whereas Se€fidn 2.3 discusseedseirement results.

2.2 Measurement setup

2.2.1 w-iLab.t testbed setup

To assess the potential in terms of transmit power reduetioan deploying textile
patch antennas, instead of simply using small printed PCBapole antennas for
off-body communication, we integrated different typesetiile antennas into a pro-
fessional fire fighter jacket and connected them to the RMé&@@steiver modules.
We then compare link quality obtained when using these vidarantennas con-
nected as external antenna to the transceiver with the ligltityy provided by the
internal transceiver antenna. Therefore, a fire fighterpgapd with the wireless mod-
ules walks at normal walking speed along a fixed path, shovgnagan (walked from
right to left) on Fig[ 2L, in the w-iLab.t testbed [6] indooffice environment. The
testbed is deployed in an office buildingid x 90 m and spreads out over three floors.
It consists 0f200 node locations at fixed locations at the iMinds office pres)ise-
cluding meeting rooms, classrooms, offices and corridoi. titis setup, only the
nodes on the third floor are used, as shown in[Eid. 2.1.

While the fire fighter is walking along the fixed path, in the fifste slot of the
frame, one fixed node (marked by the red circle Eigl 2.1) brasis to all fixed nodes
as well as to the two RM090 mobile nodes. The two latter nodes@aunted together
with their antennas in the shoulder sections of a professifire fighter jacket, as
shown in Fig[Z:R. In the two subsequent time slots of the éaime two mobile nodes
modify the packet received at time slot 1 by inserting th@inspecific node ID and
RSSI-value into the packet, while maintaining the packagtbe. The two mobile
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PCB antenna Textile patch antenna

Figure 2.2: Mobile node setup on the fire fighter jacket

Table 2.1: Textile patch antenna parameters

w 44.46
Ls 14.88
. . Ws 1
Antenna dimensions [mm] Fx 57
Fy 11.4
Substrate Height h 3.94
Permittivity pr 1.53
Substrate parameters tans 00012

nodes alternately broadcast their adapted packets to el fiwdes in the w-iLab.t
testbed. Both mobile nodes apply the same transmit power.

2.2.2 Textile patch antenna

By means of the experiment described above, textile angeerhibiting different
kinds of polarization are studied. One of these textile mmas is a dual polarized tex-
tile patch antenna[7], as shown in Hig.]2.3. The two porthisfantenna transmit and
receive two signals along orthogonal linear polarizatidriee antenna is implemented
on a flexible protective foam substrate commonly found ingotive garments for res-
cue workers. The foam protects vulnerable body parts suethasvs, shoulders and
knees. The flexible closed-cell foam is fire-resistant, wegpellent, and regains its
original form after deformation. The patch and ground plaree realized in the low-
cost e-textiles FlecTron and Shieldlt, respectively. Téwangular slot in the antenna
patch ensures impedance matching and provides the bamdwigitired to cover the
2.45 GHz ISM band.
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Figure 2.3: Dual polarized patch antenna

In the experiments we also consider circularly polarizedile patch antennas
implemented on an Aramid substrate. These textile antewees developed within
the FP6 Proetex Integrated Projédt[B, 9].

2.3 Measurement results

Table[2:2 presents the total packet loss on each dfthieceive nodes, when the fire
fighter walks along the fixed path shown in ig]2.1. In this sueament, nodg, indi-
cated by the red circle in Fig. 2.1, is the fixed transmittetendl he first row shows the
packet loss of the complete dual-hop link (transmit noddsileacnode-receive node),
where the packets are forwarded by the mobile node with aakéacircularly polar-
ized textile antenna. The second row of the table shows taépacket loss from the
transmit nodes to all receive nodes, along the dual-hop link (transmit Roddile
node-receive node), where packets are forwarded by thelenobie with the small
printed PCB antenna. The last row shows the packet loss éaditiect link from the
transmit node to the receive nodes, without forwarding thekpts by a mobile node
on the fire fighter jacket. The small distance between somleedfixed receive nodes
in the testbed and the fixed transmitter nédexplains the low values of the packet
loss for these fixed nodes.

Table[Z.2 demonstrates that relaying data by means of thdenuide with the
textile patch antenna reduces the total packet loss olbexrtvéhe majority of the
receive nodes, compared to the rigid PCB antenna. Thistressabnsistent with
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Table 2.2: Packet loss measurement 1

Node: 1 4 5 6 7

Patch  20.27% 20.27% 16.28% 29.24% 16.94%
PCB 25.91% 24.92% 24.92% 34.88% 21.59%
X 0.66%  20.60% 0.33%  13.95%

8 9 10 11 12 13

17.28% 23.92% 26.58% 18.60% 17.61% 23.59%
25.25% 29.90% 36.54% 23.26% 24.58% 29.24%
1.33% 1.33% 15.95% 3.65% 1.99% 0.33%

14 15 16 17 19 20

17.94% 17.94% 17.61% 17.28% 21.93% 15.61%
21.59% 21.59% 26.58% 22.59% 28.24% 21.93%
0.33% 0.33% 0.33% 1.33% 0.33% 0.33%

21 22 23 25 26 27

15.61% 18.60% 15.28% 19.27% 20.60% 16.61%
21.26% 19.60% 20.60% 21.26% 20.60% 22.26%
10.30%  0.66% 1.33% 1.66% 12.29% 0.33%

28 29 30 31 33 34

21.93% 22.59% 25.58% 23.26% 58.47% 40.86%
22.92% 24.92% 24.92% 24.58% 48.17% 38.87%
2.66% 9.97% 13.29% 10.63% 98.67% 25.25%

35 36 37 39 40 41

49.17% 51.50% 35.22% 58.14% 45.18% 37.87%
40.20% 42.19% 31.56% 46.51% 39.53% 37.87%
54.15% 99.67% 22.59% 28.24% 54.82% 46.84%

43 44 45 46 47 48

57.81% 50.17% 35.22% 28.57% 62.13% 35.55%
45.85% 42.52% 34.55% 27.24% 46.84% 36.88%
87.04% 95.68% 57.48% 23.92% 100.0% 63.12%

49 50 51 52 53 54

34.22% 47.84% 27.91% 32.89% 26.25% 23.26%
37.21% 36.88% 30.56% 35.22% 27.24% 37.87%
51.50% 25.58% 7.97% 19.27% 30.56% 29.24%

55 56 199 200

59.14% 59.47% 32.89% 46.84%
46.84% 46.18% 30.90% 37.21%
55.48% 100.0% 17.28% 62.79%
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Figure 2.4: RSSI levels at fixed node 8

Fig.[2.4 {24, showing the RSSI levels at fixed nogl@nd9. For most of the packets,
the mobile node with the textile patch antenna providesgeldRSSI value compared
to the mobile node with the printed PCB antenna.

The received power on the mobile nodes was also recorded nddie equipped
with the textile patch antenna exhibits significantly largSSI levels than the node
with the printed PCB antenna, as shown in Eigl 2.6.

The same results are obtained when usingitied polarized textile patch antenna
During the experiment with this antenna, one of the two pisrterminated with a
load impedance, to ensure impedance matching over thereggbandwidth at the
port connected to the transceiver node.

Although the straightforward experimental approach dad@ting textile antennas
to the RM090 transceiver modules external antenna inputégnsiof a small flexible
coaxial cable provides some indication about the poteb#akfits of textile antennas
over integrated PCB antennas, this measurement setup doesonide an entirely
fair comparison between both types of antennas, as therategyPCB antennas is
attached directly to the transceiver's RF port, therebyiding the cable losses en-
countered by the external textile patch antenna. Thergefbeestraightforward mea-
surement protocol was refined to ensure that both antencaseter the same amount
of losses in the RF patch between the antenna and transcEgmnew measurement
protocols corrects for the additional insertion loss idtroed by the coaxial cable,
which was measured to He57 dB. In addition, it also includes the extra losses in the
lossy RF signal path on the transceiver PCB, connecting EhpiRRof the transceiver
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Figure 2.7: RSSI levels at fixed node 8

to the connection point for the external antenna.

To calibrate out these losses, a printed PCB antenna, éaé¢mti the one found
on the RM090 wireless sensor node, is isolated on a sepatiatedocircuit board,
having the same size and shape of the mobile node, includangame ground plane
size. This printed PCB antenna is then connected to therattentenna output of the
wireless sensor node by means of the same type of coaxia aahised for the textile
patch antenna.

Applying this new measurement protocol, Table] 2.3 reprisste total packet
loss on each of thgl fixed receive nodes, when the fire fighter walks along the same
fixed path as the previous measurement setup. Node 5 age@s sexthe fixed trans-
mitter node. The figures of merit shown in Table]2.3 are theesamin the previous
measurement (Table 2.2).

The results in TableZ2.3 demonstrate clearly an additionpfovement in terms
of total packet loss for the textile patch antenna, comptrelde PCB antenna. Now,
the total packet loss for the link where the node with theileepiatch antenna acts as
relay is less than the packet loss along the link where the math the PCB antenna
acts as relay, for almost all fixed nodes. This result is test with Fig[2.l7 £218,
showing the RSSI levels at fixed nodeand9.

The power received by the mobile nodes is shown in [Eid. 2.9thimgraph, it
is clearly visible that the received power is larger for tlogle with the textile patch
antenna. Even when the node with the printed PCB antennaalsaito decode the
packets, the wireless node with the textile patch anterithaesteives the packets at a
reasonable RSSI level.
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Table 2.3: Packet loss measurement 2

Node: 1 4 5 6 7

Patch  40.20% 17.94% 28.57% 23.92% 32.56%
PCB 47.51% 47.84% 43.19% 48.84% 47.84%
X 19.60% 0.33% 0.33% 0.66%

8 9 10 11 12 13

13.29% 19.27% 37.87% 60.47% 12.62% 53.49%
48.84% 44.85% 56.15% 45.18% 43.85% 46.18%
0.33% 3.99% 0.66% 2.33% 0.33% 12.62%

14 15 16 17 19 20

17.94% 28.90% 14.29% 13.95% 24.25% 14.29%
44.85% 44.52% 44.52% 44.85% 51.16% 42.86%
3.65% 1.00% 0.66% 1.33% 29.90% 0.33%

21 22 23 25 26 27

53.82% 49.83% 13.62% 15.95% 19.27% 13.95%
42.86% 47.18% 42.19% 43.19% 47.18% 42.52%
0.33%  3.32% 6.98%  0.33% 11.96% 2.99%

28 29 30 31 33 34

17.94% 16.94% 25.58% 22.26% 56.15% 23.92%
44.52% 44.19% 48.17% 45.51% 78.07% 47.51%
12.29% 1.00% 11.96% 11.30% 80.07% 13.62%

35 36 37 39 40 41

43.52% 57.14% 23.26% 58.47% 47.51% 37.21%
58.14% 71.76% 48.50% 52.49% 71.76% 57.14%
41.53% 46.18% 9.97%  46.51% 63.12% 49.50%

43 44 45 46 47 48

46.51% 44.19% 32.89% 19.27% 57.48% 27.24%
56.81% 62.46% 58.14% 45.51% 60.47% 51.50%
26.25% 46.51% 70.76%  1.66%  95.68% 64.45%

49 50 51 52 53 54

27.24% 61.46% 16.94% 21.59% 21.26% 18.27%
54.15% 57.14% 45.85% 56.15% 48.84% 46.51%
14.62% 11.63% 2.33% 22.92% 16.61% 7.31%

55 56 199 200

57.48% 59.80% 30.56% 40.53%
75.75% 69.10% 54.49% 58.47%
100%  88,04% 12.96% 16.94%
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Table 2.4: Packet loss overview

Circ. Pol. Patch antenna Dual Pol. Patch antenna
Avg. loss Patch  Avg. loss PCB  Avg. loss Patch  Avg. loss PCB
Meas. 1 30.8% 31.2% 27.4% 31.4%
' 26.2% 28.4% 27.2% 31.4%
Meas. 2 31.0% 52.0% 24.5% 31.8%
’ 29.1% 33.6% 34.9% 51.0%
Table 2.5: Packet loss improvement
Circ. Pol. Patch antenna
Circ. Pol. Patch antenna  Dual Pol. Patch antenna
31 (60%) 27 (53%)
Meas. 1 36 (71%) 40 (78%)
45 (88%) 48 (94%)
Meas. 2 41 (80%) 44 (86%)

Next, the new measurement protocol was repeated with ak oéixtile patch an-
tennas, leading to similar results. A small overview of theket loss obtained during
these measurements is given in Tdblé 2.4 and Table 2.5.

2.4 Conclusion

A way to reduce the power required for off-body wireless camioation by making
use of more efficient antennas is experimentally validaBgdreplacing the integrated
PCB antenna by a textile patch antenna, the quality of thel@gs link may be im-
proved both in receive and transmit mode. This may be exguldi reduce transmit
power at the mobile nodes while guaranteeing the same anpagket loss. To fur-
ther reduce the power consumption, we need to improve thededver design such
that cable and interconnect losses are avoided in the REtcyr.cThis may be imple-
mented by directly integrating the transceiver onto thélegatch antenna, following
the design methodology outlined [n]10]. A second path fourfe research consists in
integrating two or more textile patch antennas into thegssibnal fire fighter jacket
and combining their signals by means of a power combiner. gt{im@l position for
two antennas could be on opposite sides of the fire fighteeja¢kr example, one
antenna integrated in the back-section and one in the fection of the jacket). This
setup may be further extended to one or more dual polarizeiet@atch antennas,
where each of the antenna ports is connected to two wiretessn This allows two
wireless nodes to transmit and receive along orthogoneaiipolarizations on a single
antenna.
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A new textile wearable wireless node, for operation in tH&S&Hz industrial,
scientific and medical band, is proposed. It consists of d-gotarized textile
patch antenna with integrated microcontroller, sensonmmoey, and transceiver
with receive diversity. Integrated into a garment, the fiéxiunit may serve
for fall detection, as well as for patient or rescue-workeomitoring. Frag-
ile and lossy interconnections are eliminated. They ardaegd by very short
radio-frequency signal paths in the antenna feed planeyced) electromag-
netic compatibility and signal integrity problems. The q@ut and flexible
module combines sensing and wireless channel monitorimgfiinality with
reliable and energy-efficient off-body wireless commuitacacapability, by
fully exploiting dual polarization diversity. By integiag a battery, a fully
autonomous and flexible system is obtained. This noveletexiieless node
was validated, both in flat and bent state, in the anechoiendber, assessing
the characteristics of the integrated system in free-sgacelitions. Moreover,
its performance was verified in various real-world condito integrated into
a firefighter garment, and used as an autonomous body-cang@surement
device.

3.1 Introduction

Smart Fabric Interactive Textile (SFIT) systems add lé&isg functionality to profes-
sional garments, as they monitor rescue workers duringviemgions [1], sense their
environment and movements during an operation, and alablest critical commu-
nication links with other firefighters and a command post. E\v, further improve-
ments, in terms of efficiency, autonomy, reliability andesgfare still needed to guar-
antee their market penetration and to develop the next geoerof Smart Personal
Protective System§]2]. Indeed, conventional wearablegoeatric wireless sensing
and communication systems, for real-time tracking and toainig of persons, rely on
sensor, processor, transceiver and antenna hardware nentpdhat are often very
complicated, non-flexible or bulk{/[3]. This makes theseaays generally costly and
difficult to unobtrusively integrate into garments for figkfters. Also for other appli-
cations, such as in patient and elderly monitor[dd [4, Sinfart and washability may
still be improved.

The indoor environments, in which these systems typicgtigrate, suffer from
severe multipath radio propagation, resulting in decréasga throughput caused by
fading. In addition, body shadowing plays an important inlerearable communica-
tion systemd[6]. Reducing the effects of multipath fadimgdhieved on a single node
by exploiting antenna polarization diversifyl [7]. The ceogtion of multiple nodes
provides higher-order combined polarization, spatial patiern diversity, allowing
to effectively counter fading as well as body shadowing [BEliable body-centric
communication requires accurate knowledge of the wiretbssinel characteristics
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in proximity of the human body [9]. This results in compleansceiver hardware
that was until recently only implemented dgid planar circuit boards and, therefore,
difficult to comfortably integrate into SFIT systems.

