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Samenvatting

Intelligent textiel biedt een veelbelovende manier om op comfortabele wijze ge-
avanceerde functies te integreren in ons dagelijkse leven. Een intelligent textiel-
systeem verwezenlijkt deze functionaliteiten, zoals waarnemingen via sensoren,
lokalisatie en communicatie, zonder hinderlijk te worden, door de verschillende
sensoren, elektronica en antennes rechtstreeks in het textiel zelf te implementeren,
en op die manier de anders ongebruikte oppervlakte optimaal te benutten. Niet
alleen kan intelligent textiel de levenskwaliteit van gebruikers verhogen in hun
dagdagelijkse bezigheden, het kan ook de veiligheid en efficiëntie van reddings-
werkers op het veld significant verhogen. Functies zoals het opvolgen van vitale
signalen, het scannen van de omgevingstoestand, betrouwbare communicatie en
precieze lokalisatie kunnen worden toegevoegd aan professionele reddingswer-
kerskledij, zonder de reddingswerker te overbelasten met bijkomende uitrusting
die moet meegedragen worden. Niet alleen kunnen nieuwe toepassingen worden
toegevoegd aan professionele reddingswerkerskledij, ook kan bestaande appara-
tuur worden geïntegreerd in het intelligente textielsysteem, met als uiteindelijke
doel het creëren van een kledingstuk dat in staat is de reddingswerker te voorzien
van een reeks levensreddende functionaliteiten. Ondertussen verhoogt dit ook het
comfort en de bewegingsvrijheid omdat toestellen die nu overbodig zijn, niet lan-
ger hoeven te worden meegedragen.

Dit werk concentreert zich op de draagbare textielantennes die deel uitmaken van
zo’n intelligent textielsysteem. Deze draagbare antennes staan voor een uitda-
gende set van vereisten. Eerst en vooral vereist hun draagbaarheid dat ze com-
fortabel, niet hinderlijk en flexibel zijn. Vanuit een materiaalstandpunt creëert
dit de nood aan geschikte flexibele schuim- en textielsubstraten en flexibele (tex-
tiel)geleiders, die de draagbare antenne toelaten flexibel en ademend te zijn, en
ondertussen hoge prestaties garanderen. Vanuit het gezichtspunt van de anten-
netopologie, kan deze eis vervuld worden door gebruik te maken van planaire
antennetopologieën. Deze hebben een laag profiel en een licht gewicht, en hun
gelaagde structuur laat een eenvoudige fabricage toe aan de hand van textielma-
terialen. De flexibiliteit van de antennes, noodzakelijk voor een comfortabele in-
tegratie, zorgt ervoor dat de antennes kunnen worden blootgesteld aan invloeden
van buiging, wat in de ontwerpfase in rekening moet worden gebracht. Daaren-
boven vereist hun nabijheid tot het menselijk lichaam specifieke zorg, teneinde de
antenneperformantie hierdoor niet aan te tasten. Wanneer meer specifiek het veld
van reddingswerkers als doelgroep wordt beoogd, is robuustheid een essentiële
vereiste, niet enkel voor de draagbare antennes, maar voor het gehele intelligente
textielsysteem. Grote mogelijkheden bieden zich aan tijdens het antenneontwerp
om de robuustheid van de antenne en het intelligente textielsysteem te vergroten.
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Een geschikte keuze van antennetopologie, een doorgedreven materiaalselectie en
een verreikende integratie van functionaliteiten in één enkele antennemodule la-
ten draagbare textielantennes toe om uitmuntend te presteren in deze veeleisende
omgeving, en te voldoen aan de zware ontwerpvereisten. In dit werk worden ont-
werpstrategieën voor hoogperformante draagbare textielantennes, en specifieker,
antennes voor globale satellietnavigatiesystemen, voorgesteld. Deze strategieën
nemen de uitdagingen in rekening die worden gesteld in de context van draag-
bare textielantennes voor reddingswerkersystemen, en worden gevalideerd aan
de hand van innovatieve draagbare textielantenneontwerpen.

Het eerste hoofdstuk reikt de lezer een overzicht aan van de concepten die verder
in dit werk worden gebruikt. Daarna wordt in het tweede hoofdstuk een methode
gepresenteerd waarop bijkomende functionaliteiten op een compacte manier kun-
nen worden geïntegreerd in een wearable antenne, door actieve elektronica toe te
voegen op de achterzijde van de antenne. In dit hoofdstuk wordt het ontwerp van
een actieve wearable dual-band GPS/Iridium antenne besproken, bedoeld voor in-
tegratie in brandweerpakken. Een on-chip lageruisversterker wordt geïntegreerd
in een circulair gepolariseerde apertuurgekoppelde microstrip patch antenne. Pro-
totypes worden gefabriceerd met behulp van textiel en flexibele materialen, en hun
prestaties worden geëvalueerd door middel van uitgebreide metingen, inclusief
metingen van de antenne in gebogen toestand en gedragen op het lichaam. Deze
metingen tonen uitmuntende prestaties aan, in zowel off- als on-body omgevingen,
zelfs in vergelijking met traditionele, rigide antennes, wat aantoont dat de voorge-
stelde antennetopologie en integratiemethode voor elektronica optimaal geschikte
kandidaten zijn voor het ontwerp van hoogperformante textielantennes gericht op
satellietnavigatie. Hoofdstuk 3 behandelt de kwestie van autonomie van textie-
lantennes, en presenteert een nieuw, toepassingsspecifiek ontwerpparadigma voor
autonome actieve textielantennes die kunnen dienen als platforms voor lichaams-
gecentreerde sensing, lokalisatie en draadloze communicatie in professionele red-
dingswerkerstoepassingen. Langs de ene kant kan de grote hoeveelheid ruimte
beschikbaar in professionele reddingswerkerskledij benut worden om meerdere
antennes in te zetten. Langs de andere kant kunnen stralende elementen groot
genoeg worden ontworpen, teneinde een hoge stralingsefficiëntie te garanderen
wanneer de antenne op het lichaam wordt gebruikt. Deze antenneoppervlakte
wordt dan hergebruikt door actieve elektronica rechtstreeks onder en energy har-
vesters rechtstreeks bovenop het antennevlak te plaatsen. Dit ontwerpparadigma
wordt geïllustreerd aan de hand van recente prototypes van textielantennes geïnte-
greerd in professionele kledij om te voorzien in sensing-, lokalisatie- en communi-
catiemogelijkheden. In het bijzonder wordt een nieuwe Galileo E1-band antenne
gepresenteerd en volledig gekarakteriseerd, inclusief de ruis- en lineariteitspres-
taties. In het vierde hoofdstuk wordt de optimalisatie behandeld van de steeds
complexere textielantenneontwerpen die worden vervaardigd met onconventio-
nele materialen. Een toepassingsspecifieke ontwerpstrategie wordt voorgesteld
die het mogelijk maakt antennes te produceren die geoptimaliseerd zijn over een
grote bandbreedte voor vaak tegenstrijdige eigenschappen, zoals impedantieaan-
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passing, axiale ratio, efficiëntie en antennewinst. Deze nieuwe aanpak is boven-
dien in staat om de toleranties in rekening te brengen die van toepassing zijn op de
eigenschappen van de onconventionele materialen die worden gebruikt in intelli-
gente textielsystemen. Deze strategie incorporeert een multi-objectieve begrensde
Pareto-optimalisatie, en wordt toegepast op het ontwerp van een Galileo E6-band
antenne met optimale impedantieaanpassing en circulaire polarisatie. Vervolgens
worden verschillende prototypes van de geoptimaliseerde antenne gefabriceerd
en opgemeten om de voorgestelde ontwerpstrategie te valideren. Hoofdstuk 5
bouwt verder op de in hoofdstuk 4 uiteengezette strategie, en presenteert een ver-
beterde versie die steunt op surrogaatmodellering om een hogere computationele
efficiëntie te verkrijgen. Dit is van bijzonder belang wanneer geavanceerdere an-
tennetopologieën worden ontwikkeld, die meer functionaliteiten kunnen integre-
ren in één enkele antenne, maar vaak langere simulatietijden vereisen in verge-
lijking met eenvoudigere ontwerpen. Daarom wordt een strategie gepresenteerd
die een multi-objectief constrained Pareto-optimalisatie uitvoert door middel van
surrogaatmodellen, om de computationele kost te verkleinen die deze complexere
antenneontwerpen met zich meebrengen. Deze strategie wordt toegepast op het
ontwerp van een wearable stacked patch antenne, bedoeld voor GNSS-ontvangst
in het onderste en bovenste deel van de L-band. In het zesde hoofdstuk wordt een
nieuwe fabricagemethode voor actieve textielantennes voorgesteld. In een po-
ging om de flexibiliteit van actieve wearable apertuurgekoppelde patchantennes
gebruikt in smart textile systemen te verhogen, wordt een lasergebaseerde vorm-
gevingstechniek gebruikt. Deze techniek omvat het verwijderen van het grootste
deel van het voedingssubstraat van de antenne, tot zeer dicht bij de microstrip
interconnecties en de aperturen in het grondvlak van de antenne. Langs de ene
kant verandert dit de effectieve diëlektrische constante van het substraat, wat een
invloed heeft op de prestaties van de impedantiegecontrolleerde RF-circuits, en op
de apertuurkoppeling tussen de voedingslijnen en de stralende structuur. Langs
de andere kant heeft het verwijderen van verlieshebbend textielsubstraat rondom
de RF interconnecties het potentieel om de verliezen in het voedingssubstraat te
verminderen. Door de invloed van dit veranderde voedingssubstraat in rekening
te brengen, kunnen ontwerprichtlijnen worden opgesteld om hoogperformante,
lichte en flexibele actieve draagbare antennes te ontwerpen.





Summary

Smart textiles provide a promising way to conveniently integrate advanced func-
tions into our daily lives. A smart textile system realizes these functionalities, such
as sensing, localization and communication, in an unobtrusive way, by implement-
ing the different sensors, electronics and antennas into the textile itself, optimally
exploiting the otherwise unused area. Not only can smart textiles increase the
quality-of-life of users in their day-to-day activities, they can also significantly en-
hance the safety and efficiency for rescue workers on the field. Functions such as
vital signs monitoring, scanning of environmental conditions, reliable communica-
tion and precise localization can be added to professional rescue worker garments,
without overburdening the rescue worker with additional pieces of equipment that
have to be carried around. Not only can new features be added to rescue worker
systems, existing devices can also be integrated into the smart textile system, with
the ultimate goal of creating a garment that is able to provide the rescue worker
with an plethora of life-saving functionalities, while offering increased comfort and
range of motion because the now redundant devices no longer have to be carried
around.

This work focuses on the wearable textile antennas that are part of such a smart
textile system. These wearable antennas face a challenging set of design require-
ments. First, and foremost, their wearability requires them to be comfortable,
unobtrusive and flexible. From a material perspective, this specifies a need for
suitable flexible foam/textile substrate materials and flexible (textile) conductors
that allow the wearable antenna to be flexible and breathable, while maintain-
ing high performance. From an antenna topology viewpoint, this requirement can
be fulfilled by relying on planar antenna topologies. These are low-profile and
lightweight, and their layered structure enables an easy fabrication with textile
materials. The flexibility of the antennas, necessary for a comfortable integration,
also makes them vulnerable to bending influences, which has to be taken into ac-
count in the design stage. Moreover, their vicinity to the body requires particular
care to ensure that antenna performance is not affected. In particular, when tar-
geting the field of rescue-workers, robustness is another key requirement of not
only the wearable antennas, but of the complete smart textile system. Great op-
portunities present themselves in the antenna design to improve the robustness of
the antenna and the smart textile system. A suitable choice of antenna topology, a
thorough material selection and a far-stretching integration of functionalities into
a single antenna module allow wearable textile antennas to perform excellently in
this demanding environment, coping with the heavy design requirements. In this
work, design strategies for high performance wearable textile antennas, and more
specifically, antennas for localization using global navigation satellite systems, are
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presented. These strategies tackle the challenges faced in the context of wearable
textile antennas for rescue worker systems, and are validated by means of novel
wearable antenna designs.