In this chapter, a novel, fully-flexible, low-cost, compaahd autonomous wear-
able2.45 GHz wireless sensor node is introduced, with all its funwldy fully in-
tegrated onto a dual-polarized textile patch antehha [JZ, e electronic circuitry,
implemented on a compact, very thin, and flexible polyimidestrate, includes a
microcontroller, an ADF7242 diversity transceiver, a nafatile memory, battery
and power management unit, combined with sensors. All Ré&réohnects are in-
tegrated onto the feed plane of the textile antenna, fullyjiehting coaxial cables.
Such atextilewireless node, realized as one compfétibleunit, enabling true non-
obtrusive and comfortable integration into garments, veagincumented in literature
before. The efficient textile patch antenna, which servea pkatform for the ac-
tive electronics, provides high antenna gain, reducesetpeired transmit power [11]
and contributes to an energy-efficient wireless system. t&kiéle ground plane of
the wearable antenna limits the interaction with the humastypproviding a wire-
less platform with stable characteristics and very limitadiation exposure for the
user. Embedded software on the microcontroller providesless ad-hoc network
functionality, allowing the nodes to actively forward datckets, to cooperate, share
data, and synchronize over the wireless links. These pliepegnable the nodes to
operate in a wide range of practical applications, inclgdgyatient, rescue-worker or
law-enforcement officer monitoring networks. The compaatpnomous, and wear-
able wireless node may be applied as a key building blockHerdonstruction of
a modular, low-power, body-worn system with receive dilgr®y means of multi-
ple cooperating nodes. The network topology of multiplealessly interconnected
nodes, unobtrusively integrated in a single garment, alasto add or remove nodes,
depending on the required functionality. In addition, eaode can be made wash-
able by encapsulating the textile antenna together witlintiegrated electronics by a
breathable Thermoplastic PolyUrethane coating (TIPU).[12]

For research purposes, this autonomous unit can also beyaephs a channel
measurement device, synchronously logging signal levedsived on different au-
tonomous nodes that are not interconnected by any wires.vedtional off-body
channel measurements are generally performed with congplexpensive measure-
ment devices [13=15], connected to body-worn externalraae by means of fragile
coaxial cables, which hinder the test person to move fréliyly wireless measure-
ment nodes open new opportunities for more realistic nmdde body-centric mea-
surement campaigns. Existinigid wireless wearable nodes [2-5], used as a channel
measurement device or as people-monitoring systems, arélexdble and do not im-
plement receive diversity.

In current literature, the number of wearable systems titagrateflexible elec-
tronic circuits with textile antennas is very limited. [n6]1 only a Low-Noise Ampli-
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fier (LNA) is integrated, forming an active antenna that stijuires a coaxial cable to
be connected to transceiver units. AlthougHin [17], theana and electronic system
of the sensor node are integrated on the flexible substhaaystem only operates in
Gaussian frequency-shift keying (GFSK) modulation withdiversity.

The chapter is organized as follows. Secfion 3.2 providesrptete description of
the wearable node. In sectibn3.3, the measurement reslittating the performance
of the system are presented, ending with the conclusiorsepted in section 3.4.

3.2 Wearable node design

3.2.1 Requirements/specifications

During rescue operations and hazardous interventioriaptelwireless communica-
tion is critical for the safe operation of firefighters. THere, a textile wireless node,
specifically designed for comfortable integration intoffglter garments, mustimple-
ment reliable and energy-efficient wireless communicatidance, the performance
of the antenna, with the system integrated onto the antesedpfane, should not be
significantly affected by the presence of the human body. Zh& GHz license-
exempt industrial, scientific and medical (ISM) band is sidd to set up highly
energy-efficient wireless links, via one of the many stadg#nat operate in this band.
Moreover, for wearable applications or for integratioroiat firefighter garment, the
textile wireless node needs to be flexible and resistanhagextreme conditions, such
as high temperatures, moisture, and bending. Besidesdheital specifications, the
wireless node must be non-obtrusive for the user, as watlaisweight, low-cost, and
energy efficient. To be useful in emergency situations, titelligent textile system
is required to be user friendly, by allowing fast and easyaton and deployment.
Finally, easy replacement of certain textile nodes in thetesy is preferred, without
the need of making wired connections between separateysitnss.

Besides being suitable for wireless off-body communicgtibie wearable node
should provide functionality that enables the wearabldesysto operate as an au-
tonomous channel-measurement device, monitoring paessstich as Bit-Error-
Rate (BER) and signal strength. For the node to be useful asagsumement device
for body-centric channel characterization, sufficient rogms required to store large
sets of data, obtained during the measurements. Dependititeselected modula-
tion scheme and data rate, the node should be able to starasatd few minutes of
data obtained by channel measurements. The sample perittege measurements
needs to be shorter thai.2 ms [18], the coherence time of tl¥e45 GHz indoor
channel for a walking person. Therefore, the sampling feegy is at least0 Hz
on each polarization of the antenna system. Assumibgtes for each data sample,
providing signal strength and packet-number informatiolB of memory can store
more tharb hours of continuous measurements.
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3.2.2 Topology/system overview

The key components of the newly designed wearable node esemted in the block
diagram shown in Fig. 3l 1. A top view of the circuit is giverfig.[3.:2. The selection
of these components is motivated as follows.

Dual polarized
textile patch antenna

RF feed 2 RF feed 1

4MB TRX 3-axis
Memory | |ADF7242| |ADXL337

L |

Interface

)
o
2
@
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3
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Figure 3.1: Simplified block diagram of the system.

The dual-polarized textile antenna, described in detdijinis fully integrable into
protective garments and was designed to operate id.the 2.4835 GHz ISM band,
with a high (being better than 10 dB) return loss, as well aslsnt isolation be-
tween the antenna ports. The textile antenna, which rezéive orthogonal linearly-
polarized signals, is an excellent solution to reduce ttaesined effect of multipath
fading in wireless communications, by exploiting polatiaa diversity. The human
body behind the ground plane of the antenna only slightlycaéf the performance of
the antenne [7].

The heart of the transceiver system is formed by the ADF72&grated cir-
cuit from Analog Devices. The transceiver supports the IBEE 15.4-200@.4 GHz
PHY requirements, as well as proprietary Gaussian frequshitt keying / frequency-
shift keying / Gaussian minimum-shift keying / minimum-stieying (GFSK / FSK
/ GMSK / MSK) modulation schemes. Depending on the desirgdicion and/or
data rate, one of these transmission schemes will be seléldte IEEE 802.15.4-2006
standard provides reliable data packet communicatioroferdata-rate, wireless sen-
sor networks. Moreover, channel measurements can alsorfugrped with the pro-
prietary modulation schemes, at data rates upNtbps, by measuring Bit-Error-Rate
and Signal strength. The device features a dual-port rfrdtpsency (RF) interface,
directly connected to the textile antenna’s orthogonpthjarized feeds that generate
quasi-linearly polarized signals along thet5° diagonals of the patch]7]. This ar-
chitecture enables second-order receive polarizatiogrsity by means of selection
combining, improving the reliability of the wireless comnication. A compact low-
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power C8051F921 microcontroller (MCU), by Silicon Laband¢s, is used to process
the received data and to characterize the wireless linkter Affocessing, the signal
parameters are stored intaViB flash memory, integrated into the system, providing
sufficient non-volatile storage space for several hourshahoel measurement data.
The actions of the fire-fighter are monitored by an on-bGaaxis accelerometer. A
serial port provides system access to retrieve the measutatata, or real-time data
transmission to the PC at the base-station node.

Figure 3.2: Top view of the flexible wireless node circuit.

The energy-efficient, wearable node is powered by a smaéiya8.6 V, 660 mAh),
ensuring the autonomy of the textile wireless node, whesgiatted into the garment
during the course of a full rescue operation without recimgrg With a power con-
sumption lower than 90mW, the system can be used continpfarsinany hours.

3.2.3 Material/fabrication

The dual-polarized textile patch antenna [7], which semagshe node’s platform,
is constructed using FlecTron, a low-cost, conductivestedetextile material with a
thickness less thaf.25 mm and surface resistivity less thanl Q/sq. This mate-
rial implements the antenna patch and ground plane. Fixitbdsed-cell, expanded-
rubber protective foam (density7.3 kg/m?, permittivity e,=1.53 and tary=0.0012),
commonly used in protective garments for rescue workeepdied as substrate ma-
terial. The flexible foam helps to protect the electronicuaitry against external fac-
tors, such as high temperatures and humidity.

The integrated electronic system is implemented i @m copper layer on a
copper-on-polyimide film, UPISER-N by UBE, of25 um thickness. The production
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of the flexible substrate is performed by making use of anoask photolithographic
process[[19] and by soldering the various components by snefareflow.

3.2.4 Flexible circuit and antenna design

For maximal user convenience, the flexible transceivewutitis integrated with the
textile antenna. The circuit is etched on a compact and vexjbie polyimide sub-
strate. To keep production costs low, this circuit topoléggesigned such that vias
are avoided, as much as possible, and that only one sidedsarssomponent place-
ment. Thereby, the bottom layer of the circuit substrateststs almost entirely of a
copper ground plane, which is connected to the back sideecdititenna patch, using
a conductive adhesive.

44.46
57
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Figure 3.3: Antenna cross section (dimensions in mm).
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The antenna is shown in Fig_B.3, together with a cross sedfithe electronic
system, integrated on the feed plane of the textile anteArdual-polarized antenna
topology, with coaxial feeds implemented by means of viesdopted, since it only
requires very short direct via connections between antpaten and the transceiver’s
RF ports. This results in the shortest RF paths, comparether potential feeding
techniques, such as aperture-coupled feeds. Moreoveapirures in an aperture-
coupled feed topology may lead to significant radiation tolsathe human body.
Conjugate matching is applied to connect both RF outputspoftthe ADF7242
transceiver to Johansson Technology 2450BM14E0007 badpesifically designed
for this chip. Each balun is followed by 4)0 MHz wide bandpass-filter (Murata
LFL182G50TC1B905), to protect the input from out-of-barghsls. The outputs of
the bandpass-filters are directly connected to the antezeusf ensuring the shortest
possible length of the RF paths and reducing losses. Thenmiaxioutput power of
the transceiver, specified by Analog Devices, 4s8+dBm. Taking into account the
antenna gain and the insertion loss of the filter and balenntaximum output power
of the system i88.9 dBm effective isotopic radiated power (EIRP), which coresli
with the standard20 dBm, ETSI EN 300 328 for wide band transmissions, such as
in IEEE 802.15.4-2006 mode). To retain the required flekibdf the circuit, small
integrated-circuit components are chosen. They are depdog a sufficiently large
distance, to allow for a small bending radius. The largegtirthip of the circuit has
a footprint of5 x 6 mm, thereby retaining a very flexible unit. To confirm its dedi
flexibility, the node is bent along a plastic tube with a ctuva radius of7.5 cm, as
shown on Figl_3}4. This construction also allows the desitmperform reproducible
measurements to evaluate the performance of the wirelessnio bent condition.

1
‘,‘\Bending radius
| 7.5cm

Figure 3.4: The integrated system, bent around a plastic tube with a radius om.
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3.3 Measurements

The indoor environment, in which the body-worn system wéldeployed, exhibits
multipath signal propagation. A signal transmitted alongjragle polarization then
results in multiple reflected signals that impinge onto tbeeive antenna at vary-
ing polarization angles. Reception of these signals, byrdenma system with dual
orthogonal polarizations, yields significant diversityirgavhen combining the out-
puts from the two decorrelated antenna feeds. Hence, thebiiéyp of the system
to receive orthogonally polarized signals in a free-sp&teys leading to sufficiently
decorrelated signals in a multipath environment, is an intgo figure of merit for the
diversity performance. Therefore, the operation of thelpelesigned wearable node
in free-space conditions is validated, focusing on thertghsnation of orthogonally
polarized received signals, by measuring the Cross-Pataritination (XPD).

Second, the polarization of signals, transmitted or rexxtby a wearable antenna,
is sensitive to bending of the antenna and to proximity oflthenan body. These
effects render the polarization more elliptical, insteadireear [7]. For a multipath
environment, this results in higher received signal catieh and reduced diversity
gain. Hence, to carefully assess the performance undereliff conditions, the or-
thogonality of the two received signals in a free-space @gagion environment is
tested in planar, on-body, and bent conditions.

Third, measurements are performed in an indoor scenarith, avimobile user
wearing the node integrated in his firefighter jacket. Theq@e®ements evaluate the
node’s diversity gain realized by polarization diversitging Selection Combining
(SC) or Maximum Ratio Combining (MRC). Our previous measuweats [8/ 10] of
the body-centric channel relied on a bulky wireless testptted on a cart and con-
nected by means of coaxial cables to the antennas worn by dbdenuser. During
the measurement campaign, the cart with the testbed wa®se groximity of the
mobile user, following his/her movements. Hence, cartibts and coaxial cable
connections may have an impact on the wireless channel. thétproposed system,
body-centric channel characterization is performed in eemealistic way. Moreover,
the channel measurements will be less time consuming and awourate, thanks to
the larger data throughput, being at leb#t measurement points per second.

3.3.1 Free-space propagation:
orthogonality of the antenna ports

To evaluate the orthogonality of the polarizations, thenabke node is first validated
in the anechoic chamber. The measurements are performéuefetand-alone node,
as well as for the node integrated into a firefighter jacketynwly a person of size
1.85 m and weight80 kg. A transmitter, connected to a Scientific Atlanta Model
12-1.7 Standard Gain Horn antenna, continuously broasidasa packets, which are
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received by the flexible node, at a distancelalf36 m from the transmitter. While
the horn antenna is slowly rotating at a constant rotati@edpf2°/s, as shown in
Fig.[38, the received signal power of every packet on botarfmations is logged.
The variation of the received power, as a function of the jimdéion angle, is shown
in Fig.[3.8. The result illustrates the complementarity oftbpolarizations, for both
the stand-alone antenna and the on-body setup, in anealopiagation conditions.

Figure 3.5: Measurement setup.

From this measurement, the XPD is calculafed [20, 21], defye

h 2
XPDy (dB) = 10 logyo | YY|2
|hxyl

with |h,, |2 the squared channel amplitude factor for X5%, being the co-polar po-
larization, and Y=45°, being the cross-polar polarization. The X and Y directiares
tangential to the surface of the body torso, with the zeroalegreference correspond-
ing to a vector pointing up towards the head. The average XRBedntegrated sys-
tem equal®9.1 dB for the stand-alone antenna aid1 dB for the on-body measure-
ment. This confirms that the system performance is not pnedieally degraded by
the presence of the body and that sufficiently high RF isma8 maintained between
the two polarizations of the dual-polarized textile patcleana with both terminals
connected to the transceiver. These are excellent valliestrating the suitability
of the patch antenna for polarization-diversity receptiNiext, the measurement was
repeated with the system bent, using the setup shown i Eg./Abending radius
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Figure 3.6: Received signals power [dBm] on both feeds, as a function of potemizangle of
the TX antenna, for the patch antenna mounted as inLEly. 3.3, frontfaeastand-alone node
and for the node integrated into a firefighter jacket, worn by a test person

of 7.5 cm is realistic when deploying the textile node inside tleegé of a garment,
such that is positioned on the firefighter’s arm. The vanatibthe received power,
as a function of the radiation angle, is shown in [ig] 3.7. Theres now also il-
lustrate the complementarity of both polarizations, whes wearable node is bent.
Although bending slightly affects antenna impedance, gmtfation, and resonance
frequency|[7], the average XPD is stlli2.7 dB. This guarantees satisfactory system
performance in bent conditions as well.

3.3.2 Multipath environment: channel measurement

To evaluate the node’s performance in a multipath enviraripeefire-fighter, walk-
ing in an indoor environment with the system integrated higofire-fighter jacket, is
considered. Fid._3l8 shows part of the floor plan of the bugduith brick walls and
reinforced concrete floors at Ghent University, where thasnezments were carried
out. The same transmitter as in the previous measurementased in an office at
position TX1 in Fig[3.8, while the test person, wearing thengent, walks along the
path A-B at about 1 m/s in the neighboring offices and corgddYhile data packets
are continuously being transmitted, the autonomous flexsgstem constantly mon-
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Figure 3.7: Received signals power [dBm] on both feeds as a function of polarizatigle,
for the bent patch antenna mounted as in [Eid. 3.3, front view.

itors the signal strength on both polarizations. As theaintgtneous time-varying re-
ceived power varies partially independently at both p@t$.order receive diversity,
by means of SC, improves the performance of the wearable bydslecting the po-
larization with the strongest signal for each received gatket, as shown in Fig._3.9

3.3.3 Statistical analysis

The statistical distribution of the signal levels is deterea, measured within region
C of the floor plan, shown in Fif. 3.8, at a distance of 10m frhmttansmitter TX2.
The analysis is performed di2768 recorded samples per polarization, at a sample
rate of 50 samples/sec on each polarization.

The graph in Fig[Z3.10 compares the Cumulative Distribuffamction (CDF)
curves obtained during the measurements with and witheatslty to the theoretical
Rayleigh fading CDF as well as to simulated characterigticancorrelated Rayleigh
fading channels with SC and MRC.

Only the Non-Line-of-sight (NL0S) scenario was considenecde, since this sce-
nario is the most likely to occur in the rescue worker appiccaunder study. More-
over, similar conditions were also investigated in pregiogeasurement campaigns,
serving as a reference for the current results. NLOS prdjmageepresents a worst-
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Figure 3.8: Floor plan of the indoor environment, in which the channel soundingrexpet
was performed.

case scenario, providing the most demanding conditiorthé&wireless off-body link.

The 10 % outage probability of the dual polarized system with SC entlcom-
pared to a single-polarized system. These power levelsedtfal 0" percentile in
the CDF, meaning that the power will be higher than theseegl0 % of the time.
SC improves thd0 % outage probability bys.5 dB, in comparison to a single po-
larization. Although MRC is not implemented in this transee the MRC gain is
calculated and drawn in Fif§._3]10. MRC increases1thés outage probability by
7.5 dB, compared to a single polarization. Considering tH& outage probability,
SC and MRC produce a gain 6f5 dB and11.5 dB, respectively, in comparison to a
single polarization. The observed deviation from the Rigyleharacteristics below
thel % level is due to the limited number of recorded signals.

3.3.4 Power consumption

The power consumption is highly dependent on the operatiodenof the node. In
sleep mode, the total power consumption is less tiigiV. The measured power con-
sumption for the wearable system, in full operation, eq@alsnw (27 mA, 3.3 V).
Hence, even in continuous full operation, the system carsbd during many hours,
without recharging the battery. For the experiments, a loopdioltage regulator is
mounted on top of the battery, causing an additional powssipition of approxi-
mately 9mW. In addition, at the power input connector, arigely polarized diode
is placed for polarity protection.
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Figure 3.9: Signal power received along each polarization of the antenna, wheyatee into
a fire-fighter jacket.
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3.4 Conclusions

The first autonomous textile wireless node, fully integdaiato a flexible dual-polarized
textile patch antenna, was presented. This design is phatig suited to perform
body-centric channel measurements with all the equipn@agrated into clothing.
The wearable node enable8-arder receive diversity, by means of selection combin-
ing. Thanks to the integration of all the circuit componemtghe antenna feed plane,
directly below the antenna patch and the ground plane |éagid lossy interconnec-
tions are avoided. Moreover, the small size of the wearabtk reliminates electro-
magnetic compatibility and signal integrity issues. Thisadflexible and compact
wireless transceiver/sensor node can be unobtrusivedgriated into rescue worker
garments, making it useful for a plethora of wearable apfibnis. The flexible node
exhibits a modular topology and is easily expandable totera@ustomizable textile
module. Therefore, this new low-cost system is a step fawadesigning comfort-
able commercial firefighter protective systems.
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A novel, fully-autonomous, wearable, wireless sensor owtis presented,
where each flexible textile node performs cooperative sgndus acquisi-
tion and distributed event detection. Computationallyciffit situational-
awareness algorithms are implemented on the low-power amacrtroller
present on each flexible node. The detected events are sglgteansmitted to
a base station, directly, as well as forwarded by other odyboeodes. For each
node, a dual-polarized textile patch antenna serves as thgpta for the flexi-
ble electronic circuitry. Therefore, the system is pariéely suitable for com-
fortable and unobtrusive integration into garments. In theantime, polariza-
tion diversity can be exploited to improve the reliabilitycaenergy-efficiency
of the wireless transmission. Extensive experiments iist&aconditions have
demonstrated that this new autonomous, body-centricildeatitenna, wire-
less sensor network is able to correctly detect differerdrafing conditions
of a firefighter during an intervention. By relying on four wetrk nodes in-
tegrated into the protective garment, this functionalgymplemented locally,
on the body, and in real time. In addition, the received sedata are reliably
transferred to a central access point at the command postnfore detailed
and more comprehensive real-time visualization. Thisrinédion provides
coordinators and commanders with situational awarenegb@fentire rescue
operation. A statistical analysis of measured on-body rAtodeode, as well
as off-body person-to-person channels is included, coimfgrie reliability of
the communication system.

4.1 Introduction

Every year, more thah00 European firefighters lose their lives whilst saving others,
as stated on the website of the Smart@Fire Seventh Frameé®vodcamme (FP7)
project (2012—-2015)[1]. Wireless sensor networks with amd off-body wireless
communication capabilities, detecting events by meansofputationally efficient
situational awareness algorithms, are very importantrtately monitor rescue work-
ers and their environment. This functionality improvesitisafety and security, as
well as the coordination of rescue operations, in general.

For critical applications, such as intervention by emecgeservices, novel fully-
flexible and networked wearable systems must be developggdhwan be unobtru-
sively and comfortably integrated into protective garmser proof-of-concept of a
smart textiles-based monitoring and coordinating systes @eveloped earlier, with
a special focus on firefighters, within the context of the PEX FP7 project([2],
whereas the ongoing Smart@Fire FPI7 [1] project targetsuttiber development of
a realistic system. Electronic system integration on alflexplatform is essential,
in order to design fully functional autonomous wearablesgenand communication
networks, enabling automatic distributed event deteatlose to the sensors. Recent
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developments in single-chip multifunctional wirelessigeeivers enable the develop-
ment of very compact, versatile, low-cost and low-powerssemetwork nodes. The

integration of such a sensor system into professional iclgtbr patient garments,

by means of textile antennas, maximizes user convenieritteut the need for user

interaction. However, until today, no garment-integrafi@ty-operational system is

available.

In this chapter, we present a novel, fully-autonomous, alglar wireless sensor
network. The network is composed of wirelessly intercote@dlexible textile nodes
that can quickly and unobtrusively be integrated insidegir@nents of a team of res-
cue workers. Each node autonomously performs cooperatnehsonous acquisition
and distributed event detection. Therefore, a low-pow@ragiontroller on each flex-
ible node implements computationally efficient situatieamaareness algorithms that
detect the events. In addition, sensor data and events szkeggly transmitted to a
base station and to the other on-body nodes. To set up eeltaibhmunication links,
a dual-polarized textile patch antenna serves as a plafiaritie flexible electronic
circuitry. A significant antenna gainl[3] 4] and large raiiatefficiency, as well as
effective shielding of the body from the radio-frequencemgy is provided, thanks to
the ground-plane antenna topology.

Wireless transmission of sensor data in indoor environgsierdften compromised
by multi-path radio propagation, causing severe signahfadit is well known that
antenna diversity mitigates the effects of signal fadingatt&l and pattern antenna
diversity techniques are exploited by distributing nodgsrahe body, separating
them physically from each other. Additionally, the nodessented allow polariza-
tion diversity, thanks to the dual-polarized patch antezorabined with the two-port
transceiver chip.

The wearable network node is based on the physical-layenuoitation unit,
of which the wireless channel behavior is described In [5].tHe further research
presented here, this node is applied as a building block ofgptete, highly power-
efficient wearable wireless sensor network. Thereforeicdéell embedded software
was developed, implementing a highly robust wireless odylmetwork protocol, per-
forming synchronous data acquisition on different sensmtes. As each node is
equipped with an integrated three-axis accelerometesytbtem is highly relevant for
fall-detection application$ [6]. Sensor fusion can be eitptl by designing additional
sensors into the node circuit in a straightforward manner.

Every network node includes a situational awareness afgorito detect and clas-
sify events autonomously or in cooperation with other nodésasurements are pre-
processed on each node and wirelessly transmitted to aatewtress point. The
situational awareness algorithms are computationallymopéd to be executed on a
low-cost and low-power microcontroller. More computatitip expensive tasks can
be performed at the base station, if necessary. Measursroentirm efficient syn-
chronous operation for a four-node on-body system, as wédiraa three-node person-
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to-person configuration. Synchronously acquired quaértimee-axis acceleration
data are measured and transmitted, enabling detailed aktime remote analysis of
rescue-worker body orientation and movement.

In the literature, textile antenna research has mainlydedwn dedicated antenna
design and body-centric channel behavior, as well as ondtenmance of diversity
textile antenna platforms|[4] 7] 8]. In terms of completebaly electronic systems,
many rigid wearable nodes exist, often hindering the wéarapvements[[9=12].
Many others also performed research on off-body antennhsdy area radio prop-
agation for sensor networks [13,/14]. Ongoing integrateclidi design, intended for
body area networks in th245 GHz industrial, scientific and medical (ISM) radio
band, is described in[15], indicating the relevance of band for such applications.
State-of-the-art, extremely low-power designs [16] leger energy-harvesting sensor
units for continuous long-term monitoring. A system retyion multiple wireless
nodes, equipped with a number of sensors, fixed at severabdyiocations, avoids
false positive detection§ [L7]. Network protocols and sieiieg for body networks
are discussed in [18=R0]. Recent publications documentabéatextile systems for
biomedical monitoring[[21]. However, in[21], the systemedmot provide network
functionality, as no transmit function is available. Ordigantegration is impossi-
ble in that stage of development, as elaborate additiomalweae is necessary for
processing the received signal. Sampling of the unprodeREesignal occurs via an
external FPGA module, connected to a PC via USB. This systesmiiable for lab ex-
periments in a static setup only. Although the researchepttesl in[22] is related, our
system consists of fully wireless, flexible units, comfbtyeintegrated into the rescue
worker’s garment. Signal-strength information is avdiafor each data packet, pro-
viding valuable additional information for sensor localipn [17] and body position
recognition [28]. Processing of the measurements enalgeallassification[[24],
with applications, such as gait analysis|[25-27], kcal exiiterre or physical rehab
assessment [28]. The microcontroller in our proposed Bysteecutes a situational
awareness algorithm on each on-body node, enabling autoewant detection and
reporting by means of the wireless radio link.

We present a fully functional wearable sensor network egipipa network proto-
col specifically developed for the difficult radio propagatenvironment encountered
when performing indoor operations. To our knowledge, thithe first body-centric
wireless wearable textile sensor network incorporatihgfahese features into a fully
flexible garment-integrated system. Moreover, the syseefully tested in multiple
measurement scenarios. The sensor data and their clagsifices well as the radio
propagation aspects are extensively documented in thgehan the literature, no
such system, documented and validated to a similar extestfound.

Sectior 4P provides an overview of the system at the netVesX, outlining the
proposed transmission protocol for on- and off-body comigation. A description
of the hardware composing each wireless node, being thepdlalized antenna and
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key circuit components, as well as the proposed on-boarcuatationally-efficient
activity recognition algorithm, is given in Sectibn ¥.3. $ectiorf 4.4, a measurement
setup with a sensor-equipped test person is discussedglingla floor plan of the test
environment and a graphical representation of the unpsecesieasurement results.
The relation between situational-awareness informatieing the movements of the
test person and his/her position in the floor plan and theosetata, providing times-
tamps for the acceleration and received signal power degarss, is documented in
Sectio4.b. An evaluation of the on-body node-to-node feiability is presented in
Sectio 4B, whereas an additional measurement asselssipgrformance of person-
to-person communication in a three-person network is destrin Sectiod 417. A
discussion follows in Sectidn 4.8. The conclusions are sarired in Sectioh 4]9.

4.2 System overview

Patients, healthcare professionals and rescue workeusdshe monitored by a dis-
tributed sensor network, in order to assist caregivers atahiention coordinators.
In such a network, data processed near the sensors are itedsto a central ac-
cess point. The proposed wearable wireless body sensoorketvas designed, con-
structed and validated in order to fulfill these requirersent

The required functionality is provided by a dedicated nekywyotocol embedded
in each textile node’s microprocessor, as well as in therakatcess point. The
protocol is specifically designed for wireless communmatbetween members and
the coordinator of a small intervention team. In the typs@énario of a firefighting
invention, for example, a group of two to three firefighterd wénetrate a burning
building, closely followed by a coordinator/commanderside the building. The
envisaged network protocol shall ensure reliable comnaticic and detect events
within the team. Moreover, the protocol must be able to @elthis information to
the command post, which may issue alerts, all without sicpuifi delay. We first
outline this protocol, designed for an N-node body-wormiek, involving multiple
team members and the coordinator. In the next section, weeptbto a detailed
description of the hardware components that compose eatle teode of the body
sensor network shown in Figure #.1.

4.2.1 Network protocol for synchronous measurements

Synchronous sensor data acquisition, including a wiretessmunication link to a
central access point, is implemented for an N-node bodyrwetwork by means of
the following protocol:

e Power-on cycle and node enumeration: During subsequentahpower-on of
the nodes, the nodes detect each other’s presence in therketnd are auto-
matically enumerated, acquiring their unique soft-ID’$jigh determine their
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Figure 4.1: Wearable wireless body sensor network composed of four fully-autons and
wireless textile nodes, synchronously capturing, preprocessing edaging sensor data to
a central access point.

time slots in the transmission cycle. Nodes have to be sedtcim sequentially,
respecting at least one second in between the manual svatcmg Please
note the proposed system is composed of battery-operatgdiireless sensor
units, leading to a sequential power-on cycle due to theratgsef a common
power supply or any other wired connection between the nodes

— When powered on, each node listens for packets from othersnotie
no packets are received within a one-second time-out petticsinode is
assigned soft-ID= 1 and autonomously starts transmitting sensor data,
including this soft-ID number.

— After the last transmitted packet of the transmission Gyarheextra receive
time slot is preserved to listen for other packets from nedesahat can
join the network, as displayed in Figure 4.2.

— When a next node is powered-on, the new node first listens farpdekets
transmitted by other nodes, receiving data packets froraciiNe nodes.
The new node responds with its own sensor data and dynaynided|
termined soft-ID number (being the highest soft-ID numbrethe net-
work +1). This step is repeated for all N nodes in the body-centrte ne
work.

— Given the successful reception rate of more thafo observed in our
measurements (as further documented in Se€fidn 4.6), timbpility of
missing all packets in the time-out period is extremely lsuccessfully
avoiding an erroneous multiple assignment of the samelBoftumber.
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In practice, the network activity and, hence, the enumemgtrocess are
also monitored and verified by the base station, confirmingreect ini-
tialization. The power-on cycle and enumeration processilshbe per-
formed by all firefighters and the coordinator operating theebstation
well within each other’s range, which is a realistic scenaas firefighters
always enter a building as a small team.

— Each node also transmits a unique and fixed hard-ID, allowiragnbigu-
ous identification by the base station, as well as avoidirgniemeration
of already active nodes in case of communication errors.

— When all nodes in the body-centric network are active, a tineis kept
available to receive base station transmissions, as shoviigure[4.2
for a four-node network. Base-station transmissions acegmized by
a hard-ID>127 and do not lead to further network enumeration. In case
of an emergency, the base station transmits a data packitiog an
alert level. The alert level initiates different alarm cdiwhs at the rescue
worker’s side. When an alert level is received by one or mote®fvire-
less nodes, the alert level is forwarded by the wireless sittdlemselves
in their own transmit time slot together with the sensor gatansure all
rescue workers receive the alert message. The alert lestrisd on each
wearable node. The initial alert level is zero; higher alevels lead to
audible alarm signals on the wearable nodes via a beepeathwhs to be
connected to a microcontroller output pin reserved for phigose.

# nodes

1 X RX
1
TX | TX

2 1 o RX
TX [ TX | TX

3 1 > 3 RX
TX | TX | TX | TX

4 1 2 3 4 RX

TSync TSync TSync TSync

Figure 4.2: Power-on cycle and time-slot structure of the autonomous body-cewetrivork.

e Data forwarding and measurement synchronization are lgestsianks to the
network nodes continuously monitoring each other’s trassions. At each
time instant, the sensor data from the currently transmgjittiode are stored
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in the memory of each receiving node, which will forward tlalected data
in its own transmit time slot. Thanks to the data forwardiagiedundancy
leading to a performance increase comparable eoltler transmit diversity
gain is obtained, providing a highly reliable cooperatietadlink towards the
base station. The nodes synchronize their clocks usingrtireedtamps of the
received data packets from the other nodes. This enabllyssiuichronous
sensor data capturing on all nodes. The flowchart of the m&tgwmtocol is
shown in Figur¢ 413.

e Data packet structure: The sensor data captured by the aoglesganized into
a packet, as shown in Figure 4.4, transmitted by employird BEE802.15.4
mode supported by the transceiver chip, automaticallyrealn error-detecting
code, ensuring the correctness of the received data. Tresnloard-1D corre-
sponds to a unique fixed serial number for each physical wadereas the soft-
ID number was assigned automatically during the networkeration process.

e Scalability: The platform is highly versatile and can algete in larger net-
works.

— Upto12 nodes can actively forward packets from the base statiother o
users in the network. These nodes can be distributed ovenémebers
of an intervention team; three firefighters wearing four rsodesix fire-
fighters wearing two nodes are efficient configurations. Twdes per
body provide enough information, but four nodes provide ereccuracy
and reliability thanks to the redundancy. Authorities ie firefighting
world [I] state that teams of three firefighters are the marirbe moni-
tored by
one commander.