The first chapter presents the reader with an overview of the concepts used in the
rest of the work. Next, in the second chapter of this work, a method to integrate
additional functionalities into a wearable antenna in a compact way, by deploy-
ing active electronics on the antenna’s backside, is presented. In this chapter, the
design of an active wearable dual-band GPS/Iridium antenna, intended for inte-
gration into a firefighter garment, is discussed. A chip low-noise amplifier (LNA) is
integrated onto a circularly polarized aperture-coupled microstrip patch antenna.
Prototypes of this antenna are fabricated using textile/flexible materials, and their
performance is evaluated by means of elaborate measurements, including mea-
surements of the antenna in bent and on-body conditions. These measurements
show excellent off- and on-body performance, even compared to traditional, rigid
antennas, demonstrating that the presented antenna topology and electronics in-
tegration technique are excellent candidates for the design of high performance
GNSS textile antennas. Chapter 3 addresses the issue of autonomy of textile anten-
nas, presenting a novel dedicated design paradigm for autonomous active textile
antenna systems that may serve as platforms for body-centric sensing, localization
and wireless communication systems in professional rescue worker applications.
On the one hand, the large amount of real estate available in professional res-
cue worker garments may be exploited to deploy multiple textile antennas. On
the other hand, the size of each radiator may be designed large enough to en-
sure high radiation efficiency when deployed on the body. This antenna surface
is then reused by placing active electronics directly underneath and energy har-
vesters directly on top of the antenna patch. This design paradigm is illustrated by
means of recent textile antenna prototypes integrated into professional garments,
providing sensing, positioning and communication capabilities. In particular, a
novel wearable active Galileo E1-band antenna is presented and fully character-
ized, including noise figure and linearity performance. In the fourth chapter, the
optimization of increasingly complex textile antenna designs, fabricated using un-
conventional materials, is addressed. A dedicated design strategy is presented
that is able to produce antennas that are optimized over a wide bandwidth for of-
ten conflicting characteristics such as impedance matching, axial ratio, efficiency
and gain, and, moreover, that is able to account for the tolerances that apply for
the characteristics of the unconventional materials used in smart textile systems.
This strategy incorporates a multi-objective constrained Pareto-optimization, and
is applied to the design of a Galileo E6-band antenna with optimal return loss
and axial ratio characteristics. Subsequently, different prototypes of the optimized
antenna are fabricated and measured to validate the proposed design strategy.
Chapter 5 builds further on the strategy presented in chapter 4, and proposes an
improved version that relies on surrogate modeling to achieve a greater compu-
tational efficiency. This is of particular importance when using more advanced
antenna topologies, which can be used to incorporate more functionalities into a
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single wearable antenna, but often require longer simulation times compared to
simpler designs. Therefore, a strategy is presented that performs a multi-objective
constrained Pareto-optimization by means of surrogate models for reducing the
computational cost caused by more complex antenna designs. This strategy is
applied to the design of a wearable stacked patch antenna, intended for GNSS re-
ception in the lower and upper L-bands. In the sixth chapter, a novel fabrication
method for active wearable antennas is presented. In an effort to improve the flex-
ibility of active wearable aperture coupled patch antennas applied in smart textile
systems, a laser shaping technique for the antenna feed substrate is used. The
technique consists of the removal of most of the antenna feed substrate, up to very
close distances to the microstrip interconnects and in close vicinity of the coupling
slots in the antenna ground plane. One the one hand, this changes the effective
dielectric constant of the substrate, influencing the performance of the impedance-
controlled RF circuitry, and the aperture coupling between the feed lines and the
radiating structure. On the other hand, the removal of lossy, textile substrate ma-
terial surrounding the RF interconnections has the potential to reduce losses in
the feed circuit. By taking into account the effects of this altered substrate, design
guidelines can be defined to produce high performance, light-weight and flexible
wearable antenna designs.
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1
Introduction

In this chapter, some general concepts are outlined to form a frame of reference for
the work presented in this dissertation. Afterwards, an overview of the different
chapters is given.

First, the general concept of smart textiles and their use in the field of rescue work-
ers is described. Subsequently, additional attention is given to the topic of wear-
able textile microstrip patch antennas. An overview of these antennas is given,
briefly covering the basic theory, design methods and performance characteristics.
Following the presentation of the wearable antennas, some light is shed onto the
main application area of the antennas discussed in this work, being satellite-based
navigation.

1.1 Smart textiles

In today’s reality, we are faced with an unmistakable ubiquitousness of smart de-
vices. Aside from the more obvious examples, such as smartphones, television sets
or cars, at this moment, even coffee makers and ovens have built-in computers and
are able to communicate wirelessly, adding advanced functionalities and interac-
tivity to everyday appliances, and, in this way, creating a smart environment. Such
a smart environment not only offers opportunities in everyday situations, but also
presents a great potential in military and public services. More and more function-
alities can be implemented to enhance the safety of people putting their lives on
the line to save others, not only reducing their own personal risk, but also directly
being beneficial to the people in distress. A promising path to facilitate these en-
hanced capabilities, is offered by smart textiles [1]–[3]. The idea of smart textiles is
to extend traditional garment functionalities to include advanced features. In the
field of rescue workers, these features entail, for example, vital signs monitoring,
environment scanning and precise localization. They have the potential to vastly
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increase safety and efficiency in disaster situations. Notwithstanding the increas-
ing miniaturization of electronic devices, adding these functionalities by means of
traditional, often bulky equipment would diminish the comfort of the wearer, and
potentially limit the range of motion. Smart textiles, however, offer a way to inte-
grate these functionalities in the wearer’s garments, exploiting as much as possible
the space provided, without jeopardizing the safety and comfort of the wearer.

When breaking it down into parts, a smart textile system consists of some form
of power supply, a selection of sensors and actuators, data processing units, inter-
connections, and, forming the focus of this work, one or more wearable antennas.
In terms of power supply, smart textiles greatly benefit from lightweight, flexible
technologies, not only depending on power stored in, for example, flexible batter-
ies [4], [5], but also relying on power generation by means of harvesting, for ex-
ample, solar power, kinetic energy, thermal energy and RF energy [6]–[16]. Smart
textile sensors are able to provide a variety of data, and can be used for monitor-
ing vital signs of the wearer or monitoring environmental conditions [17]–[20].
Wearable actuators are mostly used for, but not limited to, giving feedback to the
user, by means of, for example, flexible/textile displays integrated into the garment
[21], [22]. Other wearable actuator examples include protective systems, such as
a wearable air-bag [23]. Data processing converts sensor data into usable informa-
tion for steering actuators, or for transmission to a base station. It is often a part
of the wearable sensors/actuators/antennas, instead of a separate unit. Intercon-
nections in smart textiles are realized by means of conductive yarns, stretchable
RF interconnects or wireless on-body links [24]–[27]. Finally, the wearable an-
tennas form a vital element of the wearable system, providing communication to
base stations, other users, satellites and other parts of the smart textile system.
So-called off-body communication focuses on communicating away from the body,
be it to a base station, another user or a satellite. Examples include short and
long-range data links and satellite-based navigation [28]–[35]. On-body commu-
nication entails the communication between the different components of the smart
textile system [26]. Finally, In-body communication deals with the communica-
tion between devices on or near the body, and body-implanted devices [36]–[38].
Wearable antennas have been extensively studied in the recent years, and pro-
vide an interesting and challenging research area. Wearable systems have already
been studied and realized for different applications, such as medicine and health
care, fire-fighting, military, sports and rescue worker applications [10], [39]–[42].
The context of rescue worker systems has been the key application area of this
work, and more specifically, the integration of satellite based navigation capabili-
ties. The field of rescue workers provides several opportunities for advantageous
smart textile implementations, but of course poses specific challenges in terms of
robustness. Moreover, the strict requirements of GNSS technology further increase
the challenges faced by the designer.
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1.2 Wearable textile antennas for rescue

worker systems

Wearable antennas in the field of rescue workers systems are of high interest to
the research community, and a lot of effort has been devoted to finding new and
improved design methods, optimization strategies and antenna implementations.
The first antenna designs, presented in this dissertation, build further onto the
work that was carried out in the European FP6 ProeTex integrated project, in which
Ghent University was a scientific partner. The aim of this project was to develop
a wearable smart textile system for rescue workers, such as fire fighters or civil
protection personnel, that allowed monitoring and coordination of interventions
in disaster scenarios. Other research efforts presented in this dissertation were
carried out within the context of the EC-FP7 Galileo.2011.3.1- 2: Collaborative
Project, Grant agreement no.: 287166. The goal of this project was to create
Galileo satellite navigation antennas and front-end solutions, focusing on ultra-
small and wearable implementations. As a partner, UGent/IMEC contributed to
the research, design, fabrication and validation of several active wearable antenna
designs.

Wearable antennas for smart textile rescue worker systems have to meet a set of
specific requirements. As it is the aim of smart textiles to provide advanced func-
tionalities without deteriorating the form and function of the garment, the wear-
able antennas should be flexible and low-profile. Flexibility will guarantee that
the range of motion of the wearer is not limited, which is of special importance in
rescue worker applications. Moreover, flexibility will allow the antenna to move
with the garment, instead of breaking under stress, increasing robustness. A low-
profile antenna is necessary in order to seamlessly integrate the antenna into the
garment. Again, this prevents the smart textile system from hindering the user.
Additionally, low-profile, and in general, smaller, more compact devices, increase
system robustness by reducing the footprint that is exposed to harsh conditions.
This robustness is a requirement that is emphasised in rescue-worker applications.
Not only does the antenna conformability add to the robustness, but also the spe-
cific topology on which the antenna design is based, as discussed further in 1.2.1.
Depending on the usage scenario, additional application-specific requirements are
imposed. For example, a smart textile system for patient monitoring will require a
wearable antenna that is not only flexible and low-profile, but also breathable, in
order to retain the full functionality of the patient’s garments. On the other side, a
wearable antenna implemented in the bladder of an inflating safety vest, does not
specifically require breathability, or should even be guaranteed to be impenetrable
by moisture.

1.2.1 Microstrip patch antennas

The microstrip patch antenna is a popular type of antenna for a wide variety of
applications. Originally conceptualized in 1953 [43], development accelerated in
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Figure 1.1: Microstrip patch antenna geometry (a) and radiation mechanism (b).

the 1970s and continued throughout the recent decades to make the microstrip
patch antenna the popular antenna it is today. Microstrip patch antennas offer
numerous advantages, such as a light weight, a low profile, the possibility to be
integrated conformally onto curved surfaces, a low fabrication cost and an easy
fabrication. Another benefit is the presence of a ground plane, which in case of
wearable antennas shields the antenna from the body of the wearer. Drawbacks
of this antenna topology are the rather low bandwidth and moderate gain and
efficiency, although techniques exist to minimize the effects of these limitations
[44].

As depicted in Fig. 1.1(a), a microstrip patch antenna consists of a conductive
microstrip patch, often in a regular shape, such as a rectangle or circle, to simplify
analysis, design and fabrication. The conductive patch, in this case a rectangle
with dimensions L ×W , is located on an dielectric antenna substrate with height
h, permittivity εr and loss tangent tan δ. In turn, this antenna substrate sits on a
conductive ground plane. The length of the patch L corresponds roughly to half the
wavelength of the lowest order resonant mode of the cavity formed by the patch
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(a) (b) (c)

Figure 1.2: Schematic representation of inset feeding (a), probe feeding (b) and aperture-
coupled feeding (c).

and the ground plane. This resonant mode exhibits a sinusoidally varying electric
field along the length of the patch, as depicted in Fig. 1.1(b). This electric field is
radiated through the apertures that are formed by the spacing between the patch
and the ground plane. The two apertures along the width of the patch provide the
main contribution to the radiation of the microstrip patch antenna, by means of
the fringing fields depicted in Fig. 1.1(b).

Different feeding techniques exist for microstrip patch antennas. In Fig. 1.2, inset
feeding, probe feeding, and aperture-coupled feeding are depicted. In this work,
aperture-coupled feeding is the preferred topology for designing wearable anten-
nas. This technique offers several benefits. First, in the aperture coupled topology,
the feed structure is shielded from the radiating patch by a ground plane. As men-
tioned before, this ground plane shields the antenna from influences of the human
body, such as antenna radiation pattern distortion, resonance frequency shifts and
bandwidth changes [45], [46]. Moreover, by shielding the feed structure of the
antenna, it becomes possible to integrate (active) electronics onto the antenna
backside without these being affected by the antenna’s radiated fields. In this way,
amplifiers, power management circuits and transceivers can be integrated directly
behind the groundplane, on the antenna feed circuit, producing active antennas. By
implementing active electronic circuits on the antenna backside, interconnections
to electronics in other parts of the smart textile system are eliminated, reducing
potential weak links. Besides increasing the overall robustness of the smart tex-
tile system, by integrating electronics into the wearable antennas, the complete
smart textile system is miniaturized. This allows an easier integration and can in-
crease the comfort of the resulting smart garment. Unlike the probe feed, which
also shields the feed circuit from the antenna patch, the aperture-coupled topol-
ogy eliminates vias through the, often thick, antenna substrate. These vias form
weak links in the wearable antenna design, and are prone to breaking when the
antenna is exposed to stresses. Another benefit is that the aperture-coupled feed-
ing technique allows higher bandwidths to be reached, compared to other feeding
techniques [47].
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(a) (b) (c)

(d) (e) (f)

Figure 1.3: Examples of wearable antenna materials: polyimide (a); copper-plated nylon
taffeta (b); silver-plated stretch fabric (c); closed-cell expanded rubber foam (d); 3D fabric
(e); aramid (f).

1.2.2 Wearable microstrip patch antenna materials

In the design of wearable antennas, an important step consists of the material
selection. To ensure a flexible antenna that can be comfortably integrated into a
garment, flexible textile materials have to be selected.

Wearable antenna conductors can be realized by using conductive textiles, such
as copper-plated nylon taffeta and silver plated stretchable fabric, by using lami-
nations of metal films onto a polymer carrier, such as copper-on-polyimide, or by
using conductive patterns defined by screen printing conductive ink or embroi-
dering conductive yarns. In this work, conductive textiles and metal-on-polymer
laminations were preferred. Conductive textiles, on the one hand, are easily ac-
quired, and allow quick prototyping of antennas with regular conductive struc-
tures. For these simple conductive structures, such as rectangular antenna patches
or ground planes with regular aperture shapes, the (stretchable) fabrics offer the
most flexible option. Metal-on-polymer laminations, on the other hand, allow
highly accurate fabrication by means of photolithographical processes, and resist
high temperatures, which allows components to be soldered onto the fabricated
conductive structures. This makes metal-on-polymer laminations, such as copper-
on-polyimide, the preferred technology for more complex structures, such as feed
networks with integrated (active) components.

For the substrates, we make a distinction between the feed substrate and the an-
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tenna substrate. On the one hand, to limit back-radiation from the feed circuit,
a thin feed substrate with a high permittivity is preferred. On the opposite hand,
for the antenna substrate, a thicker substrate with a low permittivity improves an-
tenna efficiency [48]. In a low-permittivity substrate, the fringing fields, depicted
in Fig. 1.1(b), are less confined to the substrate, improving antenna radiation. In-
creasing the substrate’s height, the radiating apertures formed between the patch
and the groundplane, as discussed earlier, become larger, and thus, antenna radi-
ation is improved. For both the feed and antenna substrate, low loss materials are
preferred, in order to minimize the dielectric losses. In Fig. 1.3, some examples
of flexible/textile materials used in the design of wearable antennas are depicted.
These will be further discussed throughout the dissertation.