— Extra time slots can be provided in the transmission prdtaz@nable
dual-polarized diversity reception, by sending all traitsed data packets
twice and receiving odd and even packets alternatingly fiardnt polar-
izations.

— Parallel networks can be deployed at different frequendtesir data is
then combined at the base station, using multiple low-ocastivers. In
IEEE802.15.4 mode, the2.45 GHz ISM-band provide$6 channels.

4.3 Wireless sensor node implementation

4.3.1 Hardware description

Figure[4.5(d),4.5(b) shows a prototype of an autonomouslegis sensor node com-
pletely integrated into a flexible garment-integrated paod powered by a single
battery. In Figur¢ 4.5(h), the front side of the wirelessssemode is shown, where
the patch antenna is visible with its dimensions. Figur€bj.gives an overview of
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Figure 4.3: Simplified flowchart of the network protocol.
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| Hard Soft Node
node ID [ node ID | IDpax

Base-station| Time stamp| Sensor data . Sensor data
alert level | + Packet #|node 1 + class. node N + class.

Figure 4.4: Data packet structure.

the backside of the wireless sensor node; this side inclaliie$ the electronic com-
ponents mounted on the flexible substrate. We now discusgtiieus components
composing the block diagram of the node in Fidure 4.6.

The basic platform for the wireless node is a dual-polariestile patch antenna,
as shown in Figure4.7. Details about this antenna and ifsqpeance can be found
in [4]. This compact wearable antenna is fully breathabéilfle and includes two
feeds, enabling the excitation of two orthogonal linegrbjarized waves, with an an-
tenna gain o6 dBi along the boresight and a better thBhdB isolation between
the feed ports. The textile material makes the unit flexilolé Bghtweight, without
losing antenna performance, in comparison to rigid antenfidne antenna ground
plane is constructed using FlecTron, a low-cost, condacectro-textile material
with a thickness less than 0.25 mm and a surface resistesgl1£2/sq., minimizing
the influence of the body in close proximity to the antennae $hbstrate material
is closed-cell, flexible, expanded-rubber protective fpaommonly used in protec-
tive garments for rescue workers (density = 187.3 Kg/permittivity e, = 1.53 and
tan 6 = 0.0012) with a thickness ob mm. The flexible foam will help to protect
the electronic circuitry from external factors, such as ditn As the networking-
enabled wearable node designed here presents a furthdopleeant of the wireless
textile transceiver documented [n [5], we refer the readéhis text for details about
its fabrication, together with a validation of its physitayer wireless communication
performance, employing polarization diversity.

On the wireless node, a variety of analog and digital sersase incorporated.
In this chapter, we discuss the integration of an Analog BevADXL 337 three-axis
accelerometer into our prototype. This sensor is very catrgad provides accurate
acceleration measurement data, which will be preprocessedlly interpreted and
transmitted to a central access point. The wireless semgle measures acceleration
with a specified full-scale range af3 g. Acceleration caused by gravity allows sens-
ing of body orientation, whereas accelerations resultingnfmotion, shock or vibra-
tion produce information about the firefighter’s actions.e Btcelerometer sensor is
very robust as, according to the data she@t)00 g shock survival is guaranteed [29].

The microcontroller forms the heart of the system, prowddime distributed net-
work functionality. A highly compact and low-power advadcgingle-cycle micro-
controller, the Silicon Laboratoriess851F921, is used. This processor collects sen-
sor data and organizes it into packets for wireless trarsamor storage into memory.
Embedded software for this controller is developed in ther@@mmming language
and uploaded into the controller's nonvolatile code memmyythe In-System Pro-
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gramming interface via a USB cable [30].

On-board flash memory is available as nonvolatile storageesfor measurement
data. The memory unit is used as a buffer or as a data storagedcessing and
analysis. At a rate 025 measurements per second, at lddsh of continuous three-
axis accelerometer data can be stored initMB flash installed on the prototype.

(@) (b)

Figure 4.5: (a) front side of the wireless sensor node) back side of the wireless sensor node
with the electronic components mounted on the flexible substrate.

Patch antenna

4MB TRX 3-axis
Memory ADF7242| |ADXL337

Interface
A —1

MCU

Figure 4.6: Block diagram of the wearable node, showing the MCU, flash memaorgl@om-
eter and transceiver chip connected to the textile patch antenna.
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Figure 4.7: Cross-section of the dual-polarized textile antenna with electronic circuitry
mounted onto the feed plane.

The state-of-the-art Analog Devices ADF7242 wireleg$ GHz ISM-band
transceiver is used to set up the wireless data link. Thiiitst single-chi.45 GHz
transceiver incorporating diversity, as well as IE&R.15.4 and GFSK modulation.
The maximum output power of the ADR42 is limited to +.8 dBm, which is well
within the limits imposed by regulation€{ dBm, ETSI standard EN 300 328731]
for wide band transmissions, such as in the IEEE 802.1506-200de). If desired,
the range of the nodes can be significantly extended by isicrgéhe transmit power
up to the legal limit of+20 dBm. This option is discussed in the datashieet [32] of the
ADF7242 transceiver chip and involves designing an integrated Rpliéiar into the
circuit.

4.3.2 Computationally simple classification

Each node includes a three-axis accelerometer, providireetindependent sensor
data streams. The sensor data can be used, independemtlycmperation with sen-
sor data of the other nodes in the on-body network, to impiemeal-time activity
recognition. An algorithm is proposed to detect and clgsativities performed by
firefighters during rescue operations, optimized for imm@atation on the microcon-
troller of each sensor node, with minimal processing powexisting systems, as
documented in[[10], do not implement signal classificatiod avent detection on
the node itself. A flowchart of the computationally simplasdification is given in
Figure[4.8.

The most important situation that needs to be monitorederrélscue-worker ap-
plication is lying down[[2], as this potentially correspentd an emergency situation
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Figure 4.8: Flowchart of the computationally simple classification.

where the rescue worker’s life is at risk. When the person iking or standing, the
measured gravity vector value will always be approximatelyg along the z-axis.
When lying down, the measured gravity vectors for all axeseaty and no repetitive
accelerations are detected. Lying flat on the ground, thatgreector for the z-axis
will be approximatelyd g. By combining the measurements along the z-axis from all
nodes, averaged over one second of sensor acquisitiog,dginn is readily detected.
The decision rule for lying down is given by:

N M
El 21 Zn,m
X — n=1m= .
(Zaetection) > Downy, — Lying down (4.1)
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with n the node numberV the total number of nodesy the measurement sample
number and

M = f,.At = Sample ratd s the number of measurements per node during a one-
second time window. The threshold is set to Dgyva —0.5 g, which corresponds to
the firefighter lying down, with an angle 86° or less (straight up 80°) with respect

to the ground.

A detection algorithm is proposed for walking or runningséd on the repetitive
accelerations observed in'[27,133]. Running generategfdamgd higher-frequency
accelerations, resulting in a larger standard deviatiadh®ficcelerometer data, com-
pared to walking[[25=27]. Therefore, the standard dewetiof the accelerometer
sensor data is observed over a one-second time frame, given b

(4.2)

with M = f,, being the sample rate, arfd the average over a one-second time
window.
The decision rules for walking and running are given by thie¥dng thresholds:

Runr, > o > Walky, — Walking (4.3)
o > Runry — Running 4.4)

Wheno exceeds a preselected threshold level, the corresponclingyais in progress.
The threshold values for the activity algorithm are emgpilicselected:

049 >0 >0.08 g — Walking (4.5)
o > 0.4 g — Running (4.6)

When an alarm situation occurs, the status of the activitpgeition algorithm
is transported in the wireless data packet to the base staticectly or with prior-
ity, and forwarded by other nodes in the network, providinigst and very reliable
information link from the rescue worker to the base station.

4.4 Measurements for four on-body nodes

The performance of the wireless sensor network is assessaddalistic application,
where the wearable system is deployed in a protective gdrnaemn by a rescue
worker performing a number of movements and postures ardift locations. A
number of real-world situations are studied in an indoorcefgnvironment, as well
as in an outdoor scenario.
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4.41 Measurement setup

Four wireless nodes are integrated into a firefighter garntmuioyed on the front,
back, left and right sides of the body. The antennas radiedg &rom the body in dif-
ferent directions, providing spatial, as well as pattexediity. The setup is illustrated
in Figure[4.1. For clarity, only the frorftl) and rear2) nodes are initially taken into
consideration. Given the relative orientation of the twales the vectors of the x-
and y-axes of both nodes will be opposite. The gravity vecprovide information
about the orientation of the body of the rescue worker. Therabaccess point is
represented by a receiving node that relies on similar harehas the mobile nodes,
but now with two omni-directional monopole antennas coteetto the inputs.

In the indoor office environment, the base station node iatkxt at a height of
2 m above the office floor (RX1) and connected to a computer paifg real-time
data processing. The office at Ghent University is locatetheriirst floor, consisting
of solid brick floors and reinforced concrete walls. The flptan of the office and
its surroundings is given in Figute 4.9. Next to the builditigere is a inclined street
with its down-hill direction to the left, reaching the gralifioor level at the right,
surrounded by other buildings. In the outdoor environmidret receive node is placed
outside the office building (RX2), along the inclined strext illustrated on the floor
plan in Figuré 4.9.

metal
stairs

Figure 4.9: Floor plan of the office environment at Ghent University.

4.4.2 Data reliability

In the course of an indoor measurement, where the firefighatiesiin the office floor
along the path A-B-D-B-C-B-A in the floor plan, as shown inuFé§4.9, a total
of 16 packets out of the full set of 1,900 packets transmitted tdl Rvas lost for
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four nodes. However, as the sensor data pertaining to thesnfodm which packets
were missing at the base station were repeated by the otteer ¢in-body nodes, all
sensor data were recovered. In an indoor environment, ¢imalsi fromN different
nodes are influenced by decorrelated fading, leading to %Bwonder diversity gain.
This clearly demonstrates the vast improvement in transafidbility of the body-
centric network. An overview of the packet loss and recovshown in Tabl€Z]1.

Table 4.1: Overview of the packet loss and recovery during the measuremepizégn.

Parameter or Variable Value
Number of active nodes 4
Total transmission time 76s
Number of packets per second 25
Total number of packets transmitted 1900
Number of packets received directly 1884
Number of packets recovered by Node 1 7
Number of packets recovered by Node 2 1
Number of packets recovered by Node 3 3
Number of packets recovered by Node 4 5
Total number of packets recovered through forwarding 16
Total number of lost packets 0

4.4.3 Synchronization of four nodes

In Figure[4.10, the sensor data, acquired along the verimzdlerometer axes during
a jump, are illustrated, in order to demonstrate the symibity of the measurements
on all four nodes. Traces for the other axes are also synizdewnbut have been
omitted for the sake of graph clarity.

4.4.4 Accelerometer measurement

Plots of the measurements in both indoor and outdoor envienits are displayed in
Figures4. 11 anfd4.12, respectively. Features visibledigthph are caused by specific
movements and postures of the rescue worker. They are liiokiid position in the
floor plan, as shown in Figute'3.9. For clarity of the graphs,gensor data for only
two nodes are shown. The on-body network provides reliabfmectivity over the
full trajectory covered by the test person. Further analgéithe sensor data follows

in Sectiorl 4.b.

4.4.5 Signal strength measurements

While the test person walks along the outdoor path E-F, theiveaode RX2 at
the base station observes the signal power of the receivdeisafrom the front and
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Acceleration [G]

Time [s]

Figure 4.10: Synchronization of the sensor data related to the vertical z-axis of théessre
nodes, when the test-person is jumping.
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Figure 4.11: Measurement results along the indoor path A-B—C—-D—-B-A, followedolnyes
activities performed in the neighborhood of A (x,y,z-axes + signehgfth).

back node. At the beginning of the path (E, marked on Figut&)4the front node
is in Line of Sight (LoS) with the receiver node, providingaade signal strength on
the receiving node. When the test person passes by the fixedatdebsition I, the
signal strength of both nodes are equal. After this poirg, liack node is in LoS
with the fixed node, providing a large signal strength in cangon with the front
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Figure 4.12: Measurement results along the outdoor path, starting with random walikgiov
to location E, followed by the path E—I-F-G—H, ending with some activitiefopeed in the
neighborhood of H and random walk around location E (x,y,z-axegniakstrength).

node. Differences in signal strength up3® dB occur between the two nodes. The
configuration of a front/back sensor node system has cleantéalgjes compared to a
single sensor system. The total coverage area of the sgrstensincreases thanks to
the transmit diversity gain and the multi-hop wireless retitopology.

4.4.6 Power consumption

The wireless node is powered by a small (5 mf25 mmx 35 mm) one-cell Lithium
polymer (Li-po) battery 0ofi00 mAh and a low-drop linear voltage regulator. From the
technical data sheet of the various integrated componériteavireless sensor, an
estimation of the power consumption can be made. The miotomiter will consume
an average current dfmA at3.3 V and at a clock frequenc34.576 MHz. In sleep
mode, the current consumption can be lowere@(® nA. The accelerometer used
on the wireless sensor only consunfe$ mA during operation a8.3 V. The flash
memory consumes on averat2mA at 3.3 V while operating (reading or writing);
in standby mode, the current consumption is loweredst@A or to 5 pA in deep
power-down mode. The most power consuming device on thdessesensor is the
transceiver chip. At the the highest output power, a maxinocument of25 mA is
used aB.3 V. In receiving mode, the maximum current consumptiotdisnA. While
the transceiver is not transmitting data packets, it wilkbafigured in the receiving
mode. In idle mode, the power consumption is lowere8DtdnA. An overview of the
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current consumption is summarized in Tdblg 4.2.

Table 4.2: Current consumption of the wireless node.

Component Power Mode Current Consumption

Idle 2.5 mA

Microcontroller  Sleep 0.1 A
Normal 4 mA
Idle 1.8 mA

. Sleep 0.3 uA
Transceiver Transmit, (Bt = +4 dBm) 25 mA
Receive 19 mA

Stand by 25 uA

Memory Deep Power-down 5 pHA
Read/Write 12 mA
Accelerometer  Power on 300 pA

The maximum current consumption is estimated%t mA at 3.3 V, taking into
account the maximum power consumption while transmittimg) @o operation of the
flash memory is performed. Due to the circuit topology, it @ possible to read or
write data into the flash memory while transmitting a datekpaic

In full operation, the measured average power consumptiame node of the
wearable sensor network equasmW (27 mA current consumption, 8t3 V supply
voltage) with negligible variation when operating in tranisor receive mode. This
enables the sensor network to operate for many hours, withewneed for charging
the battery. Furthermore, the power consumption can futtkeminimized by em-
ploying the sleep mode of the system when there is no neecet@tpcontinuously at
high speed. In this mode, the total power consumption isthessl0 mW. The system
can be activated at regular intervals based on the hardwadte-up timer integrated in
the microcontroller, to check the activity by the base statir other on-body nodes.
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4.5 Spectrogram and classification of
accelerometer measurements

The sensor data from the four-node on-body experiment isamalyzed employing
classification algorithms. Activity recognition is illuated at the base station, as well
as locally at each wearable node.

45.1 Classification of the accelerometer data

The following actions are clearly detectable based on tleelammeter measure-
ments. The markers refer to floorplan in Figlird 4.9, for tleaiimn of the firefighter
and Figuré 4,711 dr 4.12 for the corresponding sensor data.

e Walking (1, 6): A firefighter walks at moderate speed. This ement intro-
duces significant repetitive accelerations measured bywieless nodes. The
accelerations are clearly visible along all of the axes efdinsors, as shown in
Figured 4.1 and4.12. The walking speed is determined stk repetition
frequency of the accelerations, allowing step counting.

e Running (2, 7) introduces stronger accelerations on botbless nodes. These
accelerations are clearly visible in Figukes 4.11[and|4titPaae easily detected
based on the acceleration values and main frequency compone

e Bending (3) of the rescue worker introduces reorientatidh@measured grav-
ity vector caused by the movement of the upper body. Thankiset@pposite
direction of the nodes on the body, the signs of the accéasneasured on the
front and back are opposite, allowing easy detection of ingnd his movement
is performed at Point A in the office and is clearly detectablthe measure-
ment data in Figure4.11. A difference of the opposite gyawéctors (larger
than0.5 g) indicates bending.

e Jumping (4, 8) causes large accelerations along all axdwedadcelerometers,
especially along the z-axis of the test person, as seen imddgl.Ill anf 4.12.
The test person climbs onto a wall and jumps down at Point Hhénindoor
environment, the test person jumps up and down at Point B.

e Lying down (5): When a person is lying on the ground, the acoebeter will
determine the direction of the gravity vector, providingdiparientation data.
In the measurement, the test person lies face-down at PoimtFAgure[4.11,
causing both sensor nodes to provide oppositely orientadtgrvectors along
the x-axis, with a maximum difference of the opposite gsaviectors of2 g.
The gravity vectors for both nodes along the z-axis will apgmate0 g. When
a position occurs in between frontal and sideways lying,difference of the
opposite gravity vectors is still detectable along bothxher y-axes. A con-
tinuous difference of at leagt4 g along the x- or y-axes is observed, clearly
indicating this lying position.
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e Climbing (9) on top of objects also introduces a reorientatf the measured
gravity vector. This movement consists of lateral (alorgytrexis) and forward
(along the x-axis) bending of the body, together with a tation of the grav-
ity vector along the z-axis. The test person climbs onto & efapproximately
1.5 m and1l m height at Point G and Point H, respectively.

4.5.2 Spectrogram

In Figure[4.1I8, the rectangular windowed fast Fourier ticms (FFT) of the ac-

celerometer data is plotted for Node 1, as a spectrogram aviiime window of

256 samples, clearly indicating different movements of the pesson. This spec-
trogram is normalized to the amplitude of the largest fregyecomponent.
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Figure 4.13: Spectrogram for the frequency components of the accelerometers quttioor
measurement (normalized amplitude).

At a normal walking speed, a main frequency componer bfz is observed,
whereas3 Hz is obtained when running. A person who is running takegelasteps,
which explains why an approximately double speed resulésimcrease of the main
frequency component by only a factoriof. However, running is easily detected, be-
cause both the frequency and amplitude of the main specimaponent significantly
increase compared to walking. In a stationary position,egifency component of
0 Hz (DC), is observed. This is clearly shown when the testgelss climbed on
the wall in the outdoor measurement. Accelerations for stemting are easily de-
tected in the spectrogram. After the test person climbs thé the increasing main
frequency component in the time needed to achieve normaingaspeed is indicated
by an arrow in Figure4.13, illustrating the accuracy olediby the sensor network.

4.5.3 Activity recognition results

In Figure[4.1%, the measurement data from two nodes areagispl(for clarity rea-
sons), while several activities are performed during a tfraene of approximately
3 min. Below the acceleration data from the two sensor notlesstatus of the activ-
ity recognition algorithm is shown. The implementation foé lgorithm allows easy
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recognition of the current activity of the rescue worker.uFtevels are used in the
graph to indicate the status of the activity recognitioroatpm.
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Figure 4.14: Activity recognition results for walking, running and lying down in diffetero-
sitions.

As can easily be verified in the unprocessed measuremenyimeE. 14, the clas-
sification algorithm successfully determines the useestat computationally effi-
cient way. Although detection on one on-body node is alreadyarkably accurate,
the combination of data from all sensors in the on-body netirther increases the
reliability as a classification system for user actions.

4.6 Evaluation of on-body node-to-node
link reliability

An important aspect in the functionality of the body-worrstgm is that off-body
transmissions are employed for the node-to-node commtimican the same body,
relying on reflections in the environment. As this issueasigquestions about link
reliability, especially between front and back nodes, greexnent is performed illus-
trating the received signal levels, as well as the packstftusthe node-to-node links.
A person equipped with four nodes is performing a random wivglbehavior in
an indoor environment, including maneuvers, such as jughaind lying down. The
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nodes numberetlto 4 are located in the front, back, left and right of the bodyhiatt
order. The base station is placed within line of sight of ttedkimg person. The total
number of 5940 received packets correspondsrton of walking and allows accurate
statistics of the link behavior.

The cumulative distribution function of the received sigpawers for thel2 node-
to-node links is displayed in Figute 4]15. These curvestitate that the signal level
is at leastl5 dB above the ADIF242 transceiver's specified receiving threshold of
—95 dBm for 98% of the received packets.

> 15 dB
for 98% of

specified receiver sensitivity: -95 dBm

-100 -90 -80 -70 -60 -50 -40 -30
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Figure 4.15: Cumulative distribution function of the received signal levels forthen-body
node-to-node links in a front, back, left and right configuration.

In total, 12 node-to-node links exist in a four-node network. The nod@see
sponding to each link are listed in Tablel4.3, including thelian received power and
packet loss for each link. The maximum number of subsequtost packets on each
link is included, as this is valuable information to acknedge the reliability of the
network enumeration protocol explained in Secfion 4.2.1.

The maximum number of subsequently lost packets on any twdede link is
three, corresponding to a maximum link interruptionl®6 ms, whereas the timeout
for the enumeration processliss. Note that packets are always received 25 &iz
rate, independent of the number of active nodes, as trasgmsshby all active nodes
are received, making the probability of an enumerationtfexiremely low. In the
unlikely case that such an error does occur, this will be iciately detected by the
base station.
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Table 4.3: Median received power and packet loss for the on-body nodede-tioks.
Node numbers correspond to the following locations: 1, front; 2, badeft; 4, right.

TX Node RXNode MedianPrx PacketlLoss (%) Max# Subsequently
Lost Packets

1 2 —59 0.43541 1
1 3 —55 3.4833 1
1 4 —48 4.4993 3
2 1 —60 3.7736 1
2 3 —45 3.701 2
2 4 —54 3.7736 1
3 1 -50 3.3382 1
3 2 —47 0.21771 1
3 4 —61 3.701 2
4 1 —47.5 3.5559 1
4 2 —44 0.072569 1
4 3 —58 3.4833 1

4.7 Performance analysis for a
three-person network

As a further assessment of the reliability of the wirelessvoek and classification in
the case of multiple persons, a measurement is performetbgimgp three persons,
each wearing one network node on the chest. The three peasemerforming in-
dependent random walks within the same area, separatedyipgaistances of up
to 20 m. The persons are all randomly switching between actiard) as walking,
running, standing still, laying down and jumping, cleaitlystrating the presence of
separate persons. The computationally simple classditatiethod is performed on
the sensor data of the three persons, confirming its ratialbdr different test per-
sons. Both the sensor data and the classification resultshawen in Figurd_4.16.
The markers on the graphs refer to the actions, as descritfgectiod 4.5. Although
only one node is used for each person to measure acceleratidrperform automatic
classification, the computationally simple algorithml gi@rforms very well.

Additionally, the experiment proves the following impart@ommunication prop-
erties of the system:

e Node-to-node communication is also very reliable betwemges mounted on
different persons operating in a team.

e Thanks to the forwarding of packets, not a single measureisdost, even
when only one unit installed on each body.

The Cumulative Distribution Function (CDF) of the receiwéginal powers for the
six node-to-node links is displayed in Figlire 4.17. Theseesiillustrate that the sig-
nal level is at leas20 dB above the ADIF242 transceiver’s specified receiving thresh-
old of —95 dBm for 98% of the received packets. In comparison, the nodede
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communication is even more reliable between nodes on diffdoodies, compared
to the link between nodes on the same body. This behavior éx@ected, as when
the nodes are mounted on different persons of a team a lisgbf link often exists

between these nodes.

Interestingly, the median received power is in the sameeadogthe person-to-
person links compared to on-body node-to-node links. Thiegues are constantly
reorienting during the random walk and located at varyirggatices from each other,
resulting in a constantly changing path loss. However, firea between differ-
ent CDF curves is much more limited for the person-to-pefiis. The reason for
this behavior is that for the full measurement, the progagatonditions are similar
for each pair of nodes, with each node worn on the front of agreperforming a
random walk over a-min time span. In comparison, for the on-body node-to-node
communication, the nodes are in fixed locations on the samg bausing systematic
differences in the CDF curves due to the specific set of fixetl/Bocations corre-
sponding to each pair of communicating nodes. The packsiMalsies, as shown in
Table[4.4%, are also significantly lower for the person-tespe links, confirming the
results observed in the CDF characteristics.

Table 4.4: Median received power and packet loss for the person-to-perdan lin

TX Person RXPerson MedianPrx PacketlLoss (%) Max# Subsequently
Lost Packets

1 2 —51 0.55866 1
1 3 —54 0.8126 1
2 1 —52 0.76181 1
2 3 —54 0.8126 1
3 1 —51 0.71102 1
3 2 —51 0.25394 1

We conclude that distributing the nodes over several psrsoes not compro-
mise the wireless communication between nodes or the nketfiroctionality in any
way. Node-to-node links on the same body, as well as pes@eitson links are al-
ways very reliable, thanks to the low packet loss for eack, loombined with the
redundancy introduced by forwarding packets, leading telialility increase of the
communication system comparable t84drder transmit diversity for aiv-node net-

work [34].

4.8 Discussion

The flexible wearable wireless network system successfodigsured three-axis ac-
celerations and transmitted these measurements and dictdiss thereof to the base
station without a single missing sensor measurement inxakkréments performed.
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Figure 4.16: Accelerometer data and classification results for three persons in thiesgire
sensor network.

Additionally, this performance was achieved with very loelays, even when data
was received via forwarding.



4.8 Discussion 87

>20dB
for 98% of the packets r

specified receiver sensitivity: -95 dBm

-100 -90 -80 -70 60 -50 -40 -30

Py [dBm]

Figure 4.17: Cumulative distribution function of the received signal levels for the dbbotly
person-to-person links.

An important advantage of the node is surely the textilelpatadenna, which of-
fers more antenna gain than the popular inverted-F anteeraia many other publi-
cations. Both the circuit and the antenna are very flexibileyiding a great advantage
for garment integration of the system. The dedicated nétwaootocol and embedded
classification algorithm are important extra featureseéasing the reliability.

Although a minor degree of packet loss, varying betwee% and4.5%, does
occur on the individual links between nodes, or between & raodl the base station,
a dedicated network protocol improves connectivity by nseafrdata forwarding. In
this network protocol, specifically designed for the difftaadio propagation condi-
tions experienced by moving persons in an indoor environpadrdata transmitted by
each network node are forwarded by all of the other nodesa fdavarding creates
redundancy, resulting in a very reliable data transmissiwvards the base station,
which results in a performance increase comparablét@ider selection combining
diversity for an N-node network, as shown earlier[in|[34].isTpproach leads to a
very significant increase in data reliability and/or comiweation range.

The proposed protocol is an important feature of the sysfEnanks to its sim-
plicity and the data redundancy introduced, it is very dlidor the typical scenario
of moving persons in an indoor environment, experiencirggdtically varying radio
propagation between each set of nodes or between each nddbeabase station.
Established network protocols, such as ZigBee, used in rpablications, are more
suitable for networks with nodes in static positions. Peaid arise when channels are
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rapidly changing, for each transmitted packet, due to thkdrticomplexity of the pro-
tocol. Additionally, the proposed protocol allows quadegefree operation, thanks to
the immediate forwarding of data. Foil 2-node network, the delay would maximally
augment td).5 s in the worst-case propagation conditions.

The network does require a power-on sequence to initialldedes should be
switched on subsequently with all persons wearing nodetwitiin each other’s
range and respecting a one-second interval in betweentsagtons. This disadvan-
tage does not cause a problem in realistic interventionsewihe members of a small
team start their actions together. Note that the protoder®fextreme reliability in
return, after correct initialization. Many problems oatog with more complex pro-
tocols are avoided. Suddenly missing nodes, appearing &gar, rejoin the network
immediately, as if nothing happened. Of course, the prappsatocol is only suitable
for low data-rate communication and is focusing on dataitiein exchange for data
throughput. However, in realistic firefighting conditiolgly low date-rate informa-
tion is available, as high data-rate sources, such as videeias, are unusable, due
to smoke causing zero visibility.

Specific validation of on-body node-to-node links, as welbé-body person-to-
person links was performed, resulting in the very importamiclusion that either form
of communication is very reliable. More th&38% of the transmitted packets were
received at a power level that was at lessdB and20 dB higher than the specified
receiving threshold for the transceiver chip, for nodextale and person-to-person
links, respectively.

A classification algorithm was also programmed on the mizntoller on each
node and validated in realistic conditions. The threeemmeasurement demon-
strated the reliable operation of this computationallyaralgorithm for persons of
different body sizes. Despite the simplicity of the embetdssification, the algo-
rithm combined with the forwarding of the classificationuks has the potential to
provide information about the user state to the base stati@xtremely bad radio
propagation conditions, where the base station is notviecgall of the raw measure-
ment data anymore.

4.9 Conclusions

A novel autonomous wearable cooperative wireless senste network was devel-
oped, synchronously measuring and interpreting accekemdata on multiple nodes
and transmitting the data to a base station. Event deteistiparformed close to the
sensors, by means of the on-node low-energy microcontroliening a computationally-
efficient algorithm. The system operates very reliably inos radio-propagation
environments. The received signal strength can be used alsiable additional pa-
rameter, providing ranging and orientation informatiom-kbdy node-to-node com-
munication is exploited to synchronize measurements otipleibutonomous nodes,
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at different body locations, and to share sensor data betiese nodes. Norder
transmit diversity performance is approached, by repgatie sensor data from the
other on-body nodes, drastically enhancing communicagbability by eliminating
packet loss. The system is highly valuable for rescue werked law-enforcement
officers, as well as for a wide range of military and civiligopéications. Network
functionality can readily be enhanced, by extending théwsok on the embedded
microcontroller. Besides increasing the number of nodetherbody of one person,
several persons can join the sensor network, share eactsatbasor data and for-
ward each other’s data packets. Sensor fusion can be erablategrating multiple
sensors, such as temperature, moisture and gas sensosingleavireless node. The
small-size and low-cost sensor nodes, easily and comfgiitaiegrated into clothing,
also implement a real-time situational awareness system.

Acknowledgement

This research was partially funded by the Inter-Universitiraction Poles Program
initiated by the Belgian Science Policy Office.






Bibliography

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

IWT Belgium, the Flemish government agency for Innovatlyy Science and
Technology, “Smart@Fire, a groundbreaking european gr¢fe7) to encour-
age companies and researchers and provide them with fihemeaas to develop
innovative ICT solutions that better protect firefightersl dnelp prevent acci-
dents, and to integrate them into smart Personal ProteEtjugpment (PPE).”,
June 2013.

D. Curone, E.L. Secco, A. Tognetti, G. Loriga, G. Dudnik, Risatti, R. Whyte,

A. Bonfiglio, and G. Magenes, “Smart garments for emergemarators: The
ProeTEX project”, Information Technology in Biomedicine, IEEE Transactions
on, vol. 14, no. 3, pp. 694 —701, May 2010.

L. Vallozzi, P. Van Torre, C. Hertleer, H. Rogier, M. Moetiaey, and J. Ver-
haevert, “Wireless communication for firefighters usingléh@arized textile
antennas integrated in their garmenfntennas and Propagation, IEEE Trans-
actions onvol. 58, no. 4, pp. 1357-1368, 2010.

L. Vallozzi, H. Rogier, and C. Hertleer, “Dual polariz¢elxtile patch antenna
for integration into protective garments’Antennas and Wireless Propagation
Letters, IEEE vol. 7, pp. 440-443, 2008.

Peter Vanveerdeghem, Patrick Van Torre, Christiaaneditg, Jos Knockaert, and
Hendrik Rogier, “Dual-diversity wearable wireless nod&egrated on a dual-
polarized textile patch antennaScience, Measurement Technology,, 1. 8,
no. 6, pp. 452-458, 2014..

Lina Tong, Quanjun Song, Yunjian Ge, and Ming Liu, “HMMased human fall
detection and prediction method using tri-axial accelertart, Sensors Journal,
IEEE, vol. 13, no. 5, pp. 1849-1856, 2013.

L. Vallozzi, P. Van Torre, C. Hertleer, H. Rogier, M. Moetlaey, and J. Ver-
haevert, “Wireless communication for firefighters usinglehaarized textile
antennas integrated in their garmen®ntennas and Propagation, IEEE Trans-
actions onvol. 58, no. 4, pp. 1357 —1368, April 2010.

P. Van Torre, L. Vallozzi, C. Hertleer, H. Rogier, M. Moetiaey, and J. Verhaev-
ert, “Indoor off-body wireless MIMO communication with dyzolarized textile



92

BIBLIOGRAPHY

9]

(10]

[11]

(12]

(13]

(14]

[15]

[16]

(17]

antennas”Antennas and Propagation, IEEE Transactionsaul. 59, no. 2, pp.
631 642, feb. 2011.

M.O. Munoz, R. Foster, and Yang Hao, “On-body channel sneament using
wireless sensors”Antennas and Propagation, IEEE Transactions wal. 60,
no. 7, pp. 3397-3406, July 2012.

Yao-Chiang Kan and Chun-Kai Chen, “A wearable inesiahsor node for body
motion analysis” Sensors Journal, IEEEvol. 12, no. 3, pp. 651-657, 2012.