1.2.3 Antenna analysis techniques

Different analysis techniques exist to determine the microstrip patch antenna’s
characteristics. The transmission line and cavity models [44], for example, of-
fer simplified, but insightful methods for microstrip patch analysis. Nowadays, for
antenna design and optimization, more rigorous techniques, known as full-wave
analysis, are used. Computer-aided design (CAD) tools yield a numerical solution
of Maxwell’s equations, and provide highly accurate and complete analyses of mi-
crostrip patch antennas and other microwave devices. A widely used technique
is solving the boundary integral equation by means of the method-of-moments
(MoM), which was also the main method used in the antenna design processes in
this work. The MoM allows to solve the mixed potential integral equation (MPIE)
derived from the Maxwell equations for planar structures in a multi-layered dielec-
tric background medium. The unknown magnetic and electric surface currents are
discretized by meshing the metalization and slot layers, and applying an expan-
sion in a finite number of subsectional basis functions. Inserting these current
expansions in the integral equations and applying the Galerkin testing technique,
the equations are transformed into a discrete matrix equation. Solving this ma-
trix equation then yields the unknown surface currents. This method is applied in
Agilent’s Advanced Design System (ADS) Momentum solver. Other popular meth-
ods include the finite difference time domain (FDTD), the finite element method
(FEM) and the finite integration technique (FIT) [49].

1.2.4 Antenna parameters

Next, a brief overview is given of the fundamental antenna parameters. These
are used throughout this work to describe the characteristics and the performance
of the presented antenna designs. For more in-depth information, the reader is
referred to antenna textbooks, such as [44], [48].

Input impedance

A transmitting antenna can be represented by the equivalent circuit depicted in
Fig. 1.4(a), where the antenna is connected to a generator (not shown) via a
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Figure 1.4: Circuit representation of an antenna in transmit mode (a) and S-parameter
representation of an antenna (b).

transmission line with characteristic impedance Z0. Looking at the antenna from
its terminals, the input impedance can be determined as:

Zin =
V
I
= Za + Rcd .

Here, Za represents the antenna’s radiation impedance, and

Za = Ra + jXa,

where the radiation resistance Ra relates to the power radiated in the far-field, and
the radiation reactance Xa relates to the antenna energy in the near-field. Rcd rep-
resents the antenna losses, including the effects of conductive and dielectric losses.
The antenna is connected to a transmission line with characteristic impedance Z0.
This characteristic impedance is usually 50 Ω in microwave circuits. From the an-
tenna’s input impedance and the characteristic impedance of the transmission line,
the reflection coefficient Γ can be calculated as

Γ =
Zin − Z0

Zin + Z0
,

which relates to the mismatch factor M as

M = 1− |Γ |2.

When Γ = 0, or equivalently, M = 1, there is no mismatch between the trans-
mission line and the antenna, and a maximum amount of power is transferred to
the antenna terminals. In Fig. 1.4(b), the antenna is represented by a one-port
scattering parameter S11, normalized with respect to the characteristic impedance
Z0 of the transmission line connected to the antenna terminals. In high frequency
analysis, scattering parameters are widely used, and the reflection coefficient Γ
corresponds to S11. S11 is equal to the ratio of the incoming wave a1 to the reflected
wave b1, where the squared amplitudes of a1 and b1 correspond to incoming and

reflected power waves. Hence, |S11|2 = |b1|2
|a1|2 is a measure for the reflected power.
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This measure is usually evaluated on a logarithmic scale as 20 log10|S11|, and in
the rest of this work, as in most of literature, the notation |S11| is used to represent
20 log10|S11|. A value of |S11| < −10 dB, for example, means that less than 10 %
of the injected power is reflected back to the generator, and, hence 90 % of the
power is injected into the antenna.

The |S11| is a frequency-dependent value, and the range in which |S11| < −10 dB
is denominated as the antenna bandwidth, a widely used performance parameter
in antenna design.

Power gain

The power gain, or gain, of an antenna provides a measure of how much power
is radiated in a certain direction, compared to a perfect isotropic radiator. The
radiation intensity U(θ ,φ) represents the power an antenna radiates along a given
direction in a unit solid angle, and can be expressed as:

U(θ ,φ) =
|F(θ ,φ)|2

2Zc
,

where Zc =
q

µ
ε is the characteristic impedance of the medium in which the an-

tenna is transmitting, and F(θ ,φ) is the radiation vector, used to express the far-
field of the transmitting antenna (at a distance R> 2d2

λ , d being the largest dimen-
sion of the antenna) by:

e(r )= F(θ ,φ)
e− jkR

R
,

with k =ωpεµ. For an ideal isotropic antenna, to which a power Pt is delivered,
we obtain:

Uiso =
Pt

4π
,

since the power at the antenna terminals is radiated isotropically over the unit
sphere. Taking the ratio of an antenna’s radiation intensity to the radiation inten-
sity of the ideal isotropic antenna, results in the antenna gain:

G(θ ,φ) =
U(θ ,φ)

Uiso
= 4π

U(θ ,φ)
Pt

.

As seen in the discussion on the input impedance, an antenna does not radiate all
of the power that is delivered to the terminals. Due to the conductor and dielectric
losses, the radiated power will be

Prad = ecd Pt ,

where ecd represents the conduction-dielectric efficiency. The directivity of an an-
tenna does not take into account conduction-dielectric losses, and is equal to

D(θ ,φ) = 4π
U(θ ,φ)

Prad
,
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Figure 1.5: Polarization ellipse.

so it is easily seen that the relation between antenna gain and directivity is

G(θ ,φ) = ecd D(θ ,φ).

In literature, the gain is often presented as a two- or three-dimensional plot, the
so-called gain pattern.

Polarization

The antenna polarization, or rather, the polarization of the wave radiated by the
antenna, indicates how the electric field vector’s orientation and size change when
the wave propagates in a certain direction. When looking in the far-field, the
electric and magnetic fields of the antenna can be seen locally as plane waves,
propagating along the radial direction r̂, meaning that the field vectors rotate in
the plane perpendicular to r̂. The figure described by the field vector is, in general,
an ellipse, as depicted in Fig. 1.5. This ellipse can be described by it’s eccentricity
τ = OA

OB
, being the ratio between the minor and major axis, and its tilt angle α,

which is the angle formed between the ellipse’s major axis and the x axis of the
local reference system. The value of τ is limited by 0 ≤ |τ| ≤ 1. When τ =
0, the antenna is linearly polarized, and when |τ| = 1 the antenna is circularly
polarized. For the remaining values of τ, the antenna is said to be elliptically
polarized. The sign of τ indicates the polarization sense: if τ > 0, the wave is
right-handed polarized (RHP), if τ < 0, it is left-handed polarized (LHP).

If the polarization ellipses of a transmitting and a receiving antenna coincide, and
the polarization has an opposite sense (direction of rotation), seen from the receiv-
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Figure 1.6: Two-port circuit with incident and reflected power waves.

ing antenna’s point of view, then a wave traveling directly from the one antenna to
the other will be perfectly received. In this case, no polarization mismatch occurs.
The other extreme, a complete polarization mismatch, occurs when the transmit
and receive antennas are cross-polarized. An example is a the case of two orthogo-
nally linearly polarized antennas, or the case of a left -handed circularly polarized
(LHCP) and a right-handed circularly polarized (RHCP) antenna.

The polarization of an antenna is, in practice, quantified by the axial ratio (AR),
giving essentially the same information as the absolute value of the eccentricity
|τ|. In this work, the axial ratio for circular polarization is often used. It is defined
as

AR= 20 log10(
1
|τ| ).

The AR is valued between 0 and +∞, where a value of 0 corresponds to a perfect
circular polarization, and a value of +∞ corresponds to a perfect linear polariza-
tion. In the design of circularly polarized antennas, sufficient circular polarization
purity is ensured in the bands of interest by requiring the AR to remain under the
limit of 3 dB. The axial ratio is a direction dependent value, and, like the gain
pattern, can be displayed as a function of θ and φ, to form the axial ratio pattern.

1.2.5 Two-port S-parameters

Since later in this work LNA design and measurements, as well as antenna arrays
are discussed, here, we expand the explanation on one-port parameters from sub-
section 1.2.4 to two-port S-parameters [50]. In Fig. 1.6, analogous to the one-port
case, a two-port network is depicted. Considering the incident waves a1, a2 as an
excitation, and the reflected waves b1, b2 as a response, the circuit can be described
as follows:

�

b1
b2

�

=
�

S11 S12
S21 S22

��

a1
a2

�

.

Again, like in the one-port case, the notation |Si j | is used to represent 20 log10|Si j |.
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Figure 1.7: GNSS spectrum.

1.3 Global navigation satellite systems

Not only was space-based positioning one of the first methods for navigation, at this
moment it is also one of the most advanced and widely used ones. In older days,
travelers used the sun and the stars to guide the way, whereas today’s space-based
navigation uses satellites to provide highly accurate positioning. Starting with
the conception of the Global Positioning System (GPS) in the 1970s, nowadays,
different satellite-based navigation systems have reached maturity or are being
developed. In Fig. 1.7, the spectrum of the different Global Navigation Satellite
Systems (GNSS) is depicted, showing the frequency bands allocated to the different
services. These frequency bands are located within the so-called L-band, stretching
from 1 to 2 GHz. In general, within the allocated frequency bands, the navigation
satellites transmit navigation messages containing time information. From the
time difference between sending and receiving, a ground user can calculate the
distance to a satellite. Basically, when three satellites are in sight, the ground user
can uniquely determine his position. Currently, the American GPS and the Russian
GLONASS are fully operational, whereas full completion of the European Galileo
system is expected by 2019.

From the antenna point of view, GNSSs use circularly polarized antennas. This
remedies positioning errors due to multipath. The RHCP GNSS signals can be
received by RHCP ground user antennas. Signals reaching the receiving antenna
via an indirect path, however, will change their polarization sense after reflection,
and thusly become LHCP. As discussed in section 1.2.4, this results in a polarization
mismatch, preventing the antenna from receiving multipath signals, at least from
first-order reflections.
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Wearable GNSS antennas benefit greatly from the direct integration of processing
electronics on the antenna backside. Aside from the benefits towards overall ro-
bustness and miniaturization of the complete wearable system, active antennas are
of particular interest for GNSS applications. Since the space signal is very weak
when it reaches a ground user, often a low-noise amplifier (LNA) is connected di-
rectly to the GNSS antenna [51]. In this way, the signal-to-noise ratio (SNR) is
increased, improving the quality of reception. Moreover, integration of an LNA
onto the antenna backside mitigates the effect of the attenuation caused by inter-
connections between the antenna and the GNSS receiver, further improving the
SNR.

1.4 Outline

In the second chapter of this work, a method to integrate additional functional-
ities in a wearable antenna in a compact way, by means of adding active elec-
tronics on the antenna’s backside, is presented. In this chapter, the design of an
active wearable dual-band GPS/Iridium antenna, intended for integration into a
firefighter garment, is discussed. A chip LNA is integrated onto a circularly polar-
ized aperture-coupled microstrip patch antenna. Prototypes of this antenna are
fabricated using textile/flexible materials, and their performance is evaluated by
means of elaborate measurements, including measurements of the antenna in bent
and on-body conditions. These measurements show excellent off- and on-body
performance, even compared to traditional, rigid antennas.

Chapter 3 presents a novel dedicated design paradigm for autonomous active tex-
tile antenna systems that may serve as platforms for body-centric sensing, local-
ization and wireless communication systems in professional rescue worker appli-
cations. On the one hand, the large amount of real estate available in professional
rescue worker garments may be exploited to deploy multiple textile antennas. On
the other hand, the size of each radiator may be designed large enough to ensure
high radiation efficiency when deployed on the body. This antenna area is then
reused by placing active electronics directly underneath and energy harvesters di-
rectly on top of the antenna patch. We illustrate this design paradigm by means of
recent textile antenna prototypes integrated in professional garments, providing
sensing, positioning and communication capabilities. In particular, a novel wear-
able active Galileo E1-band antenna is presented and fully characterized, including
noise figure and linearity performance.

In the fourth chapter a design strategy is presented that is able to produce anten-
nas that are optimized over a wide bandwidth for often conflicting characteristics
such as impedance matching, axial ratio, efficiency and gain, and, moreover, that
is able to account for the tolerances that apply for the characteristics of the un-
conventional materials used in smart textile systems. This strategy incorporates a
multi-objective constrained Pareto-optimization, and is applied to the design of a
Galileo E6-band antenna with optimal return loss and axial ratio characteristics.
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Subsequently, different prototypes of the optimized antenna are fabricated and
measured to validate the proposed design strategy.

Chapter 5 builds further on the strategy presented in chapter 4, and proposes an
improved version that relies on surrogate modeling to achieve a greater compu-
tational efficiency. This is of particular importance when using more advanced
antenna topologies, which can be used to incorporate more functionalities into a
single wearable antenna, but often require longer simulation times compared to
simpler designs. Therefore a strategy is presented that performs a multi-objective
constrained Pareto-optimization by means of surrogate models for reducing the
computational cost caused by more complex antenna designs. This strategy is
applied to the design of a wearable stacked patch antenna, intended for GNSS
reception in the lower and upper L-band.