Lara Gonalez-Villanueva, Stefano Cagnoni, and Luca Ascari, “Desif a
wearable sensing system for human motion monitoring in ighysehabilita-
tion”, Sensorsvol. 13, no. 6, pp. 7735-7755, 2013.

Daniel Rodrguez-Marin, Carlos Rrez-lopez, Albert Sam, Joan Cabestany,
and Andreu Catal, “A wearable inertial measurement unit for long-term raoni
toring in the dependency care are&ensorsvol. 13, no. 10, pp. 14079-14104,
2013.

D.L. Paul, H. Giddens, M.G. Paterson, G.S. Hilton, afil MicGeehan, “Impact
of body and clothing on a wearable textile dual band antenmbg#al televi-
sion and wireless communications bandsintennas and Propagation, IEEE
Transactions onvol. 61, no. 4, pp. 2188-2194, 2013.

S. Van Roy, F. Quitin, LingFeng Liu, C. Oestges, F. Huorld. Dricot, and
P. De Doncker, “Dynamic channel modeling for multi-sensody area net-
works”, Antennas and Propagation, IEEE Transactions eol. 61, no. 4, pp.
2200-2208, 2013.

A.C.W. Wong, M. Dawkins, G. Devita, N. Kasparidis, A. tseamis, O. King,
F. Lauria, J. Schiff, and A.J. Burdett, “A 1 V 5 mA multimode BEE
802.15.6/bluetooth low-energy WBAN transceiver for bietektry applica-
tions”, Solid-State Circuits, IEEE Journal ofol. 48, no. 1, pp. 186-198, 2013.

Yanging Zhang, Fan Zhang, Y. Shakhsheer, J.D. SilveKlkefelter, M. Na-
garaju, J. Boley, J. Pandey, A. Shrivastava, E.J. Carlsono®dd, B.H. Calhoun,
and B.P. Otis, “A batteryless 18W MICS/ISM-band energy harvesting body
sensor node SoC for ExXG application$Splid-State Circuits, IEEE Journal of
vol. 48, no. 1, pp. 199-213, 2013.

G. Lo, S. Gonzalez-Valenzuela, and V.C.M. Leung, “Wées body area network
node localization using small-scale spatial informatjdiomedical and Health
Informatics, IEEE Journal gfvol. 17, no. 3, pp. 715-726, 2013.



93

[18] D. He, C. Chen, S. Chan, J. Bu, and P. Zhang, “Secure ghtileight network
admission and transmission protocol for body sensor nésipoBiomedical and
Health Informatics, IEEE Journal ofol. 17, no. 3, pp. 664—674, 2013.

[19] Shih Heng Cheng and Ching Yao Huang, “Coloring-baséatidVBAN schedul-
ing for mobile wireless body area networkg$”arallel and Distributed Systems,
IEEE Transactions anvol. 24, no. 2, pp. 250-259, 2013.

[20] A. Boulis, D. Smith, D. Miniutti, L. Libman, and Y. Tsedhchev, “Challenges
in body area networks for healthcare: the MAGCommunications Magazine,
IEEE, vol. 50, no. 5, pp. 100-106, 2012.

[21] P.J. Soh, B. Van den Bergh, Hantao Xu, H. AliakbarianF8&tsi, P. Samal,
G.A.E. Vandenbosch, D.M.M. Schreurs, and B.K.J.C. Naugrsla “A smart
wearable textile array system for biomedical telemetryiappions”, Microwave
Theory and Techniques, IEEE Transactions wol. 61, no. 5, pp. 2253-2261,
2013.

[22] Ruizhang, F. Hoflinger, and L. Reindl, “Inertial sendased indoor localization
and monitoring system for emergency respondeg&nsors Journal, IEEEOI.
13, no. 2, pp. 838-848, 2013.

[23] P. Barsocchi, “Position recognition to support beésgrrevention”Biomedical
and Health Informatics, IEEE Journal ofol. 17, no. 1, pp. 53-59, 2013.

[24] H. Ghasemzadeh, S. Ostadabbas, E. Guenterberg, arahtelépoulos, “Wire-
less medical-embedded systems: A review of signal-praugs$schniques for
classification”,Sensors Journal, IEERvol. 13, no. 2, pp. 423-437, 2013.

[25] E. Sejdic, K.A Lowry, J. Bellanca, M.S. Redfern, and.B®%ach, “A compre-
hensive assessment of gait accelerometry signals in tireguéncy and time-
frequency domains”, Neural Systems and Rehabilitation Engineering, IEEE
Transactions onwvol. 22, no. 3, pp. 603-612, May 2014.

[26] Kristin A. Lowry, Ann L. Smiley-Oyen, Andrew J. Carrednd John P. Kerr,
“Walking stability using harmonic ratios in parkinson’ssdase”, Movement
Disorders vol. 24, no. 2, pp. 261-267, 2009.

[27] D. Jarchi, C. Wong, R.M. Kwasnicki, B. Heller, G.A Tewnc Guang-Zhong
Yang, “Gait parameter estimation from a miniaturized earfwsensor using
singular spectrum analysis and longest common subsed\eBicenedical En-
gineering, IEEE Transactions owrol. 61, no. 4, pp. 1261-1273, April 2014.

[28] G. Fortino, R. Giannantonio, R. Gravina, P. Kuryloskid R. Jafari, “Enabling
effective programming and flexible management of efficiesdybsensor net-
work applications”, Human-Machine Systems, IEEE Transactions\a. 43,
no. 1, pp. 115-133, 2013.



94 BIBLIOGRAPHY

[29] Analog Devices, “ADXL337 datasheet”, Tech. Rep., AwlDevices, One
Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, US®,2

[30] Silicon Laboratories, “AN127: Flash programming vietC2 interface”, Tech.
Rep., Silicon Laboratories , 400 West Cesar Chavez, Auskn78701, USA,
2012.

[31] European Telecommunications Standards Institutetsi“&n 300 328 harmo-
nized european standard”, Tech. Rep., European Telecoiatioms Standards
Institute, Route deslLucioles; ETSI: Sophia-Antipolis €ed-R, 2012.

[32] Analog Devices, “ADF7242 datasheet”, Tech. Rep., Agdbevices, One Tech-
nology Way, P.O. Box 9106, Norwood, MA 02062-9106, USA, 2010.

[33] M. Yoneyama, Y. Kurihara, K. Watanabe, and H. Mitoma, ct&lerometry-
based gait analysis and its application to parkinson'sadiseassessment - part
2 . A new measure for quantifying walking behaviorNeural Systems and
Rehabilitation Engineering, IEEE Transactions e@ol. 21, no. 6, pp. 999-1005,
Nov 2013.

[34] P. Van Torre, P. Vanveerdeghem, and H. Rogier, “Coteelaahadowing and
fading characterization of MIMO off-body channels by meafsnultiple au-
tonomous on-body nodes”, iintennas and Propagation (EUCAP), 2014 8th
European Conference oApril 2014.



CHAPTERD

Compact Personal
Distributed Wearable
Exposimeter for the
GSM-900 downlink band

Peter Vanveerdeghem, Patrick Van Torre, Arno Thielens, JoKnockaert,
Wout Joseph, and Hendrik Rogier

Based on the article submitted ®6EE Sensors

* Kk k



96 COMPACT PERSONAL DISTRIBUTED WEARABLE EXPOSIMETER

A compact wearable Personal Distributed Exposimeter ippsed, sensing
the power density of incident radio-frequency (RF) fieldshenbody of a hu-
man. In contrast to current commercial exposimeters, ouséteal Distributed
Exposimeter, being composed of multiple compact persoeatable RF ex-
posimeter sensor modules, minimizes uncertainties caus#éte proximity of
the body, the specific antenna used and the exact positidneogxposime-
ter. For unobtrusive deployment inside a jacket, each iddial exposimeter
sensor module is specifically implemented on the feedplhadextile patch
antenna. The new wearable sensor modules high-resolutigarithmic de-
tector logs RF signal levels. Next, on-board flash memorgroscminimum,
maximum and average exposure data over a time span of maréwlaveeks,
at a one-second sample period. Sample-level synchrooizafieach individ-
ual exposimeter sensor module enables combining of measuts collected
by different nodes. The system is first calibrated in an asieathamber, and
then compared to a commercially available single-unit esipeter. Next, the
Personal Distributed Exposimeter is validated in reatistonditions, by mea-
suring the average RF power density on a human during a wa#ainrban
environment and comparing the results to spectrum analyzssurements
with a calibrated antenna.

5.1 Introduction

National legislation and the international Commission @mMNonizing Radiation Pro-
tection (ICNIRP) [1] impose limits in terms of whole-bodyemaged SAR (SARwb)
[2]. Since these SARwb levels can only be evaluated by nuralesimulations[[3],
equivalent reference levels, which can be measured andarechjo the international
guidelines issued by INCIRP, have been defined on the int®mer density. Such
exposure measurements are currently performed with cooiatigravailable Personal
ExposiMeters (PEMs) 2] 43-7].

These measurements are compromised by large measurencentainties, due
to shadowing by the test person’s bod¥[[8, 9], dependenceotaripation [10] and
out-of-band detection. Furthermore, conventional PEM®soabe unobtrusively de-
ployed on the human body, whereas a fully integrated wea@ipbody PEM enables
continuous monitoring of long-term RF exposure, withoutdgring the test person’s
daily activities. Moreover, an on-body Personal DistrdslExposimeter (PDE), com-
posed of multiple PEMs, increases the measurement accfirEcy

We present a fully autonomous on-body PDE, composed of phellitndependent
RF-exposure modules, each integrated on a textile anteadgiiane. Thanks to their
ground plan€e[12], the applied patch antennas minimizeaitipg@antenna loading by
the body. Without loss of generality, we specifically confegthe exposimeter for the
Global System for Mobile Communications (GSM) worldwidenshdink [925 MHz -
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960 MHz] frequency band[13]. Each wearable exposimeter mothd&es use of a
state-of-the-art logarithmic-detector to pair accurada dynamic range of 80 dB.
The on-board flash memory logs for over two weeks of measurensa, thereby
eliminating a permanent Personal Computer (PC) connecfiagimilar on-body de-
vice was documented ih[11], yet without data logging or unative integration po-
tential. To the authors knowledge, this is the first fullytéeswearable PDE.

In Sectiori 5., the wearable PDE system is described, felliduy its validation on
a human body in Sectidn$.3. The calibration procedure itaged in Sectioh 5l4. A
real life measurement is outlined in Section5.5. Conchssiare listed in Sectidn 3.6.

5.2 System overview

The PDE is composed of multiple newly designed wearable girpeter modules, of
which the construction is described below.

5.2.1 Antenna

Due to the large wavelength of the frequency of the GSM dawritand, an aperture-
coupled shorted patch antenna is selected, as displaydd.iB.f. The antenna fea-
tures a compact size and excellent antenna performancexmpty of the human
body, while avoiding fragile probe feed connectidns [14, Therefore, this antenna
is more suitable for garment integration than conventiaménnas. Further improve-
ment of the coupling between the antenna and the exposimetdule is obtained
by employing an H-shaped coupling slot, thereby also miriingi the backward ra-
diation into the human body [16]. The textile material is fi#® and lightweight,
without sacrificing antenna performance, in comparisonidim rantennas. A flex-
ible polyurethane protective foam (thicknessl¥ mm permittivity ¢, = 1.16 and
tand = 0.010), commonly used in protective garments for rescue workeepplied
as a substrate material, protecting the electronic cimcflibom external factors, such
as heat and humidity. A low-cost, conductive, electroitexnaterial, called Flec-
tron, is used to construct the ground plane and radiatinpeste. The material has
a thickness less thah25 mm and surface resistivity less thar €2/sqg., minimizing
conductor losses. The influence of the body, which is in closimity to the an-
tenna, is limited, thanks to the ground plane structure.s Téature will also make
the PDE’s performance nearly independent from the tesbp&r®&ody morphology.
The feed substrate is constructed using two stacked Araartde layers, a material
which is frequently used as outer layer in firefighter jacKétgckness =0.95 mm,
permittivity e, = 1.97 and tand = 0.02). The feed line is realized by means of copper
foil. The antenna covers the complete GSM 935 MHz to 960 MHardimk band.
The3 dB beam width of the antenna approximately equal¥’, with an antenna gain
of 2.9 dBi and an antenna efficiency ©6.6%. The top view of the antenna and its
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Figure 5.1: Top- and bottom-view of the patch antenna. On the bottom view, the exptesime
electonics and antenna are shown separately. In the actual implementa¢i@xposimeter’s
electronics are mounted onto the feed plane of the antenna.

4MB Temp
Flash Comp

PC RF i
MC — ADC ™ |detector[ | BPF

Figure 5.2: Bock diagram of single autonomous exposimeter module, with integratedt ba
pass filter (BPF), logarithmic RF detector and temperature compensagomp(Comp). The
PC connection is only used to configure the microcontroller (uC) and tomldew logged data
from the4 MB on-board flash memory.

dimensions are shown in Flg_5.1, with the electronic cirguitegrated onto the feed
plane of the antenna.

By placing the electronics on the feed plane of the patchrawateeach very com-
pact module may be unobtrusively integrated into garmentothing [17]. In addi-
tion, each unit can be encapsulated together with the ¢eatitenna into a breathable
Thermoplastic PolyUrethane coating (TPU), implementingaghable system [18].

5.2.2 System design

The block diagram of the proposed exposimeter module, iiated on the antenna
feed-plane is presented in Fig.5.2. The selection of theckayponents is motivated
as follows.

The RF-signal received by the antenna is filtered by a Surfemistic Wave
(SAW) Bandpass filter (BPF), to remove undesired out-of-bsigdals. In this con-
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figuration for the GSM downlink, the TriQuint 856528 SAW filtis chosen, with a
bandwidth of35 MHz and passband insertion loss5 dB. Outside the passband,
an attenuation o35 dB is quickly achieved. Thanks to the filter architectureaddi-
tional impedance matching network is required, helpingetiuce the physical size of
the circuit. The filtered signal is measured by an Analog PesiADL5513[[19] Log-
arithmic RF Detector, providing an output voltage propmél to the input RF level
in dBm over a very large dynamic range. The output voltagehefRF detector is
measured by &6 bit Analog-to-Digital Converter (ADC) and transported tie PDE
board to the C8051F921 microcontroll@iQ), by Silicon Labs, through the high speed
Serial Peripheral Interface (SPI) data bus. To correctriedlgemperature-dependent
variation of the output level of the Logarithmic RF Detectm automatic frequency-
dependent temperature compensation is implemented byitaEtigranalog-converter
(DAC) connected to the on-board microcontroller and itdthnitemperature sensor.
The micro controller is programmed in C. The software is agkd to its memory
through the In-Circuit-Programming interface.

The digitized measurement data are further processed byriimard software
at a data rate of000 samples/sec. The minimum, maximum, as well as arithmetic-
and geometric averages of the received RF signal powergowee-second time slot,
are stored into the on-board flash memory. THeéB flash memory provides up to
two weeks of non-volatile storage space. To guarantee ttaeitagrity, at each time
slot, a check sum of the measurement data is calculated aratishto the memory
together with the measured data.

Besides the storage of the averaged measurement data atseaorel rate, the
system may store raw sampled data at a full sample raté0of samples per second
for analysis of high-speed measurements in post proces3ing maximum sample
rate of the exposimeter &0 ksps, as determined by the ADC specifications.

After the logging period, the measurement data are easihsterred to the per-
sonal computer (PC) over the USB-link for data-analysis.

Owing to the flexible and lightweight design of the systers,IDE is comfortably
wearable by the test persons without restricting their mms. A top-view of the
exposimeter circuit is shown in Fig.5.3. Its planar cirdward's size o855 mm by
55 mm is smaller than the antenna, allowing easy integratida & feed-plane. An
overview of the technical specifications is shown in Tab 5.
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Figure 5.3: Top view of the systemb[f mm x 33 mm]

Table 5.1: Specifications of the single PEM node

Specification Value
Dynamic Range 80 dB
Minimum Input Power —70 dBm
Maximum Input Power 10 dBm
Operating supply voltage 3.5-12V
Size antenna 100 mm x 125 mm
Size PCB 35 mm x55 mm

Frequency range 1 MHz - 4 GHz
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5.2.3 Frequency selection of the personal exposimeter

The measured frequency band is selected by the bandpass&urtoustic Wave
(SAW) filter. For each desired frequency band, a filter withdperopriate response
may be inserted, without needing to adjust the circuit deslig this application, the
full GSM 900 frequency band is measured, without further adjustmentsa@ircuit
or antenna, allowing to measure the incident power densityi$ particular frequency
band.

5.2.4 Calibration

The digitized output voltage of the logarithmic-detectsrai function of the corre-
sponding RF input power. This function is accurately deteed by means of cali-
bration.

The calibration of the RF input level of the exposimeter withantenna is per-
formed in an anechoic chamber. Calibration datasets arstremted for each unit
separately and stored into its flash memory for use duringtieal exposure mea-
surements. Logarithmic detection results in an accuratesorement over a large
dynamic range, stored in a limited number of bits per measent value. The Log-
arithmic RF Detector exhibit80 dB dynamic range, with a minimum RF input level
of —70 dBm. By employing the calibration data,ladB resolution is achieved. To
compensate the temperature-dependent offset, the outjpage of the DAC (Analog
Devices AD5641[[20]) is automatically adjustéd][19] as action of the operating
temperature.

5.2.5 Exposimeter synchronization

In the proposed PDE setup, where more than one exposimeteisiemployed on the
human test person, synchronization of all the exposimetgesis required to achieve
an exposure measurement with accurate timestamps. Allxbpeseneter nodes are
equipped with the sam24.576 MHz crystal with a frequency stability of0 PPM.
The sample period is directly derived from this main on-bloaock, thereby min-
imizing the influence of frequency instability over a longhé. Synchronization is
achieved by connecting each individual exposimeter nodeet®C. The PC will ini-
tialize the timing registers of the microcontroller for tkang the sample period. In
addition, a time stamp is placed into the flash memory baséldeoRC clock. This en-
sures that all modules composing the exposimeter will sam@ihe same time instant
within the defined sample period, with only a minimal dewati After synchroniza-
tion, each individual exposimeter immediately starts gapy exposure data. When
the measurement campaign is terminated by the user, theadateansferred to the
PC, including the time stamps in the flash memory. Based ofirtiestamps, the
processing software aligns the data samples and stafefutata processing.
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Table 5.2: Current consumption of the main components of the exposimeter node

Component Power Mode Current Consumption  Power @ 3V3
Idle 2.5 mA 8.25 mW
Microcontroller  Sleep 0.1 uA 0.33 uW
Normal 4 mA 13.2 mW
Power on 31 mA 102.3 mwW
RF detector o er Down < 200 pA < 660 W
Stand by 25 uA 82.5 uW
Memory Deep Power-down 5 uA 16.5 uW
Read/Write 12 mA 39.6 mW
ADC Power on atl 00 ksps 550 pA 1.82 mW
Stand by 1nA 3.3nW
Normal mode 60 pA 198 uW
Temp comp. poer down 500 nA 1.65 uW

5.2.6 Power consumption

The exposimeter is powered bylecell Lithium polymer (Li-po) battery and a low-
drop linear voltage regulator. From the technical datatshafethe integrated compo-
nents, an estimation of the power consumption is made. Arviawe of that current
consumption is given in Table5.2.

The microcontroller will consume an average currenf @hA at3.3 V and at a
clock frequency4.576 MHz. In sleep mode, the current consumption can be reduced
to 600 nA. The flash memory consumes on averagenA at3.3 V while operating
(reading or writing), whereas in standby mode, the currensamption is reduced to
25 pA, orto5 pA in deep power-down mode.

The most current-consuming device on the exposimeter rotleiRF detector,
consuming31 mA in full operation. In power down mode, its current constiompis
lowered to less thaR00 pA. The current consumption of the ADC and temperature
compensation circuits 550 A and60 A, respectively.

The average current consumption is estimated td(bmA at 3.3 V, taking into
account that the detector is always in power on mode, whdentemory is accessed
only once every second.

In full operation, the measured average power consumptiame exposimeter
node equald31 mW (39.6 mA current consumption, &3 V supply voltage). This
enables the sensor network to operate for many hours, vtithewneed for charging
the battery. The power consumption can further be reduceehiploying the sleep
mode of the system when there is no need to continuously tpataigh speed.



5.3 Validation 103

5.3 Validation

5.3.1 Free-space performance

To measure the frequency response at the input of the exptainhe complete sen-
sor (including vertically polarized antenna) is placednraaechoic chamber &34 m
from the radiating antenna. The TX standard gain horn (NSIS&975, with a gain
of 14 dBi at942.5 MHz), connected to a signal source with an output powéHaBm
(cable losses 8.75 dB), swept over a frequency range fréa MHz to 1040 MHz, is
radiating along both horizontal and vertical TX polaripat. The response is shown
in Fig.[5.4, indicating a large attenuation for out-of-baighals. Clearly, the atten-
uation is very steep on the bottom side of the GSM downlinkdpaasulting in a
rejection by at leas35 dB of 880-915 MHz GSM-900 uplink signals. For frequen-
cies slightly above the GSM-900 downlink band, a better th&anB attenuation is
also sufficient, considering that, according to the bandrgfeg, no strong signals are
expected adjacent to the upper end of the GSM downlink band.

Since the measured received power on the exposimeter iarteishoic measure-
ment is significantly larger than the signals that will aljuhe measured during a
real-world measurement, out-of-band signals will be betlogvnoise floor of the ex-
posimeter thanks to the band-pass filtering charactesistitiey will not affect the
actual measurements in the desired frequency band.

GSM-DL
Frequency
band

Receivd power [dBm]

-8 i v 4 v Yy i i L LI
840 860 880 900 920 940 960 980 1000 1020 1040
Frequency [MHz]

Figure 5.4: Free-space frequency response of the vertically polarized exp@sime

The clearly visible difference of approximatelg dB between both TX polariza-
tions is due to the vertically polarized receive antenn&eftode. Anideal exposime-
ter has no dependence of the polarization. In order to mi@rttie influence of the
received polarizations, several exposimeters are placgdtbe body, oriented along
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Figure 5.5: Positions of the four Personal ExposiMeter (PEM) modules composa ¢in-
sonal Distributed Exposimeter (PDE), shown together with the position dEKE Spy 140
onto the body of the test-person

orthogonal polarizations, as further described and etedua

While the transmitted signal of the base station is vertyqadliarized, the received
polarization will vary due to the angle of arrival on the nsa@ad the different paths
followed by the signal in the environment. By orienting thedes along both po-
larizations, all signals received from the base stationlmcaptured. Furthermore,
these linearly polarized antennas are easier to consimuimparison to textile patch
antennas with a circular polarization, thereby reducirg ¢bst and the size of the
nodes.

5.3.2 On-body performance

The PDE is configured for the GSM-900 downlink frequency hawttich is present
in most environments. Four separate nodes of the PDE anmgbdisd at optimal
positions over the front and rear sections of the torso o8& in large test person
having a weight of 80 kg, as shown in Fig.15.5. The polarizatiof the individual
nodes are also chosen for complementarity.

The person with the four nodes distributed over the bodydstam the rotor in-
side the anechoic chamber, in the far-field of the standamd lgarn, radiating at
942.5 MHz, being the center frequency of the GSM-900 downlink harahnected
to a signal generator with a transmit powerl6fdBm (cable losses 8.75 dB). The
person wearing the PDE is rotated in the azimuth plane ovaziamuth angle 0860°.
These measurements are repeated for Horizontal (H) anitalefV/) TX polariza-
tions. During these measurements, a commercially availsdtondary exposimeter
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(EME Spy 140) is worn at waist-height. The distance from théde of the human
test subject to the aperture of the horn antenria3i$ m.

These measurements are plotted in a logarithmic scale rsimavigs[5.6 anf 517,
for TX Vertical and Horizontal polarizations, respectiveBesides the field strength
on each single node, the averaged field strength over thenfmies is calculated in
the azimuth plane for each azimuth anglefor both horizontal and vertical polariza-
tions. The average field strength of the proposed PDE, @tifor each angle in the
azimuth plane, is approximately constant, making the arpeter output independent
of the transmit polarization.

90 -—=A
-==D
---C
-=--B
Average

180 | L TR R B 0

270

Figure 5.6: Electric field strength [dB] on all nodes in the azimuth plane, worn on-body as
shown in Fig[5.5180° = front side of the body, vertically polarized TX antenna

In order to determine the dependence on the polarizatiomwi@n on-body,
the standard deviatios,; is calculated based on the difference in the received field
strength of both polarizations. It is determined for botée tEME Spy 140” and for
the PDE, by averaging the logarithmic field strength overftlue nodes. This results
in

opDEdiffHV = 2.32 dB

OEME Spy 140 diff v = 3.73 dB

This allows us to conclude that the PDE is less polarizatigpeddent than the
"EME Spy 140”". To compare the PDE and the "EME Spy 140" in anboily sce-
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Figure 5.7: Electric field strength [dB] on alk nodes in the azimuth plane, worn on-body as
shown in Fig[5b5180° = front side of the body, horizontally polarized TX antenna

nario, the standard deviatian of the field strength over different azimuth angles is
calculated for both horizontal as well as vertical polaitra o indicates how circular
the pattern is in azimuth angle. A pattern that is perfecthnalirectional results in a
standard deviation df dB. o4 is derived from the (Logarithmic) field strength on the
four nodes, resulting in

OPDE Hor — 2.70 dB
OPDE Vert = 3.35 dB3

OEME Spy 140 Hor = 6.94 dB

OEME Spy 140 Vert = 9.13 dB

We clearly obtain a better performance for the PDE in congparto the commer-
cial exposimeter. In Figk. 5.8 ahdb.9, the normalized figkehgths, for both the PDE
and the "EME Spy 1407, are plotted for a vertically and hontaly polarized trans-
mitted signal, respectively. This visually verifies the edoesults. The PDE clearly
achieves a more uniform distribution of the field strengtarahe azimuth plane.
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270

Figure 5.8: Normalized electric field strength [dB] on the PDE and "EME spy 1480° =
front side of the body, TX vertical polarization

5.4 Calibration

As discussed above, the power received by the PDE is almastamtt, independent
of polarization or azimuth angle for a given transmit pow&ea obtain an accurate
measurement result of the actual RF field strength at theidocaf the human body
in a real environment, the PDE requires calibration, whégbarformed in an anechoic
chamber. The calibration eliminates the influence of theytbmudthe PDE measure-
ment.

The measurements in the anechoic chamber for both horizamdavertical TX
polarizations, used earlier to validate the exposimetgesnow employed to calibrate
the PDE when performing on-body measuremems,,, (¢) andP,.,,, () are the
geometric average received powers for the horizontallyvemtically transmit polar-
ization as a function of the azimuth angle, respectivelyttitarmore, the free-space
incident powerss” andS} . are measured using the NBM-550 broadband probe, for

both polarizations at the TX horn antenna, as describeddiiosés.3.2 for the PDE,
but now with the broadband probe at exactly the same location

From the calibration measurements, the geometric averatgnAa Aperture
(AAgcom) of the total PDE is determined, given by

Pllom () Pyeom ()
Algeom (9, 0) = 9O T cos? (¥) + QT

nc inc

sin® ()
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270

Figure 5.9: Normalized electric field strength [dB] on the PDE and "EME spy 14180° =
front side of the body, TX horizontal polarization

whereS) = =0.541mW/m? and S =0.394mW/m?, and withy the polar-
ization of an incident electric fieldAA .. (¢, %) is calculated forl0? ¢-samples,
located in the interval [0<2] radians. They-samples are drawn from a Gaussian
distribution in an "Urban Macro cell” scenaribl[3,]21], indar to take into account
a realistic polarization of the incident electric field. $tdcenario provides the best

correspondence to earlier measurements performed intthefcshent [6].

The set of values resulting from this procedure provideslisigibution ofAA ¢o.m,
for realistic angles of arrival. From this distributionetimedian is chosen as the value
of the Antenna Aperture4A,..) of the total PDE. In addition, the full calibration
procedure is repeated0 times, and the results are averaged in order to improve ac-
curacy. Based on this calibration process, the average wild A, is found to be
6.58 cm?

Once the value ofdA,.,,, is determined, a real world measurement can start.
After this measurement, the incident power received on titty lof the test person
can be determined by

P,
Sinc - g ) (5 1)
AAgeom

where Py, is the geometric average received power on the four nodeseof t
PDE, observed during the real world measurement.
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5.5 Real-world measurement
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Figure 5.10: Received power densitylB1W/m?] on the body of the test person, measured
with the active nodes of the PDE versus the commercially available expesiridée position
markers corresponding to the numbers in Eig.6.11

To perform a real-world measurement, the same test personpmevious mea-
surements, equipped with the PDE and the "EME spy 140", wallisg a predefined
path in the city-center of Ghent (Belgium). During this watlke received power is
recorded on all the exposimeter nodes as well as on the "EMBE4Q", in a time in-
terval of 1 second. Fig_5.10 shows the total power density receivetidyest person
with the calibrated PDE during the complete walk, as welltesgower density on
the "EME spy 140”. In Fig[ 5.1, the 2.6 km outdoor trajecttinyough Ghent, fol-
lowed by the test person, is shown. On this map, the positiarkens corresponding
to the numbers in Fig.5.10, as well as the position of the me&SM-900 base-
stations[[22], are shown.

The total power density, received during the walk, is deteeth based on the ac-
tive exposimeter nodes of the PDE, after applying the calibn procedure described
in Sectio{5.4. The power density of the "EME spy 140" is exted from the mea-
surement logging file. The measurement results clearly shatihe received powers
of both measurement devices exhibit the same trend, butshitht-term differences
in power density levels. The shadowing by the body has af&gni influence on
the measurement results by the commercial "EME spy 140" téted earlier in Sec-
tion[5.3, the signals received on the "EME spy 140" are depehdn the angle of
arrival of the signals in the azimuth plane. The omnidii@tdl receive pattern, which
is obtained with the PDE, ensures a more accurate estimafitme power density
levels in comparison to a non-distributed device such asEME spy 140”.

The maximum instantaneous power density measured by thedRbig the ex-
periment i28 mW/m?2. As a result, the average power density levels ovengnute
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Figure 5.11: Map of Ghent with the path walked by the test person, with numbered position
markers and GSM-900 basestation symbols, (source: Google Earth)

time frame are well below the ICNIRP reference level&f W /m? [1]. Furthermore,
from these measurements, the SARwb can be determined, @toaesn [23[24].

5.6 Conclusion

A compact wearable Personal Distributed Exposimeter ipgsed, which increases
the measurement accuracy in comparison to conventionabRa&rExposimeters, in-
cluding the dependency on the polarization and the angledrazimuth plane. The
Personal Distributed Exposimeter is composed of severalyngesigned on-body
exposimeter modules, which are integrated onto the feetepid a textile antenna.
The different modules apply synchronous exposure data lgampvhile being un-
obtrusively integrated inside a garment and being disteithiover the body of the
test person. Therefore, this new compact exposimeter spafetward towards user-
friendly Personal Distributed Exposimeters in multiplecuency bands, integrated
into a single garment for measuring exposure data in a coeweway. Validation of
the Personal Distributed Exposimeter shows that the systibits less dependence
of the received polarization or the angle of the azimuth @lamompared to commer-
cial available exposimeters. A fast and accurate calibmgprocess is proposed, to
eliminate the influence of the body onto the PDE. To validagerheasurements per-
formed by the Personal Distributed Exposimeter, a realdvexposure measurement
was carried out for the GSM-900 downlink band. The measun¢imsgrerformed in
the city center of Ghent, whose propagation charactesisticrespond to an Urban
Macro Cell. The measurement was also carried out employintEME spy 140"
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commercial exposimeter. This experiment clearly illustsathat the PDE provides a
more accurate estimation of the power density levels on timeam body. The com-
mercial, non-calibrated exposimeter deployed on the boitlyences the measurement
results due to shadowing by proximity of the body, leadingiiaunderestimation of
the power density levels on the human body. The maximumrnitest@ous power den-
sity measured by the PDE during the experiment eq2@ls: 1V /m?, which is well
below the ICNIRP reference level df8 1W/m? for an average power density level
in a 6-minute time frame. Based on these measurement data, thie-vbdy SAR
may readily determined. Besides for verifying compliant&B field exposure with
ICNIRP reference levels, the proposed modules can alse ssrsensor nodes to eval-
uate the potential of RF energy harvesting [25—-28] and es®power transfelr [29].






Bibliography

[1] International Commission on Non-lonizing Radiatiorotection, “Guidelines
for limiting exposure to time-varying electric, magnetand eletromagnetic
fields (up to 300GHz)”Health Physicsvol. 74, pp. 494-552, 1998.

[2] Wout Joseph, @nter Vermeeren, Leen Verloock, and Luc Martens, “Estima-

tion of whole-body SAR from electromagnetic fields usingsosal exposure
meters”, Bioelectromagneti¢svol. 31, no. 4, pp. 286-295, 2010.