In the sixth chapter, a novel fabrication method for active wearable antennas is
presented. In an effort to improve the flexibility of active wearable aperture cou-
pled patch antennas applied in smart textile systems, a laser shaping technique for
the antenna feed substrate is used. The technique consists of the removal of most
of the antenna feed substrate, up to very close distances to the microstrip inter-
connects and in close vicinity to the coupling slots in the antenna ground plane.
One the one hand, this changes the effective dielectric constant of the substrate,
influencing the performance of the impedance-controlled designed RF circuitry,
and the aperture coupling between the feed lines and the radiating structure. On
the other hand, the removal of lossy, textile substrate material surrounding the RF
interconnections has the potential to reduce losses in the feed circuit. By taking
into account the effects of this altered substrate, design guidelines can be defined
to produce high performance, light-weight and flexible active wearable antenna
designs. The proposed feed substrate trimming technique is validated by means
of two antenna prototypes, one with a full feed substrate, and one with a reduced
substrate.
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A wearable active antenna for
global positioning system and

satellite phone

Arnaut Dierck, Frederick Declercq, and Hendrik Rogier

Based on the article published in IEEE Transactions on Antennas and Propagation
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A wearable multiband circularly polarized active antenna is presented for use
in Global Positioning System and Iridium satellite phone applications. The
square patch antenna is constructed using flexible foam and fabric substrates
and conductors etched on thin copper-on-polyimide films. The feed substrate
integrates a compact low-noise amplifier chip directly underneath the antenna
patch. The antenna performance is studied under bending conditions and in
the presence of a human body. The active antenna exhibits a gain higher than
25 dBi and a 3 dB axial ratio bandwidth exceeding 183 MHz in free-space
conditions and is robust to bending and on-body placement.

2.1 Introduction

In the recent years, interest in wearable electronics has boomed. By using suitable
materials such as textiles and foams, the electronic systems can be unobtrusively
integrated into clothing. These so-called smart textile systems can be deployed in
a variety of fields, and have been shown to function desirably in garments ranging



24 Chapter 2. A wearable active antenna for GPS and satellite phone

from sporting apparel to public service outfits [1]–[9]. A comfortable integra-
tion into clothing, however, causes some design challenges in order to guarantee
optimal performance of the active circuits and antennas present in the wearable
electronic systems. Textile/foam substrates introduce additional losses, and, while
flexibility is necessary for conformal integration into clothing, it makes the anten-
nas susceptible to bending, which might affect their performance. Also, proximity
to the body and other electronic devices must be taken into account.

Key in these designs is to maintain a high wearability and, at the same time, to
provide a highly reliable communications link. In this respect, miniaturization of
the on-body electronic system is vital, on the one hand making the electronic cir-
cuitry and antennas less bulky and in the meanwhile improving wearability, and,
on the other hand, combining functionalities of different circuits/antennas into
more compact electronic units, reducing potential weak links between these de-
vices. When looking at the antenna side of things, it is thus advisable to replace
multiple antennas by a single, broad band radiator. Electronics required for the
different functionalities serviced by this antenna can then also be centralized and
reduced in size. From this point of view, we investigated the possibility of integrat-
ing Global Positioning System (GPS) and Iridium satellite phone capabilities into
one active antenna. The active part of the antenna consists of a low-noise amplifier
(LNA) chip amplifying the incoming signal. This enhances both GPS and Iridium
signal reception.

Performance studies of wearable antennas under different adverse conditions were
already reported. In [10], [11] the influence of antenna bending and crumpling
is evaluated, which affects the antenna impedance bandwidth and causes shifts
in resonance frequency. In [12], effects of moisture absorption by the textile sub-
strate, depending on the relative humidity, were studied. Increased humidity raises
the relative permittivity and loss tangent of the substrate, in this way changing the
resonant frequency and bandwidth of the antenna. When placed on-body [13],
[14], antenna radiation pattern distortion, resonant frequency shift and bandwidth
changes are measured. Several circularly polarized wearable patch antennas [15]
for GPS [16], [17] and GPS/Iridium [18] were reported in literature. These an-
tennas are inset [15] or probe [16]–[18] fed and make use of asymmetries in the
patch to excite circular polarization. This provides good matching and axial ratio
characteristics, albeit in a limited frequency range. Due to the above-mentioned
challenges present in wearable antenna design, resonance frequency and band-
width can shift, resulting in reduced performance. Also, the probe feed presents
a weakness when the antenna is exposed to stress from bending, stretching or
compression, whereas the inset feed necessitates integration of additional (active)
components on the radiating side of the antenna, making them vulnerable to in-
terference. This can be circumvented by using a probe to connect the inset-fed
antenna to components on the antenna backside, leading however to the aforemen-
tioned probe-fed related drawbacks. While the cited publications present antennas
with sufficient bandwidth to cover both GPS L1 and Iridium bands, the nature of
the techniques used to realize circular polarization leads to circular polarization in
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a small frequency range that is insufficient to cover both GPS and Iridium bands
(e.g. [17]: < 35 MHz centered around the GPS L1 frequency; [18]: ∼ 25 MHz cen-
tered around the Iridium frequency). By using a hybrid coupler, it is our aim to
increase the bandwidth in which the antenna is circularly polarized. The 183 MHz
wide bandwidth in which the antenna in our contribution is circularly polarized
with an AR < 3 dB clearly demonstrates this feature. Moreover, the extra band-
width provided by the hybrid coupler ensures robustness against fabrication toler-
ances. For example, in [16], the total impedance bandwidth is indeed large enough
to cover both GPS and Iridium frequencies. However, due to fabrication tolerances
and inaccuracies in the measured electromagnetic properties of the used materials,
the fabricated antenna bandwidth differs from the simulated bandwidth, leading
to an |S11| exceeding −10 dB at the GPS frequency (and even worse under certain
bending conditions).

In this chapter, we present a robust active wearable circularly polarized GPS an-
tenna. We propose an aperture fed topology [1], [2], thereby eliminating probes
through the antenna substrate and increasing robustness and flexibility. Circular
polarization is achieved by using a discrete hybrid coupler, which provides a wide-
band circular polarization to ensure satisfactory performance at GPS and Iridium
frequencies under bending and on-body conditions. To ensure proper signal recep-
tion, an LNA chip is integrated onto the antenna feed plane, providing a high level
of integration to increase overall on-body system compactness and ruggedness,
while amplifying the received signal for further processing. In this chapter, to the
authors’ knowledge for the first time in literature, we present an active wearable
antenna that has a chip LNA and discrete hybrid coupler directly integrated onto
the textile antenna. Moreover, this topology results in an impedance bandwidth of
340 MHz and a 3 dB axial ratio bandwidth of 183 MHz, which is much wider than
currently found in literature for wearable antennas. Thereby, the new antenna
provides stable coverage of both GPS and Iridium bands, when deployed on body
and when subjecting the antenna to different bending conditions. The single-band
active wearable GPS antenna discussed in [1], [2], which bears some resemblance
in terms of topology to the currently presented design, but which made use of dis-
crete components to implement the LNA, only partly satisfied the specifications for
the GPS band. In particular, the discrete element LNA did not fulfill the matching
requirements at the GPS frequency (|S11| < −10 dB). Moreover, the many discrete
components formed weak links in the design that easily break when bending the
antenna and the large footprint of the active circuit reduced the breathability of
the design. Therefore, it was replaced by a more compact circuit based on an LNA
chip with only three additional discrete components. This topology was then opti-
mized to provide appropriate and robust matching at the desired frequencies, even
when bending the antenna and deploying it on the human body. In the following
text, we will first discuss the active antenna topology and design in Section 2.2.
The design evaluation is outlined in Section 2.3.
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2.2 Active antenna design and topology

2.2.1 Active antenna design speci�cations

The active antenna is designed to meet the requirements to adequately receive GPS
and Iridium signals. First, this necessitates an antenna able to cover the 2.046 MHz
wide GPS L1-band centered around 1.575 GHz and the Iridium spectrum ranging
from 1.616 GHz to 1.6265 GHz [19]. Second, this calls for an antenna with a
right-handed circularly polarized radiation characteristic in the aforementioned
frequency range. The circular polarization is quantified by means of the axial ratio,
and a 3 dB upper limit is set as a circular polarization figure of merit. Moreover,
the antenna should be planar and low-profile to facilitate integration into clothing.
To account for bending and body influence on the antenna bandwidth, attention is
paid to ensure proper functionality under these adverse conditions. To minimize
the influence of the body on the antenna, a topology radiating away from the body
is preferred.

2.2.2 Active antenna topology

To provide a low-profile planar antenna that can be easily integrated into cloth-
ing, a microstrip patch antenna topology is selected. This ensures radiation away
from the body in a semi-hemisphere, allowing sufficient beam width for a good
coverage. As depicted in Fig. 2.1, the microstrip patch is aperture coupled to
two perpendicular feed lines through rectangular slots in the ground plane. The
ground plane effectively shields the antenna patch from the active circuitry, inte-
grated on the feed plane, and from the human body. The feed lines are connected
to a discrete quadrature hybrid coupler. The coupler that was used in the design
is the Anaren XC1400P-03S [20]. This coupler provides a fixed 90 degree phase
difference between the feedlines, exciting circular polarization. At the other end,
this coupler is connected to an LNA chip and a 50 Ω termination. To generate
circular polarization, a hybrid coupler was preferred over other techniques, such
as irregularities in the patch or feed geometry, to provide a broad band and robust
circular polarization. This reduces the sensitivity of the antenna to fabrication tol-
erances and to frequency shifts caused by antenna bending. A discrete component
was chosen instead of a microstrip realization to reduce the footprint size, leaving
place for the LNA chip to be integrated under the antenna patch while also re-
ducing the vulnerability of this component to influences of antenna bending. The
antenna layout is symmetric about the plane perpendicular to the x y-plane form-
ing a +45◦ angle with the x-axis. For the fabrication, flexible materials were used
to ensure the wearability of the design. The conducting surfaces were etched on
a copper-on-polyimide (PI) film, in which a 9 µm copper layer is laminated onto
a 25 µm polyimide sheet. The antenna substrate consists of a polyurethane foam
layer (typically found in the shoulder pads of protective garments) with a thick-
ness of 7.25 mm. This height was chosen to guarantee wideband performance
of the patch antenna while conserving a relatively simple feed structure in order
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Table 2.1: Electromagnetic properties of the active antenna materials.

Substrate εr tan δ Height Materials
Antenna substrate 1.25 0.02 7.25 mm Polyurethane foam

LNA substrate 1.775 0.02 450 µm Aramid textile fabric
+ polyimide layer

Table 2.2: Antenna dimensions.

Parameter Value [mm]
L 70.85

Lground 100
Lslot 30
Wslot 5
Lstub 18
Wstub 1.62
Lel bow 2.17

to guarantee an easy-to-fabricate, robust design. For the feed substrate, 400 µm
thick aramid fabric is used, a textile typically used as an outer layer in protec-
tive garments. This layer is kept thin to minimize radiation from the feed circuit.
The different layers were glued together by means of thermally activated adhe-
sive sheets. The electromagnetic properties of the substrates are listed in Table
2.1. The listed height of 450 µm of the LNA substrate includes the thickness of
the polyimide film of the feed and ground plane. We fabricated two versions of
the antenna, one passive, the other one active. The active antenna comprises a
discrete Maxim MAX2659 LNA chip [21], which provides high gain and low noise
figure in a small package that can be compactly integrated into the antenna. The
layout of the chip LNA is depicted in Fig. 2.2. This layout implements a simple
capacitor-inductor input matching network, formed by capacitor C1 (470 pF) and
inductor L1 (6.8 nH), to connect to the 50 Ω discrete hybrid coupler. The DC
feed voltage is decoupled through capacitor C2 (33 nF). The 50 Ω microstrip lines
(1.62 mm wide) in the layout are kept short to minimize losses. The LNA output
is interfaced to the receiving equipment through a low-profile UFL-connector.

2.2.3 Active Antenna Modeling

An initial design based on the aforementioned antenna topology was modeled in
ADS Momentum. This design was subsequently tuned and optimized from within
the ADS schematic editor. Since the discrete hybrid coupler is a 50 Ω matched
component, the passive radiator and the LNA are designed to a 50 Ω match. The
optimized antenna dimensions are listed in Table 2.2.
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Figure 2.1: Wearable GPS/Iridium active antenna topology.

Figure 2.2: Layout of LNA with chip amplifier.

2.3 Evaluation

In this section, the measurement results are discussed and compared to the simula-
tions. First, we elaborate on the LNA measurements. Second, we treat the antenna
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Figure 2.3: Measured |S11| and |S22| of chip LNA.

measurements.

2.3.1 LNA evaluation

Using the Agilent Technologies N5241A PNA-X Vector Network Analyzer, the scat-
tering parameters and noise performance of the LNA were measured. These sepa-
rate LNA measurements were carried out in order to validate the performance of
the LNA circuit when implemented on a textile substrate. The LNA was connected
to a 3 V source. The noise measurement was performed using the source-corrected
noise measurement technique embedded in the PNA-X system [22]. In Fig. 2.3,
the measured |S11| and |S22| of the LNA are depicted. We obtain a good in- and
output match in the desired frequency range. In Fig. 2.4, the measured |S21| and
|S12| are shown. A gain larger than 18 dB is observed in the GPS and Iridium fre-
quency ranges. In Fig. 2.5, it is seen that the measured noise figure remains below
1.4 dB in the desired frequency range.

2.3.2 Antenna evaluation

The passive and active antennas were measured in an anechoic chamber by means
of the N5241A PNA-X VNA. A photograph of the complete active antenna proto-
type is depicted in Fig. 2.6. First, conventional free-space antenna measurements,
without influence of bending or human proximity, were performed. Next, the an-
tennas were also studied while subjected to bending in free-space and when in-
tegrated into a rescue worker jacket at different locations. To study the influence
of free-space bending, both antennas were attached to a plastic cylinder with a
5 cm radius of curvature to emulate the geometry of a human arm. In this way,
the antenna was bent in four directions according to the axes displayed in Fig. 2.1:
along the x-axis, y-axis, and y ± 45◦ axes. This is depicted in Fig. 2.7(a). For the
on-body measurements, the antenna was placed in the rear section of a firefighter
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Figure 2.4: Measured |S21| and |S12| of chip LNA.

Figure 2.5: Measured noise figure of chip LNA.

jacket and in the upper part of the sleeve, behind the outer shell fabric and the
thermal and moisture barrier. In the rear section, the antenna was not subjected
to any bending. In the sleeve, the antenna was subjected to bending along the
upper arm, following the directions depicted in Fig. 2.7(a). The circumference of
the upper arm is 20 cm, corresponding to a radius of 3.2 cm. The positions of the
antenna integrated in the firefighter jacket are depicted in Fig. 2.7(b). This jacket
was worn by a male of average height and weight. To power the active antenna, it
was connected to a portable battery-operated adjustable power supply, delivering
3 V. First, we treat the passive antenna, second the active antenna.
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(a) (b)

Figure 2.6: Photograph of active antenna prototype top (a) and bottom (b).

Passive antenna evaluation

The radiation pattern of the passive antenna in free-space is depicted in Fig. 2.8,
together with the active antenna radiation pattern. The properties of the radiation
pattern are listed in Table 2.3. The measured |S11|, as a function of frequency, is
displayed in Fig. 2.9 for the passive antenna under free-space and on-body condi-
tions, both in planar and bent state. The |S11| in free space is lower than −10 dB
from 1.512 GHz to 1.7 GHz and beyond. Data for frequencies exceeding 1.7 GHz
were not measured during the radiation pattern measurements, since the stan-
dard gain horn that was used is not calibrated for measurements in this higher
frequency range. A separate measurement of the antenna |S11| over a larger fre-
quency range revealed matching up to 1.8 GHz, resulting in an almost 300 MHz
matching bandwidth. Here, the influence of the discrete hybrid coupler, which
is matched to 50 Ω, can clearly be seen. When subjecting the antenna to prox-
imity of the body and to different bending conditions, the matching bandwidth
does not significantly change. The hybrid coupler provides a robust, broad band
50 Ω match. The measured antenna gain is depicted in Fig. 2.10. In free space, it
reaches a maximum value of 5.5 dBi at 1.619 GHz. It remains within 1 dB of the
maximum value from 1.556 to 1.662 GHz, resulting in a 1 dB gain bandwidth of
106 MHz. In the different measurement scenarios, this 1 dB gain bandwidth is not
significantly influenced, but maximum gain value and frequency are altered. The
largest decrease in gain occurs when bending the antenna along the y-axis on the
arm, resulting in a gain that is about 2.5 dB lower than in free-space conditions.
The RHCP and LHCP gains are plotted in Fig. 2.11. We see that the RHCP gain is
fairly insensitive to the different conditions imposed on the antenna. The LHCP
gain, however, shows significant variations. In all scenarios, for GPS and Iridium
frequencies, the RHCP gain remains at least 5.595 dB above the LHCP gain.
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(a) (b)

Figure 2.7: (a): different bending directions of the antenna ((1) along the x-axis; (2) along
the y-axis; (3) along the y + 45◦-axis; (4) along the y − 45◦-axis); (b): position of the
antenna integrated in the firefighter jacket.
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Figure 2.8: Measured radiation pattern of passive and active antenna at 1.6 GHz in the
xz-plane.
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Table 2.3: Axial ratio data of the different antennas measured at 1.6 GHz

Antenna Gain [dBi] 3 dB Axial ratio [dB] 3 dB AR
beam width beam width

Passive 5.2 66◦ 2.476 78◦

Active 25.1 68◦ 1.866 106◦

Figure 2.9: Measured |S11| of passive antenna ( planar; on-body; bent x;
bent y; bent y + 45◦; bent y − 45◦; arm x; arm y; arm y + 45◦;
arm y − 45◦).

Active antenna evaluation

The free-space radiation pattern of the active antenna is depicted in Fig. 2.8. It
exhibits a similar shape as the passive antenna radiation pattern, of course, pro-
viding a higher gain thanks to the integrated LNA. The active antenna forward gain
is about 20 dB higher than the passive antenna forward gain. This is a little bit
higher than what could be expected from the measured LNA gain of 18 dB. Fabri-
cation tolerances could, however, lead to slight variations between the standalone
LNA and the LNA integrated into the active antenna. The properties of the active
antenna radiation pattern are listed in Table 2.3. Although the antenna radiator
topology is the same for the passive and active antenna, the axial ratio performance
also slightly differs. The axial ratio is dependent on the alignment of the feed lines
to the slots and the patch. The alignment of the prototypes is performed by hand,
leading to variations. The measured |S11| is displayed in Fig. 2.12, as a function of
frequency, for the active antenna under free-space and on-body conditions, both
in planar and bent state. Compared to the passive antenna’s |S11|, the active an-
tenna’s |S11| exhibits a downward shift of the matching frequency. As the active
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Figure 2.10: Measured gain of passive antenna ( planar; on-body; bent x;
bent y; bent y + 45◦; bent y − 45◦; arm x; arm y; arm y + 45◦;
arm y − 45◦).

Figure 2.11: Measured RHCP and LHCP gain of passive antenna ( planar; on-body;
bent x; bent y; bent y + 45◦; bent y − 45◦; arm x; arm y;
arm y + 45◦; arm y − 45◦).

antenna accommodates an LNA chip with a matching network exhibiting a differ-
ent |S11| characteristic than the hybrid coupler, this was to be expected. It must be
noted that, under all circumstances, the |S11| of the active antenna remains lower
than -13 dB for the Iridium frequencies. However, it would be safer to move the
center frequency of the matching upwards. This was not done in order to mini-
mize the amount of additional discrete components. The |S11| is a characteristic of
the matching network which is built into the chip LNA. Adding capacitors and/or
coils can indeed change this characteristic, but would make the LNA layout more
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complex. The |S11| in free-space is lower than −10 dB over the complete displayed
frequency range. A separate measurement of the antenna revealed that the |S11| is
lower than −10 dB from 1.36 GHz to 1.7 GHz, resulting in a matching bandwidth
of 340 MHz. Subjecting the antenna to proximity of the body and to different
bending conditions does not significantly change the matching bandwidth. The
hybrid coupler and LNA provide a robust, broad band 50 Ω match. The measured
antenna gain is depicted in Fig. 2.13. In free-space, it reaches a maximum value
of 25.43 dBi at 1.625 GHz. It stays within 1 dB of the maximum value from 1.558
to 1.677 GHz, resulting in a 1 dB gain bandwidth of 119 MHz. This value is not
significantly altered in the different measurement setups, however the maximum
gain value and frequency change under influence of bending and on-body place-
ment. The largest gain degradation occurs when bending the antenna on the arm
along the y-axis. In Fig. 2.14, the measured RHCP and LHCP gain are depicted.
Again, the RHCP gain is fairly insensitive to the different conditions imposed on the
antenna, whereas the LHCP gain exhibits larger variations. For GPS and Iridium
frequencies, the RHCP gain remains at least 10.44 dB higher than the LHCP gain.
In Fig. 2.15, the measured axial ratio of the active antenna in free-space, on-body
and bent positions is plotted as a function of frequency. For the free-space case,
the axial ratio is lower than 3 dB for frequencies starting from 1.517 GHz and ex-
tending beyond the measurement upper limit of 1.7 GHz, resulting in a 3 dB axial
ratio bandwidth of over 183 MHz. When bent in free-space, the axial ratio exceeds
3 dB for most cases, though, with exception of the antenna bent along y − 45◦,
the axial ratio never exceeds 5 dB for the GPS and Iridium frequencies. It must be
noted that this kind of bending represents a worst case scenario, which would only
occur if the antenna was placed attached directly onto the human arm. When im-
plemented in the lining of a jacket, the observed bending will be less severe. When
placed on-body without bending, the axial ratio shifts downwards, resulting in a
3 dB axial ratio bandwidth larger than 200 MHz. When placed on a human arm,
so that the antenna is subjected to both body presence and bending, the axial ratio
stays below 3 dB for two out of the four bending directions. In terms of on-body
axial ratio performance, it is optimal to place this antenna so that bending occurs
along the x or y + 45◦-axis.

2.4 Conclusion

In this chapter, we discussed the design of a combined GPS and Iridium active an-
tenna. The antenna was constructed using flexible, wearable materials. Passive
and active antennas were prototyped. The active receive antenna contains an LNA
directly integrated on the antenna backside. Both antennas are robustly matched
over a broad frequency range under bending and on-body conditions. The dis-
crete hybrid coupler allows circular polarization over a wide frequency range. The
active antenna realizes a gain larger than 25 dBi in a 1 dB gain bandwidth of
119 MHz. Circular polarization is ensured in a wide frequency range starting at
1.517 GHz and extending beyond 1.7 GHz in unbent state. When bent in free-
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Figure 2.12: Measured |S11| of active antenna ( planar; on-body; bent x;
bent y; bent y + 45◦; bent y − 45◦; arm x; arm y; arm y + 45◦;
arm y − 45◦).

Figure 2.13: Measured gain of active antenna ( planar; on-body; bent x; bent y;
bent y + 45◦; bent y − 45◦; arm x; arm y; arm y + 45◦; arm y − 45◦).

space and on-body, the antenna’s axial ratio remains lower than 5 dB for GPS and
Iridium frequencies, except for the antenna bent along y − 45◦, whose axial ratio
exceeds 5 dB for Iridium frequencies. For the antenna placed on-body, the planar
positions and the x and y + 45◦ bending positions result in an axial ratio which
remains lower than 3 dB. Each of these positions provides a sufficiently wide axial
ratio bandwidth for proper GPS and Iridium reception. In the future, the pos-
sibility to coat the antenna with a breathable, water-resistant TPU coating [23]
will be examined, increasing robustness by encapsulating the discrete components
and solder joints, and at the same time providing an effective waterproof cover to
withstand cleaning and washing. Moreover, the accuracy of the fabrication and
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Figure 2.14: Measured RHCP and LHCP gain of active antenna ( planar; on-body;
bent x; bent y; bent y + 45◦; bent y − 45◦; arm x; arm y;
arm y + 45◦; arm y − 45◦).

Figure 2.15: Measured axial ratio of active antenna ( planar; on-body; bent x;
bent y; bent y + 45◦; bent y − 45◦; arm x; arm y; arm y + 45◦;
arm y − 45◦).

alignment of the conductive structures will be augmented by using a laser pow-
ered cutting/alignment device, in this way providing a more consistent axial ratio
performance in different prototypes.
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New wireless wearable monitoring systems integrated in professional garments
require a high degree of reliability and autonomy. Active textile antenna sys-
tems may serve as platforms for body-centric sensing, localization and wireless
communication systems, in the meanwhile being comfortable and invisible to
the wearer. We present a new dedicated comprehensive design paradigm and
combine this with adapted signal processing techniques that greatly enhance
the robustness and the autonomy of these systems. On the one hand, the large
amount of real estate available in professional rescue worker garments may
be exploited to deploy multiple textile antennas. On the other hand, the size
of each radiator may be designed large enough to ensure high radiation effi-
ciency when deployed on the body. This antenna area is then reused by placing
active electronics directly underneath and energy harvesters directly on top of
the antenna patch. We illustrate this design paradigm by means of recent tex-
tile antenna prototypes integrated in professional garments, providing sensing,
positioning and communication capabilities. In particular, a novel wearable
active Galileo E1-band antenna is presented and fully characterized, including
noise figure and linearity performance.

3.1 Introduction

In recent years, lots of research was devoted to increase the operational safety and
efficiency of police, army and rescue services. In particular, wearable electronic
systems greatly enhance the functionality of professional rescue worker garments
by providing sensing, localization and wireless communication capabilities. Smart
fabrics and interactive textiles (SFIT) [1], [2], which are unobtrusively integrated
into garments, do not hinder the movements during interventions, and, in the
meanwhile, continuously monitor life signs, activities and environmental condi-
tions, relaying these data wirelessly to a remote location for supervision by the
operations coordinator. In addition, in hazardous situations, alarms and specific
instructions can be fed back to each individual in action.

As SFIT systems are to be deployed in harsh conditions and during critical op-
erations, their reliability and autonomy are two key concerns of the designers.
To ensure sufficient autonomy without the use of heavy batteries, the electron-
ics must be highly energy-efficient. As a lot of power is consumed in establishing
wireless communication links, textile antennas are critical components, so they
should preferably exhibit high gain and large radiation efficiency. Garments pro-
vide the space needed to deploy antennas with such characteristics, and by making
use of a large ground plane, absorption of antenna radiation by the human body
is also avoided. Yet, special care must be taken by designers of wearable anten-
nas to counter degradation of antenna performance due to bending, wrinkling
and crumpling of the large flexible textile antenna [3]–[7] as the wearer moves
around. Moreover, a good selection of materials is needed to avoid excessive sub-
strate losses due to humidity trapped in the substrate fabric [8] and a thermoplastic
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polyurethane (TPU) coating may be required to protect the antenna during wash-
ing [9]. In addition to increasing the power-efficiency of SFIT systems, energy
harvesters may be added to scavenge energy from one or more energy sources
available in the neighborhood of the body, in order to increase the operational
autonomy.

In this chapter, we propose a dedicated comprehensive design paradigm to imple-
ment energy-efficient active wearable antennas with stable performance when in-
tegrated in professional garments that are worn during interventions. To improve
reliability and autonomy of the active antenna modules, we integrate electronics
on the planar textile antenna’s feed plane, directly underneath its ground plane,
and position energy harvesters directly on the antenna plane. We outline the mea-
sures taken to ensure that the antenna performance is not reduced due to the
integration of these additional components. We then pinpoint how this strategy
resulted in several implementations for different applications in the context of in-
terventions by rescue workers and public regulatory services, as recently proposed
in literature.