[3] Gunter Vermeeren, Wout Joseph, Christof Olivier, and Luctstas, “Statisti-
cal multipath exposure of a human in a realistic electroretigrenvironment”,
Health Physicsvol. 94, no. 4, pp. 345-354, 2008.

[4] Damiano Urbinello, Anke Huss, Johan Beekhuizen, Roeiéilen, and Martin
Roosli, “Use of portable exposure meters for comparing mopfiene base
station radiation in different types of areas in the citieBasel and Amsterdam”,
Science of The Total Environmexbl. 468469, pp. 1028 — 1033, 2014.

[5] Gyorgy Thubezy, Ferenc Molar, Gabor &nossy, Némi Nagy, Gyrgyi Ku-
binyi, Jozsef Bakos, and Judit Szab‘Personal RF exposimetry in urban area”,
Annals of telecommunications - Annales delédommunicationsvol. 63, no.
1-2, pp. 87-96, 2008.

[6] Wout Joseph, @Gnter Vermeeren, Leen Verloock, Mauricio Masache Heredia,

and Luc Martens, “Characterization of personal RF elecagmetic field expo-
sure and actual absorption for the general publiggalth Physicsvol. 95, no.
3, pp. 317-330, 2008.

[7] Arno Thielens, Sam Agneessens, Leen Verloock, Emmenngiie, Hendrik Ro-
gier, Luc Martens, and Wout Joseph, “On-body calibratioth pirocessing for a
combination of two radio-frequency personal exposiméteRadiation Protec-
tion Dosimetryin press.

[8] S.Iskra, R. McKenzie, and I. Cosic, “Factors influencimgertainty in measure-
ment of electric fields close to the body in personal RF dosifie Radiation
Protection Dosimetry2010.

[9] John F.B. Bolte, Gerard van der Zande, and Jos Kamer,iifadilon and uncer-
tainties in personal exposure measurements of radiofreyuelectromagnetic
fields”, Bioelectromagnetigsiol. 32, no. 8, pp. 652663, 2011.



114

BIBLIOGRAPHY

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

(20]

John F.B. Bolte and Tessa Eikelboom, “Personal radipiency electromag-
netic field measurements in the Netherlands: Exposure #gekhariability for
everyday activities, times of day and types of areafiyironment International
vol. 48, pp. 133 — 142, 2012.

Arno Thielens, Hans De Clercq, Sam Agneessens, Jereeoutere, Leen Ver-
loock, Frederick Declercq, @ter Vermeeren, Emmeric Tanghe, Hendrik Ro-
gier, Robert Puers, Luc Martens, and Wout Joseph, “Pershsiibuted ex-
posimeter for radio frequency exposure assessment inmegbaments”, Bio-
electromagneticsvol. 34, no. 7, pp. 563-567, 2013.

P. Salonen, L. Sydanheimo, M. Keskilammi, and M. Kiskg “A small planar
inverted-F antenna for wearable applications”, Viearable Computers, 1999.
Digest of Papers. The Third International Symposium@ct 1999, pp. 95-100.

Wout Joseph, Gnter Vermeeren, Leen Verloock, and Luc Martens, “Estima-
tion of whole-body SAR from electromagnetic fields usingoeral exposure
meters”, Bioelectromagnetigsvol. 31, no. 4, pp. 286-295, 2010.

Frederick Declercq, A. Georgiadis, and Hendrik Rogi&Wearable aperture-
coupled shorted solar patch antenna for remote trackingrenmitoring applica-
tions”, in Proceedings of the 5th European conference on Antennas rapd{
gation EUCAP 2011, pp. 2992—-2996, IEEE.

C. Hertleer, A. Tronquo, H. Rogier, L. Vallozzi, and LaW Langenhove,
“Aperture-coupled patch antenna for integration into vabée textile systems”,
Antennas and Wireless Propagation Letters, IEE. 6, pp. 392-395, 2007.

V. Rathi, G. Kumar, and K. P. Ray, “Improved coupling faperture coupled
microstrip antennas”,Antennas and Propagation, |IEEE Transactions wal.
44, no. 8, pp. 1196-1198, Aug 1996.

Peter Vanveerdeghem, Patrick Van Torre, Christiaanests, Jos Knockaert, and
Hendrik Rogier, “Flexible dual-diversity wearable wirs¢enode integrated on a
dual-polarised textile patch antenndET Science, Measurement & Technolpgy
vol. 8, no. 6, pp. 452-458, 2014.

M.L. Scarpello, I. Kazani, C. Hertleer, H. Rogier, and\ande Ginste, “Stabil-
ity and Efficiency of Screen-Printed Wearable and Washablternas”,Anten-
nas and Wireless Propagation Letters, IEB@I. 11, pp. 838-841, 2012.

Analog Devices, “ADL5513 datasheet rev 0", Tech. Rémalog Devices, One
Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, A4.52008.

Analog Devices, “AD5641 datasheet rev d”, Tech. Remalag Devices, One
Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, 4.S2008.



115

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

Arno Thielens, Ginter Vermeeren, Wout Joseph, and Luc Martens, “Stochastic
method for determination of the organ-specific averaged 8ARalistic envi-
ronments at 950 MHz"Bioelectromagnetics/ol. 34, no. 7, pp. 549-562, 2013.

Belgian Institute for Postal services and Telecomroations, “Antenna site
register”, 2014.

Arno Thielens, Peter Vanveerdeghem, Sam Agneesseatsck’ VVan Torre,
Gunter Vermeeren, Hendrik Rogier, Luc Martens, and Wout @loséWhole-
body averaged SAR assessment using a personal, distriedfamsimeter”,
in Proceedings of BioEM20142014, p. 6, The Bioelectromagnetics Society
(BEMS).

Arno Thielens, Peter Vanveerdeghem, Sam Agneesseatsck? VVan Torre,
Gunter Vermeeren, Hendrik Rogier, Luc Martens, and Wout @loséWhole-
Body Averaged Specific Absorption Rate Estimation using esétel, Dis-
tributed Exposimeter”, Accepted for publicationAmtennas and Wireless Prop-
agation Letters, IEEE2014.

T. Le, K. Mayaram, and T. Fiez, “Efficient far-field radfeequency energy
harvesting for passively powered sensor networkad)id-State Circuits, IEEE
Journal of vol. 43, no. 5, pp. 1287-1302, May 2008.

J. Zbitou, M. Latrach, and Serge Toutain, “Hybrid resta and monolithic
integrated zero-bias microwave rectifierfMlicrowave Theory and Techniques,
IEEE Transactions anvol. 54, no. 1, pp. 147-152, Jan 2006.

G. Andia Vera, A. Georgiadis, A. Collado, and S. Via, ‘fign of a 2.45 GHz
rectenna for electromagnetic (EM) energy scavenging’Radio and Wireless
Symposium (RWS), 2010 IEEEnN 2010, pp. 61-64.

Antwi Nimo, Dario Grgi, and Leonhard M. Reindl, “Optization of passive
low power wireless electromagnetic energy harveste3stsorsvol. 12, no. 10,
pp. 13636-13663, 2012.

N. Carvalho, A. Georgiadis, A. Costanzo, H. Rogier, All@do, J. A. Garta, S.
Lucyszyn, P. Mezzanotte, J. Kracek, D. Masotti, A. BoavemtM. Nieves Rig,
M. Pinuela, D. Yates, P. Mitcheson, M. Mazanek, and V. PankraVireless
Power Transmission: R&D Activities within EuropelEEE Trans. Microwave
Theory Tech., vol. 62, no. 4, pp. 1031-1045, Apr. 2014.






CHAPTERD

Conclusions and future work

6.1 Conclusions

The research presented in this work, focused on the integraf electronic systems
on wearable textile antenna platforms. The integrationleéteonics onto a textile
antenna has proven its added value, by reducing power cqigumincreasing the
antenna efficiency, improving the link quality, etc. SeVeratotypes were developed
and evaluated for rescue worker applications. Besidestfwmie worker applications,
a consumer application was also considered.

First, a textile wearable wireless node, for operation m2l45 GHz ISM band,
was designed. The electronic system was integrated onfedldeplane of the textile
antenna, complete with a transceiver implementing reabuasity. Fragile and lossy
interconnections were eliminated. They were replaced by sieort radio-frequency
signal paths in the antenna feed plane, reducing electnoatizgcompatibility and
signal integrity problems. The resulting textile wirelesxle was validated, both in
flat and bent state, in the anechoic chamber, by assessirgh#nacteristics of the
integrated system in free-space conditions. Moreovefopaance was verified in
various real-world conditions, integrated into a firefighgarment, and used as an
autonomous body-centric measurement device. Furtherrtiuese textile wearable
wireless nodes were used to deploy a fully-autonomous, alséar wireless sensor
network, where each flexible textile node performed codperaynchronous acqui-
sition and distributed event detection. The results of thmpmutationally efficient
situational-awareness algorithms, which are implemeatethese wearable wireless
nodes, are wirelessly transmitted to a base station, firext well as forwarded by
other on-body nodes. By repeating the sensor data from tier on-body nodes,
the communication reliability is drastically enhancingdxploiting diversity to elimi-
nate packet loss. Extensive experiments in realistic ¢mmsi have demonstrated that
this new autonomous, body-centric, textile-antenna, lesiesensor network is able to
correctly detect different operating conditions of a firbfgy during an intervention.
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Besides increasing the number of nodes on the body of onerpessveral persons
can join the sensor network, share each other’'s sensor ddtéoeward each other
data packets.

Second, a compact wearable Personal Distributed Expasinves designed, com-
posed of several newly designed compact personal wear&tdepdsimeter modules.
Each individual exposimeter module is integrated onto #ezlfplane of a wearable
textile patch antenna, allowing unobtrusive garment irgggn. The design allows
sample-level synchronization of each individual exposenenodule to enable com-
bining of measurement data collected by different nodedidaton of the Personal
Distributed Exposimeter shows that the system exhibits tependence of the re-
ceived polarization or the angle in the azimuth plane, coegbéo commercial avail-
able exposimeters. A fast and accurate calibration prasgseposed, to eliminate the
influence of the body onto the PDE. To illustrate the PersDistibuted Exposimeter,
a real world exposure measurement was carried out for the-@@Mlownlink band.
The measurement is performed in the city center of Ghenthwisi characterized as
an Urban Macro Cell environment.

6.2 Future developments

6.2.1 General improvements

The electronic systems are implemented on a copper-ornpidly film. This tech-
nique provides a good overall flexibility for the textile anha system. The size of
the copper-on-polyimide circuit can be further reducedrdioving the non-copper
plated polyimide film from the circuit, providing extra fldiiity of the wearable sys-
tem. Furthermore, stretchable textiles have the potetatilrther enhance the flexi-
bility and breathability of the textile system. By enharngthe system with the pro-
posed techniques, mechanical stress can be minimizednoinatied, increasing the
robustness of the total wearable system.

The designed integrated wearable textile systems can beefumproved with
other functionalities, such as an advanced power managesystem. Such power
management system can consist of different componenth, asiflexible batteries,
providing energy to the system without hindering the usemnvell as a solar panel,
providing continuously energy to the system.

More flexibility of the textile system can be obtained by ratnirizing the elec-
tronic system, which is integrated onto the textile anteritee presented prototypes
are constructed using several discrete components (g@aschip, microcontroller,
memory, filters, etc.). To minimize the size, these comptsean be integrated into a
single chip, specifically designed for these applicati@ensuring a flexible integrated
system. Furthermore, this chip can be integrated into atirprinted circuit board,
by thinning the silicon chip itself, which enhances a flelifipiof the circuit. Practical
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experience in thinning silicon chips exists at Ghent Ursitgr

6.2.2 Large scale production

During this research, working prototypes were developéduks€ prototypes, both the
flectron antenna patch and ground plane, as well as the atéefrthe textile antenna
were handmade or cut by means of a laser. Making these textitnnas requires
good practice, and knowledge, which is no problem for pygtioig or small-scale
production. When moving towards large scale productionritagration into rescue
worker garments, the fabrication process needs to be q@dni

The textile antenna fabrication process needs to be opihfar convenient inte-
gration into rescue worker garments. The substrates okttidet antennas presented
in this work, are made out of the same material as applied domgnts of rescue
workers, allowing to integrate the assembly of the textiieeanas during the produc-
tion of the garments. The fabrication of the antennas igatiin terms of size of the
antenna patch and alignment of the patch with respect teés §tructure. To opti-
mize the production in terms of the accurate size of the pateVeral options can be
studied. An option already applied during this work, is tokenase of a laser cutter.
The used laser cutter has an accuracy of approximatelynm, which is suitable for
this application. The construction by laser cutter needhéun research in terms of
integrating the laser in production process of garmentsidés a laser cutter, a cut-
ting plotter is a second cheaper option to cut the textileeniat Besides the accuracy
of the size of the different parts of the antenna, the aligmnnoé the several antenna
components is critical. In aperture-coupled antenna dsesthe antenna feed needs to
be accurately aligned with the antenna patch. To attachahéuctive textile material
onto the flexible foam, thermal glue is used, which is actisldty applying heat onto
the surface of the antenna. This technique of activatingatiieesive is also a disad-
vantage. When the fabricated antenna is exposed to excéssvethe thermal glue
may loosen, such that the antenna patch detaches from teatelmaterial. Further
research is required to find a way to attach the differenfleegbmponents to each
other without compromising flexibility, performance andetg An option that has
already been investigated, is the use of chemical actiadbdsives.

Furthermore, research on automatic assembly of integsatetgms is required.
Automatic production and assembly of rigid Printed Cir&otards is common nowa-
days, but less common for the production and assembly obfeexirinted circuits
boards. The fabrication process of integrating the eleatsoonto the textile antenna,
needs to be further evaluated to achieve an automatic &lanicprocess.






APPENDIXA

Schematics wireless sensor

The schematic of the electronic circuit which is integratetb the feed plane of the
dual-polarized antenna, described in Chagtkrs 3nd 4 vgrsimoFig.[A].

The heart of the system is the ADF7242 transceiver from Ap&evices to-
gether with the Silicon Laboratories C8051F921 microculidr. The transceiver
supports the IEEE 802.15.4-20061 GHz PHY requirements, as well as proprietary
GFSK/FSK/GMSK/MSK modulation schemes, selected accgrtbrthe desired ap-
plication. The transceiver features a dual-port RF interfeenabling diversity re-
ception. Two Johansson Technology 2450BM14E0007 balnsised to conjugate
match RF output ports of the ADF7242 transceiver to4b@ MHz wide bandpass-
filter (Murata LFL182G50TC1B905), to protect the input fraat-of-band signals.
Embedded software for the microcontroller is developechen @ programming lan-
guage and uploaded into the controller’'s nonvolatile codenory by the In-System
Programming interface via a USB cable. Th&B on-board flash memory can be
used as a buffer or as a data storage for processing and iandliys transceiver, mi-
crocontroller and memory are connected through a Seri@plRaal Interface (SPI)
bus. For the rescue-worker application3sxis accelerometer is integrated, the
ADXL337 from Analog Devices. This accelerometer is dirgactbnnected to the mi-
crocontroller’s analog-to-digital converter (ADC).

Fig.[A.2 shows the composite drawing of the top- and bott@yeit of PCB layout
of the wireless node circuit. The circuit is implemented i am copper layer on a
copper-on-polyimide film, UPISER)-N by UBE, of25 um thickness.
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Figure A.2: PCB layout of the Wireless node






APPENDIXB

Exposimeter

The schematic of the exposimeter which is used in the PerBastaibuted Exposime-
ter (PDE), described in Chapfér 5 is shown in Eigl]B.1.

The RF signal captured by the antenna is filtered by a Surfamgtic Wave
(SAW) Bandpass filter (BPF), for the desired frequency bam RF signal, after the
BPF is measured by a Logarithmic RF Detector (ADL5513, Agalevices), provid-
ing an output voltage which is proportional to the input R¥elén dBm over a large
dynamic range.

The output voltage of the detector is measured by means@b# wide Analog-
to-Digital Converter (ADC) and transported to the C8051F&#crocontroller (C),
by Silicon Laboratories, through the Serial Peripherattiatce (SPI) data bus. Small
temperature-dependent variations of the output level®lLibgarithmic RF Detector
are corrected by an automatic frequency-dependent tetnpe@mpensation, imple-
mented by means of a Digital-to-analog-converter (DAC)namted to the on-board
microcontroller and its built-in temperature sensor. Theedded software on the
micro controller is programmed in C and uploaded to its mgntbrough the In-
Circuit-Programming interface. TheMB on-board flash memory can be used as a
buffer or as a data storage for processing and analysis.

Fig.[A-2 shows the composite drawing of the top- and bott@yet of PCB layout
of the wireless node circuit.
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Figure B.2: PCB layout of the Exposimeter module
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