In Section 3.2, we present the comprehensive design paradigm to design autono-
mous active textile antennas based on full-wave/circuit co-design and co-optimiza-
tion. Integrating active electronic circuits directly underneath the wearable an-
tenna, results in a compact communication module and avoids weak connections
that easily break when put under stress during interventions. Moreover, by plac-
ing the active electronic circuits directly on the antenna feed plane, the length of
radio-frequency (RF) connections is minimized, thereby reducing signal attenua-
tion and improving signal integrity and electromagnetic compatibility of the de-
vice. In a next step, energy harvesters can be deployed on the active antennas
to increase their autonomy. This is shown by integrating a set of solar cells on
top of the antenna patch of a wearable module, without disturbing its radiation
characteristics. We then move on to discuss two recent antenna designs for sens-
ing, localization and wireless communication applications. Section 3.3 describes
a wearable low-cost through-wall Doppler radar that may be deployed in rescue
worker garments to detect moving persons behind walls and victims lying under
rubble. In Section 3.4, we outline the design and validation of a wearable ac-
tive Galileo E1-band antenna, additionally covering the Galileo Search-and-Rescue
(SAR) downlink and Glonass L1 frequencies. Finally, we wrap up by drawing some
conclusions in Section 3.5.

3.2 Textile antenna design paradigm

In order to provide additional functionalities to technical garments for rescue work-
ers, wearable, robust and autonomous modules are required. To this aim, we put
forward the dedicated design strategy outlined in Figure 3.1. Starting from the
nominal application-specific design specifications, the particular operating condi-
tions in which the wearable modules have to operate, dictate the final design re-
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quirements, the choice of topology and the material selection. Antenna bending,
body presence and environmental parameters, such as heat or moisture, for exam-
ple, can cause frequency shifts, which may be anticipated by adding safety margins
to the frequency range in which the antenna has to comply with the specifications.
These adjusted conservative requirements lead to a consequent choice of the active
antenna topology. The preliminary circuit and antenna designs are subsequently
co-optimized according to the principles described in subsection 3.2.1. As out-
lined in subsection 3.2.2, energy harvesters can then be integrated onto the active
antenna, producing a compact, autonomous module that is evaluated in realistic
testing conditions.

Nominal design specifications

Requirements in ad-
verse operating conditions

Preliminary circuit design

Preliminary antenna design

Active antenna circuit/full-
wave co-optimization

Addition of energy harvesters

Test in realistic conditions

Energy-efficient
active textile antenna

Figure 3.1: Dedicated energy-efficient active textile antenna design paradigm.

3.2.1 Active antenna circuit/full-wave co-optimization

Direct integration of active electronics circuits onto the wearable antenna reduces
the number of connections and keeps RF paths short. This is, in particular, ben-
eficial for circuits implemented on textile substrates and interconnections with e-
textiles, as, on the one hand, substrate and conductive losses are typically more
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important compared to conventional rigid printed circuit board materials, and,
on the other hand, soldering or press-fitting connectors onto conductive textiles
results in weak links prone to breaking when subjected to stress incurred, for ex-
ample, by movements. In addition, via connections should also be avoided, if
possible, as these may also come loose when pressure is exerted onto the textile or
foam substrate.

Figure 3.2: Design strategy for optimal noise characteristics.

The design of active antennas requires a joint circuit/full-wave optimization to si-
multaneously design the antenna and the active electronics to meet the desired
specifications [10]–[13]. Typically, impedance matching and circular polarization
may be desired for the antenna together with large available gain, input and out-
put matching, as well as low noise figure for the low-noise amplifier (LNA) at-
tached to the antenna output. Given the large number of design variables available
for optimization, we devised two dedicated strategies to keep the design process
manageable [10]. The first process puts forward an optimal complex radiation
impedance for the passive textile antenna, resulting in a minimal noise figure at
the LNA’s output. This impedance is found in the first step of the full-wave/circuit
co-optimization procedure for the active electronics only, producing a preliminary
optimal LNA design. In the process, a full-wave simulator is applied to generate an
N-port scattering matrix describing the interconnections of the active electronics
circuit. This scattering matrix is combined with N-port descriptions of the different
active and passive lumped components in the circuit in a subsequent circuit simula-
tion. In a second step, full-wave optimization of the passive antenna is performed
to fix the antenna dimensions that provide the optimal radiation impedance. In
third and final step, the complete active antenna is co-optimized to jointly maxi-
mize the performance of both the antenna and the active electronics. This design
flow for optimal noise characteristics without the need of a matching network is
sketched in Fig. 3.2. It guarantees short RF connections and avoids excess losses
due to components added for matching. The strategy makes use of the most suited
simulators for each part of the active textile antenna. In particular, the passive
antenna was modeled in the 3D full-wave frequency domain simulator of CST Mi-
crowave Studio, which is able to take into account the finite conductivity of the
electro-textile Flectron, used as antenna plane and ground plane. As the LNA cir-
cuit is implemented on a thin polyimide flex, its interconnections can be modeled
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by means of the planar-3D full-wave simulator ADS Momentum. The reader is
referred to [10], [14] for further details.

Figure 3.3: Design strategy for optimal impedance matching.

Antennas for satellite communication typically exhibit stringent requirements in
terms of circular polarization. Deforming the radiating structure together with op-
timization of the feed point may not suffice to meet the requirement that the axial
ratio remains below 3 dB over a sufficiently large bandwidth. If this is the case,
the use of a quadrature hybrid should be considered. As implementations in wear-
able microstrip technology are typically too large at GPS frequencies, miniaturized
off-the-shelf lumped hybrids are preferred. Moreover, a filter between the receiv-
ing antenna and the LNA may be required to suppress interference and noise. For
satellite communication, such filters typically require very steep filter flanks and
narrow transition regions between pass band and stop bands. Again, a microstrip
implementation of a filter of sufficiently large order will be prohibitively large and
an off-the-shelf discrete ceramic, surface acoustic wave (SAW) or bulk acoustic
wave (BAW) filter is preferred. As these components have a fixed impedance level
of 50 Ω at their ports, the above described co-optimization strategy must be mod-
ified. Now, in a first step, to accommodate the discrete component, the antenna
output and the LNA input are both separately matched to 50 Ω. This requires
a matching network to guarantee optimal noise performance for the LNA. In a
second step, at the antenna side, axial ratio and antenna impedance are jointly
optimized, whereas a full-wave/circuit co-optimization is performed on the com-
plete LNA circuit. This design flow for optimal impedance matching of both the
passive antenna and the LNA is sketched in Fig. 3.3. As all conductive layers are
implemented by means of copper patterns on polyimide flex, only the planar-3D
full-wave simulator ADS Momentum is used in the design process. More details
are found in [10], [15].

3.2.2 Integration of energy harvesters onto wearable
antennas

An important remaining issue standing in the way of a commercial breakthrough
of SFIT systems for professional garments concerns ensuring sufficient autonomy
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without the need of heavy batteries and frequent recharging. Therefore, recent
research concentrated on adding energy-scavengers to these systems, in order to
collect energy from the body and its environment to power the system [16]–[19].
For modules in SFIT garments, solar energy and kinetic energy originating from
body movement are the most important sources. In [16], it is shown that the an-
tenna patch may serve as a platform for flexible amorphous silicon (a-Si:H) solar
cells, thereby reusing the space consumed by the large antenna. In Fig. 3.4, we
show the aperture-coupled shorted wearable solar patch antenna for communica-
tion in the 902–928 MHz UHF band. By adopting a PIFA topology for the textile
antenna and by routing the feed wires of the flexible solar cells along the shorting-
wall of the antenna, the antenna radiation is not influenced by the presence of the
energy harvester glued onto the antenna patch. Furthermore, only the positive
polarity of the solar cell has to be routed through the antenna substrate. The solar
cell’s cathode can be directly connected to the patch of the antenna since the patch
provides DC grounding through the antenna’s shorting wall.
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Figure 3.4: Aperture-coupled shorted wearable solar patch antenna for 902–928 MHz UHF
band.

The antenna substrate is a flexible polyurethane foam with a thickness h1 = 11 mm,
a relative permittivity εr = 1.16 and a loss tangent tan δ = 0.010. The feed
substrate is an assembly of two aramid textile layers with a thickness h2 = 0.95 mm,
an εr = 1.97 and a loss tangent tan δ = 0.020. The conductive patch and ground
plane are made out of a copper coated woven nylon fabric, whereas the microstrip
feedline is constructed from copper foil. All layers are assembled by means of an
adhesive sheet. The antenna design used the time domain solver of CST Microwave
Studio in which antenna patch size, microstrip feedline stub length and aperture
size were optimized in order to accomplish impedance matching in the 902-928
MHz frequency band. The available antenna surface (= conductive patch) for
integration of solar cells is 62 mm × 80 mm, resulting in sufficient space for two
solar cells as shown in Fig. 3.4.
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Under ideal illumination conditions, measuring 100 mW/cm2, the solar cell can
deliver up to 57.3 mW (maximum power point). This illumination level repre-
sents sunlight directly overhead on a clear bright day on earth. The current con-
figuration is based on two solar cells and can provide a maximum DC power of
about 114 mW. However, in real life applications, the DC output power will be
lower since the orientation of the solar cell with respect to the sun and the illumi-
nation strength will differ from these optimal conditions. Furthermore, the load
connected to the solar cell configuration must be optimal in order to operate in the
solar cell’s maximum power point.

In order to investigate the influence of the solar cells on the antenna characteristics,
both a reflection coefficient and radiation pattern measurement of the antenna
with and without solar cells were executed. The simulated reflection coefficient,
the measured reflection coefficients of the antenna in free space with and without
solar cells, and the measured |S11| with the antenna positioned on the chest of a
human body are presented in Fig. 3.5. The simulated and measured bandwidth
is about 48 MHz whereas the on-body bandwidth increased to 64 MHz due to the
additional losses induced by the proximity of the human body. Moreover, a slightly
larger bandwidth is observed because of the presence of the solar cells which incur
a small additional loss. However, this excess loss is much smaller than the extra
losses observed when the antenna operates in the vicinity of the human body. The
simulated and measured antenna gains in the XZ and YZ-plane are displayed in
Fig. 3.6. Again, a comparison is made between the radiation pattern of the antenna
with and without solar cells. The maximum gain of the antenna is about 3 dBi,
and from these measurements we can conclude that the solar cells have a minor
influence on the radiation performance of the antenna.

3.3 Wearable through-wall Doppler radar

The design procedure outlined in Section 3.2 was applied to construct a low-cost,
low-weight, wearable Doppler radar system capable of detecting moving objects
behind a barrier, operating at 2.35 GHz. In rescue operations, wearability is criti-
cal, since the user’s range of motion should not be limited by the radar system. The
novelty of this radar system lies in the wearability and its comfortable integration
into a garment, which is why a simple, power-efficient Doppler radar architecture
was chosen, requiring minimal data processing. As shown in Fig. 3.7, the trans-
mit part of the Doppler radar consists of a four-element phased array of textile
antennas. The beam emitted by this array is right-hand circularly polarized along
all scanning angles and provides 9.2 dBi gain. The element spacing of 8.5 cm re-
sults in a large aperture and allows beamsteering from -15◦ to +15◦ with respect
to boresight. In Fig. 3.8, the |S11| and |S21| are depicted. It can be seen that the
array is broadly matched in its intended frequency range (2.3 - 2.4 GHz), ensuring
functionality when affected by potential frequency shifts due to antenna bending
and body proximity. Moreover, we note that the individual array elements are ad-
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Figure 3.5: Measured and simulated |S11| of the aperture coupled shorted wearable solar
patch antenna.
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Figure 3.7: Wearable through-wall Doppler radar (firefighter drawing by Laura Goethals).

equately isolated from each other. In Fig. 3.9, the radiation pattern of the transmit
array is depicted for beams steered in the -10◦, 0◦ and 15◦ direction. Note that, for
these steering directions, there is a single main beam and grating lobes are absent.
At the receiving end, textile fabrics found in professional garments were used to
develop an active wearable receive antenna. Applying the design strategy for op-
timal noise characteristics outlined in Section 3.2 and shown in Fig. 3.2 results in
15.7 dBi gain, 1.1 dB noise figure, left-hand circular polarization, and a 3 dB axial
ratio beamwidth larger than 50◦. The transmit and receive antennas both consist
of microstrip patch antennas with a sufficiently large ground plane, providing ra-
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Figure 3.8: Simulated and measured |S11| and |S21| of the wearable four-element array.

Figure 3.9: Radiation pattern of the transmit array with beam steered in -10◦, 0◦ and 15◦

direction.

diation in a semi-hemisphere away from the body. Therefore, the ground plane
effectively shields the antenna from the body or electronics integrated on the an-
tenna backside. In Fig. 3.10, the measured radiation pattern of the active receive
antenna is depicted. The maximum gain is found along the broadside direction and
equals 15.7 dBi. Fig. 3.11 shows the spectrogram measured by the radar worn by
a rescue worker standing in front of a fire-retardant door, detecting a person walk-
ing at 1.5 m/s at a position of 15◦ with respect to boresight, behind that door. A
full description of the design, fabrication and validation of the wearable radar is
found in [20].
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Figure 3.10: Measured radiation pattern of the active receive antenna.
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Figure 3.11: Measurement setup with a rescue worker wearing the radar, trying to detect
a person walking at 15◦ behind a closed fire-retardant door (a) and measured spectrogram
(b).

3.4 Wearable active Galileo E1-band antenna

The second design strategy outlined in Section 3.2, following Fig. 3.3, was applied
to design an active wearable Galileo E1-band antenna, additionally servicing the
Galileo SAR downlink and the Glonass L1 band. In order to provide the aforemen-
tioned functionalities, the antenna has to cover a frequency spectrum ranging from
1.544 GHz to 1.611 GHz, while being right-handed circularly polarized. Moreover,
in terms of application scenario, the antenna is intended for use in rescue-worker
garments. This requires a module that is not only compact and flexible, ensuring
the wearer’s movements are not hindered, but also robust, guaranteeing perfor-
mance in harsh conditions. In order to achieve these requirements, an aperture-
coupled microstrip patch topology [15], as shown in Fig. 3.12, has been selected.
This topology is low-profile and the ground plane shields the antenna from the
body, reducing its influence on the radiation performance, and allowing the inte-
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Figure 3.12: Wearable active Galileo E1-band antenna.

gration of active electronics on the antenna backside, eliminating potential weak
links that would otherwise be present between the antenna and the electronic sys-
tem. The aperture coupling helps to reduce the amount of vias in the design, in-
creasing robustness to stresses occurring when the antenna is bent or compressed.
In order to achieve a wideband circular polarization, a discrete hybrid coupler was
preferred over other techniques [21]–[23]. Moreover, we opted for a compact dis-
crete component instead of a microstrip realization, leaving space for the low-noise
amplifier and reducing the vulnerability of the coupler to bending influences. This
hybrid coupler is connected to the Maxim MAX2659 LNA [24], providing a high
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Figure 3.13: Measured |S11| and axial ratio of the wearable active Galileo E1-band antenna.

gain and a low noise figure in a small package that can be conveniently integrated
into the feed plane of the antenna. The detailed view in Fig. 3.12 presents the
feed circuit layout, in which the discrete hybrid coupler is connected to the LNA
input via an inductor-capacitor matching network (L1 = 6.8 nH and C1 = 470 pF).
Apart from the discrete coupler, the LNA and the two-element matching network,
only two additional components are required (50 Ω termination R1 and 33 nF de-
coupling capacitor C2), permitting a small and rugged circuit. The LNA is powered
by a voltage Vcc = 3V . Its DC power consumption is 12 mW. As depicted in Fig.
3.13, measurements indicate that the active antenna is robustly matched over a
frequency band ranging from 1.41 GHz to 1.675 GHz. The antenna’s axial ratio is
lower than 3 dB from 1.465 GHz to 1.765 GHz. This wideband circular polariza-
tion is achieved by using the discrete hybrid coupler. As depicted in Fig. 3.14, the
antenna gain reaches a maximum of 25.45 dB at 1.595 GHz. It stays within 3 dB
of this maximum value from 1.54 to 1.66 GHz.

To characterize the noise and linearity performance of the active antenna, noise
measurements were performed on the LNA integrated on an aramid textile sub-
strate, and linearity measurements were performed on the complete active an-
tenna. The noise figure (NF) of the stand-alone LNA at 1.575 GHz is measured
to be 0.95 dB, obtained after deembedding the attenuation of the SubMiniature
version A - U.FL series ultra small surface mount coaxial connector (SMA-U.FL)
adapter and the U.FL-cable connected to the LNA input. This value is slightly
higher than the one listed in the datasheet. The LNA examined here is integrated
onto a textile substrate glued to a copper-on-polyimide laminate, on which the
circuit is etched. This layered substrate is characterized by a tan δ = 0.02, re-
sulting in a larger attenuation in the circuit’s interconnections compared to rigid,
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Figure 3.14: Measured gain of the wearable active Galileo E1-band antenna.

high-frequency laminates. However, thanks to the short transmission lines in the
LNA circuit, the attenuation and its effect on the noise figure are limited. Never-
theless, the vias in the textile substrate are fabricated by threading copper wires
through the substrate, introducing additional inductance in the ground connec-
tion of the LNA chip, potentially affecting its performance. Next, by using the
Gain Compression and Swept IMD applications available on the Agilent N5242A
PNA-X Vector Network Analyzer, which use an external power meter to calibrate
the PNA-X receivers as reliable power meters, the 1-dB input compression point
(P1dB) and third-order input intercept point (IIP3) of the active antenna were de-
termined. For these measurements, the setup displayed in Fig. 3.15 was used. Port
1 of the PNA-X is connected to a highly linear low-noise amplifier, which in turn
is connected to a standard gain horn. As discussed in [25], the high OIP3 (43 dB
from 700 to 1600 MHz) of the MiniCircuits ZRL-3500+ amplifier allows it to be
driven with an input power level up to 0 dBm before intermodulation distortion
is generated, providing ample range for the linearity characterization of the active
antenna under test. At a distance of 3.55 m from the horn, the active antenna,
displayed on the figure as a separate antenna and LNA block, is aligned with the
horn. The active antenna is fed by two AA batteries, resulting in a 3.15 V feed
voltage. The active antenna is then connected to port 2 of the PNA-X. In Fig. 3.15,
detailed descriptions and gains/losses of the different elements of the setup are
specified. In this setup, the PNA-X is located in a Faraday cage, while the other
components were positioned in an anechoic chamber. To be able to compare the
results with the values listed in the MAX2659 datasheet, the same 5 MHz tone
spacing and -40 dBm/tone power (at the LNA input) were used for the IIP3 mea-
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surement. The values for the P1dB and IIP3 returned by the PNA-X measurements
were corrected with the term GLNA1 + GHorn + L + Gant = -4.9 dB to take into ac-
count the gains/losses that occur before the signal transmitted at port 1 of the
PNA-X actually reaches the LNA integrated into the active antenna. In this way, a
P1dB of -9.965 dBm and a IIP3 of -4.23 dBm at 1.575 GHz were measured. These
results are in in good agreement with the values indicated in the datasheet.
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Figure 3.15: Setup for the active antenna P1dB and IIP3 measurements.

3.5 Conclusion

Smart electronic systems for sensing, localization and wireless communications
should exhibit robustness, reliability and a high degree of autonomy while not
adding too much weight, nor hindering the movements of the wearer. In this chap-
ter, we exploit the large area available in professional garments to integrate flexible
textile antennas. In turn, the wearable antenna is used as a platform for the in-
tegration of active electronics, on the feed plane directly below the ground plane,
as well as for the integration of solar cells directly on top of the antenna patch.
We presented a comprehensive dedicated design paradigm that yields optimal ac-
tive antenna characteristics. The two outlined full-wave/circuit co-optimization
strategies were applied to the design of a wearable through-wall Doppler radar for
the detection of moving persons behind barriers and of a wearable active Galileo
E1-band antenna, whose noise and linearity performance were characterized. The
large area available in garments can also be exploited to deploy multiple antennas
to improve the signal quality by means of diversity and MIMO techniques. For
more details, we refer to [26]–[29].
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Designing textile antennas for real-life applications requires a design strategy
that is able to produce antennas that are optimized over a wide bandwidth
for often conflicting characteristics such as impedance matching, axial ratio,
efficiency and gain, and, moreover, that is able to account for the tolerances
that apply for the characteristics of the unconventional materials used in smart
textile systems. In this chapter, such a strategy, incorporating a multi-objective
constrained Pareto optimization, is presented and applied to the design of a
Galileo E6-band antenna with optimal return loss and axial ratio characteris-
tics. Subsequently, different prototypes of the optimized antenna are fabricated
and measured to validate the proposed design strategy.

4.1 Introduction

With the advent of ubiquitous computing, the need for ever smaller, cheaper and
more powerful electronic devices has increased significantly. Smart fabrics and in-
teractive textiles (SFIT) offer great potential to increase the functionality in a wide
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gamut of applications at a low cost, as well in terms of price as space. From health-
care to civil services, by using suitable materials such as (conductive) textiles,
foams and 3D-fabrics to realize active circuits and antennas, electronic systems
can be unobtrusively integrated into clothing, implementing features that would
otherwise require additional, often cumbersome, devices that have to be carried
around [1]–[8]. For rescue workers, having access to services such as positioning,
victim localization, vital signs monitoring and environmental hazard sensing can
mean the difference between life and death. Replacing the traditional, rigid, hand-
held devices by electronics directly integrated into the wearer’s garment, however,
does not come without specific design challenges. The placement of the wearable
systems inside of a garment makes them susceptible to influences of the proximity
of the body. Moreover, the foam and fabric substrates give rise to additional losses
and their flexibility, while indispensable for a conformal integration into clothing,
makes the antennas vulnerable to bending, potentially affecting their performance
[9], [10]. Additionally, the off-the-shelf foam/textile materials, not having been
specifically designed and fabricated as radio frequency (RF) substrates, can exhibit
high tolerances on their RF properties when looking at different product batches.
These tolerances can cause an unwanted shift in the antenna frequency response,
which can reduce performance in the required frequency range. As wearable ap-
plications often require a low-profile antenna, the antenna thickness, mainly de-
termined by the height of the antenna substrate, is a key aspect in the design
process. A thinner antenna substrate offers a more comfortable integration into
the garment, but, at the same time, limits the margins the designer can introduce
to ruggedize the antenna to material tolerances by increasing the antenna band-
width. In order to meet the stringent requirements for modern applications, both
in terms of performance and wearability, it is not only important to base the de-
sign on a suitable antenna topology that is subsequently optimized in view of the
different design objectives, but also to be able to cope with the potentially large
tolerances of the used foam/textile materials.

Aperture-coupled circularly polarized patch antennas provide a versatile topology
for wearable, robust user-terminal antennas for satellite communications [1], [2].
The intricate effect of the different design parameters on the antenna performance,
combined with the tolerances on the applied substrate materials, demand a ded-
icated design strategy, employing a multi-objective optimization approach in tan-
dem with a final post-optimization step to accommodate for potential tolerances
in the foam/textile substrates. Multi-objective optimization has been successfully
applied to several areas of electromagnetic design, such as antennas [11], [12], an-
tenna arrays [13], [14] and filters [15], [16]. Here, we propose a novel dedicated
textile antenna design strategy based on a multi-objective constrained Pareto opti-
mization that is able to combine resources from suitable simulators and databases
to achieve a design that is jointly optimized for different, often conflicting, ob-
jectives, followed by a final post-optimization step to accomodate for unexpected
deviations in the substrate characteristics. This scheme is illustrated by consider-
ing the design of a wearable Galileo E6-band antenna, taking as a starting point
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the GPS/E1-band antenna topology presented in [1], which is then optimized in
terms of wearablility, by applying a substrate that is almost 50 % thinner, and en-
hanced for Galileo E6-band reception, by using a different feed line geometry. This
antenna is optimized using the proposed strategy to jointly take into account the
antenna impedance matching and it’s circular polarization, expressed by the axial
ratio (AR). Afterwards, different antenna prototypes are fabricated using a foam
antenna substrate with variable dielectric properties, and subsequently optimized
to accommodate for the substrate deviations.

This chapter is organized as follows. In section 4.2, the Galileo E6-band antenna
and its requirements are described. In section 4.3, the proposed dedicated design
strategy is sketched.

4.2 Aperture coupled Galileo E6-band

antenna

GNSS (Global Navigation Satellite System) services for Civil Protection can benefit
greatly from wearable technology. To extend the functionality of wearable satellite
based positioning systems, which usually rely on reception of E1/L1-band signals,
we propose a compact, wearable textile antenna intended for Galileo signal recep-
tion in the E6-band. In terms of specifications, this means that the antenna has to
cover a frequency range from 1.26 to 1.3 GHz. In this range, an |S11| lower than
−10 dB is enforced, as well as an AR not exceeding 3 dB, in order to ensure right-
hand circular polarization. This antenna is designed for integration into rescue-
worker garments. This requires a module that is not only compact and flexible,
minimizing hindrance of the wearer’s range of motion, but also robust, guarantee-
ing stable performance in harsh conditions. In order to achieve the above-listed
requirements, an aperture-coupled microstrip patch topology, as shown in Fig. 4.1,
has been selected. This topology is low-profile and the ground plane shields the
antenna from the body, reducing its influence on the radiation performance. The
aperture coupling reduces the number of vias in the design, increasing robustness
to stress occurring when the antenna is bent or compressed. To achieve circular
polarization, a Minicircuits QCN-19 [17] discrete hybrid coupler was selected, on
the one hand providing a robust circular polarization over a wide frequency range
compared to other techniques involving deforming the feed and/or radiating struc-
ture, and, on the other hand, leveraging a compact feed circuit, leaving space for
the integration of additional electronics on the antenna backside and reducing the
vulnerability of the feed circuit to bending influences. The wide band AR char-
acteristic makes the antenna robust against potential frequency shifts incurred by
the integration of the antenna into a garment, exposing it to bending and body
proximity. The antenna (excluding a small part of the feed network before the
quadrature hybrid) is diagonally symmetrical, as indicated in Fig. 4.1. Compared
to the antenna presented in [1], the antenna has been redesigned using a sub-
strate with a lower height and a smaller hybrid coupler to enable easier and more
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Figure 4.1: Topology of the E6-band Galileo antenna.

comfortable integration into a garment. Moreover, the feedline stubs have been
extended along the diagonal to allow more headroom for matching purposes. The
materials used in the construction of this antenna are: for the antenna substrate,
a closed-cell expanded rubber foam (h1 = 3.94 mm, εr = 1.56, tan δ = 0.02) that
is fire-retardant; for the feed substrate, aramid fabric (h2 = 400 µm, εr = 2.15,
tan δ = 0.02), commonly found as an outer layer in protective garments; and, for
the conductors, copper-on-polyimide film, offering good flexibility and robustness,
while allowing an accurate manufacturing process by means of photolithography.
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Figure 4.2: Dedicated optimization scheme for the design of the Galileo E6-band antenna.

Of these materials, deviations in the dielectric properties of the antenna substrate
have the highest effect on the performance of the manufactured prototype, induc-
ing shifts in the antenna frequency response. The significant geometrical parame-
ters for optimization of the antenna performance are the patch length Lpatch, the
slot width Wslot , the slot length Lslot and the stub length Lstub2. The patch length
Lpatch controls the resonance frequency of the microstrip patch, the slot dimen-
sions Wslot and Lslot are used to tune the coupling between the feed lines and
the patch, and the length of diagonal extension of the feed stubs Lstub2 is varied
to ensure good matching of the antenna to the 50 Ω hybrid coupler. Parameter
sweeps, carried out during early design space exploration, show the conflicting
nature of the optimization of the antenna bandwidth, on the one side, and the
AR, on the other side. While the antenna patch dimensions generally determine
the frequency range in which the antenna will operate, increasing the slot dimen-
sions, for example, increases the bandwidth of the antenna by providing a better
coupling from the feed lines to the patch at the lower frequencies, but at the same
time, it decreases the AR performance at these frequencies. Increasing the feed
line stub length improves the AR performance, but, at the same time, decreases
the bandwidth. The simultaneous optimization of these parameters is necessary
to achieve a right-hand circularly polarized antenna that optimally performs within
the Galileo E6-band.
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4.3 Dedicated multi-objective constrained

Pareto optimization strategy

In Fig. 4.2, the dedicated optimization scheme is outlined. Because the design ob-
jectives are conflicting, as discussed in section 4.2, the optimization will not result
in a single optimal point, but in a set of Pareto-optimal points, representing the
solutions for which an improvement in one objective comes at the cost of another
objective. By subsequently constraining this Pareto-front using the design specifi-
cations, this allows the designer to make a well-considered trade-off between the
conflicting design objectives. At the start, a genetic multi-objective optimizer [18]
is used to construct a set of Pareto optimal solutions in terms of |S11| and AR, rely-
ing on a suitable combination of simulation tools. After this optimization, a final
post-optimization step is applied by measuring the |S11| of a first prototype, allow-
ing a final adjustment to take into account deviations occurring between different
material batches of the antenna’s protective foam substrate.

4.3.1 Genetic multi-objective optimization

In the first step of the optimization strategy, a genetic optimizer is used to avoid
getting stuck in local minima in the large design space. To calculate the fitness
functions in terms of |S11| and AR, we rely on Agilent’s Advanced Design System
(ADS) Momentum and the ADS Momentum post-processing environment, respec-
tively, using interfaces to pass the data from and to Matlab in a suitable format.
The |S11| and AR cost functions are defined by:

cost|S11| =
∑

i

[|S11( fi)|− |S11,l im|] (4.1)

costAR =
∑

i

∑

j

[AR( fi ,θ j)− ARl im] (4.2)

For the |S11| cost function, the limit |S11,l im| was set to −12 dB from 1.26 GHz to
1.3 GHz. Since the hybrid coupler we intend to use is matched to 50 Ω over a
broad frequency range, we do not include it in the optimization of the antenna
|S11|, because it could hide the reflection characteristics of the antenna itself. For
the AR, a limit of ARl im = 2 dB was imposed for an elevation angle ranging from
-30◦ to 30◦ in the frequency range from 1.26 GHz to 1.3 GHz, with a 20 MHz
step size. To keep the simulation time low, this step size was not chosen smaller,
because every frequency at which the AR should be calculated requires an explicit
simulation of the antenna structure. For optimization, the antenna’s geometrical
parameters are allowed to vary within the following ranges:

80 mm< Lpatch < 90 mm 4 mm<Wslot < 8 mm

20 mm< Lslot < 30 mm 10 mm< Lstub2 < 25 mm
(4.3)
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Figure 4.3: Constrained Pareto front resulting from the E6-band antenna optimization (con-
straints imposed: AR < 3 dB and |S11|< −10 dB).

Table 4.1: Dimensions of the optimized antenna.

Parameter Value [mm]
Lpatch 84.64
Lslot 24.77
Wslot 5
Lstub1 9.12
Lstub2 18.36
Wstub 1.6
Lel bow 5

The antenna structure is simulated using the ADS Momentum planar 3D full-wave
EM-solver available in Agilent’s ADS 2009. This solver allows efficient calculation
of the planar microstrip patch antenna’s characteristics, speeding up the optimiza-
tion process. For the evaluation of the AR, the ADS Momentum post-processor is
used. Reusing the simulation data from the ADS Momentum simulator, this allows
a quick calculation of the AR. The reason we combine two ADS simulation tools
with an external optimizer, and not with the built-in ADS optimizer, is that the
ADS optimizer does not allow automatic optimization of the far-field properties of
the antenna. Using our dedicated optimization scheme, manual optimization of
two conflicting antenna characteristics is circumvented, and the efficient ADS Mo-
mentum electromagnetic full-wave field solver can be used for a comprehensive
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Figure 4.4: Simulated |S11|(without hybrid coupler) of the optimized Galileo E6-antenna,
together with the -10 dB limit specified by the design requirements (green).

antenna optimization, producing the Pareto front shown in Fig. 4.3. This Pareto
front has been constrained using the design requirements for the E6-band antenna
put forward in Section 4.2, being |S11|< −10 dB and AR< 3 dB from 1.26 GHz up
to 1.3 GHz. The green circles indicate the solutions for which both the |S11| and
AR constraints are fulfilled. From these Pareto optimal points, we have selected
the design with the lowest AR error as the final optimal solution. The dimensions
of the optimal antenna are given in Table 4.1.

4.3.2 Post-optimization step

The second step in the optimization strategy takes into account the tolerances on
the characteristics of the antenna substrate materials. To this aim, a prototype is
constructed using substrate material from a specific material batch. If the dielec-
tric constant of the antenna substrate material deviates from the value applied in
the design process, a shift in the antenna’s frequency response is noticed. A cost-
and time-effective post-optimization step that takes this material tolerance into
account, consists of slightly varying the antenna patch size to compensate for the
induced frequency shift. The patch is a simple structure, that is quickly manufac-
tured and replaced on an existing prototype. To illustrate this post-optimization
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Figure 4.5: Back (a) and front (b) of the manufactured Galileo E6-band antenna.
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post-optimization and prototype 2 after post-optimization, respectively) AR of the Galileo
E6-antenna, together with the 3 dB limit specified by the design requirements (green).
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step, the optimized antenna was fabricated using antenna substrate foam from
two different batches. The fabrication process for both prototypes is the same.
The feed layer conductors are defined by means of a specialized photolithographic
process for copper-on-polyimide FCBs (flexible circuit boards). The feed circuit is
then laminated onto the aramid fabric feed substrate and laser-cut to the desired
shape. The antenna ground plane and patch are laser-cut. Making use of accu-
rately defined alignment holes and a custom alignment fixture, the different layers
are aligned and glued together by means of a thermally activated adhesive sheet
to assemble the complete antenna. The performance of the antenna prototypes
is measured in an anechoic room by means of an Agilent PNA-X N5242A Vector
Network Analyzer (VNA).

In Fig. 4.4, the measured |S11| of the prototypes is depicted, together with the
simulated |S11|. Note that the |S11| depicted in Fig. 4.4 is the |S11| of the antenna
without the hybrid coupler, as pointed out earlier. The |S11| of the first prototype
agrees well with the simulated |S11|, whereas the |S11| from the second prototype
differs from the simulations. Based on this |S11| measurement, an estimation of
the deviation of the dielectric constant of the second material batch is made, and
subsequently a new patch size is determined. Compared to the εr of 1.56 that was
used in the first stage of the design, the second substrate material batch exhibits an
εr of 1.46. This is compensated by assembling the second prototype with a patch
with a size of 88.2415 x 88.2415 mm. The measured |S11| of this final optimized
prototype is also depicted in Fig. 4.4.

The simulated and measured AR of the antenna prototypes is depicted in Fig.
4.6, together with the 3 dB limit specified by the design requirements. The post-
optimization step significantly improves the performance of the second prototype.
In this way, the antennas fabricated using the second material batch also meet the
design requirements.

4.4 Conclusion

A flexible dedicated multi-objective computer-aided optimization scheme for tex-
tile antennas is presented, allowing a proprietary design using a genetic multi-
objective Pareto optimization linked with appropriately selected simulation tools,
together with a material batch-specific post-optimization step consisting of altering
the patch size based on a prototype |S11| measurement, to account for tolerances of
the unconventional substrate materials used in the textile antenna design process.
This optimization scheme is applied to the design of a Galileo E6-band antenna
with optimal return loss and AR characteristics. The validity of the strategy is con-
firmed by means of the construction of two prototypes, using different batches of
antenna substrate material. Both antenna prototypes (one after applying the post
optimization step to account for the different material batch) meet the design re-
quirements, showing that the proposed optimization strategy is able to efficiently
take into account the tolerances on the antenna substrate material.
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Designing robust, wearable antennas for rescue worker systems requires a de-
sign strategy that is able to produce antennas that are optimized over a wide
bandwidth for often conflicting characteristics, such as impedance matching,
axial ratio, efficiency and gain. Advanced antenna topologies can be used to in-
corporate more functionalities into a single wearable antenna. These advanced
topologies require longer simulation times compared to simpler designs. There-
fore, in this chapter, a strategy is presented that performs a multi-objective
constrained Pareto-optimization by means of surrogate models for reducing
the computational cost caused by more complex antenna designs. This strat-
egy is applied to the design of a wearable stacked patch antenna, intended for
GNSS reception in the lower and upper L-band.
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5.1 Introduction

Smart fabrics and interactive textiles (SFIT) present a great opportunity to increase
the functionality of a broad range of applications, providing communication, local-
ization and sensing capabilities in fields ranging from military to search-and-rescue
and other civil services. Both in terms of price, by using off-the-shelf fabrics and
foams available in textile production processes, as in terms of space, by integrating
the antennas into otherwise unused areas of a garment, the cost can be kept low.
By applying suitable materials such as (conductive) textiles, foams and 3D-fabrics
to realize active circuits and antennas, electronic systems can be unobtrusively
integrated into clothing, implementing features that would otherwise require ad-
ditional, often cumbersome, devices that have to be carried around [1]–[8]. These
electronic systems can provide access to services such as positioning, victim local-
ization, vital signs monitoring and environmental hazard sensing, vastly improving
the safety and survival chances of both the wearer of the technical garment and
the distressed people being aided. Replacing the traditional, rigid, hand-held de-
vices by electronics directly integrated into the wearer’s garment, however, does
not come without specific design challenges. The placement of the wearable sys-
tems inside of a garment makes them susceptible to influences of the proximity of
the body. Moreover, the foam and fabric substrates give rise to additional losses
and their flexibility, while indispensable for a conformal integration into clothing,
makes the antennas vulnerable to bending, potentially affecting their performance
[9], [10]. To provide a highly reliable communications link in these conditions,
miniaturization of the on-body electronic system is crucial. This approach pro-
duces less bulky electronic circuitry, and antennas and improves wearability. The
functionalities of different circuits/antennas are combined into more compact elec-
tronic units, reducing potential weak links between these devices. When looking
at miniaturization from the antenna designer’s perspective, it is thus advisable to
replace multiple antennas by a single, broad band radiator. Electronics implement-
ing the different functionalities serviced by this antenna can then also be central-
ized and reduced in size. Circularly polarized aperture-coupled patch antennas
provide a versatile topology for wearable, robust user-terminal antennas for satel-
lite communications [1], [2]. To extend the functionality of single-patch antennas
without further increasing their footprint, a stacked patch topology can be utilized
[11]–[13]. The intricate effect of the different design parameters on the antenna
performance, requires a co-optimization of the complete antenna, taking into ac-
count the behaviour of feed network, in order to produce an optimally performing
design. Designing a high performance antenna means that not only the antenna’s
impedance matching, in terms of, e.g., |S11|, but also it’s far-field characteristics
have to be optimized. This necessitates a multi-objective optimization, with the
goal of finding the Pareto-front, representing the best possible trade-offs for the
conflicting design objectives. Pareto fronts, however, require a vast amount of
objective function evaluations, increasing the computation time. In order to re-
duce the computational cost of the optimization procedure, a surrogate model is
constructed of the circularly polarized stacked patch antenna. This results in a
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dedicated surrogate model-based co-optimization strategy that is able to combine
resources from the most suitable simulators and databases to achieve a design that
is jointly optimized for different objectives. This strategy is presented by means
of the design of a wearable stacked patch antenna for GNSS applications. To our
knowledge for the first time in literature, a circularly polarized aperture-coupled
stacked patch antenna is designed using textile/flexible materials, resulting in a
single, unobtrusive wearable antenna to cover the lower and upper L-band, cover-
ing GNSS services such as GPS, Galileo, GLONASS and Beidou [14]. The combi-
nation of these services will lead to increased availability, reliability and accuracy.
This is a crucial aspect when relying on GNSS in the aforementioned fields such
as military applications, rescue worker systems, search-and-rescue equipment and
other civil services. This chapter is organized as follows. In section 5.2, the wear-
able multi-band stacked patch antenna and its requirements are described. In sec-
tion 5.3, the devised simulation flow and surrogate model-based co-optimization
strategy is presented.

5.2 Wearable multi-band stacked patch

antenna

To extend the functionality of wearable satellite based positioning systems, which
usually rely on reception of E1/L1-band signals, we propose a compact, wearable
textile antenna intended for reception of GNSS signals in both the upper and lower
L-band. In the lower L-band, coverage from 1.16 to 1.3 GHz is required, enabling
Galileo E5/E6, GPS L2/L5 and GLONASS G2/G3 reception. In the upper L-band,
coverage from 1.54 to 1.61 GHz is desired, enabling the reception of Galileo E1
(including SAR downlink), GPS L1 and GLONASS G1. In the proposed frequency
ranges, an |S11| lower than −10 dB is enforced at the antenna output. Moreover,
considering the far-field requirements, the boresight gain should exceed 3 dBi,
the axial ratio should not exceed 3 dB, in order to ensure right-hand circular po-
larization, and the efficiency should remain above 50 %. Since this antenna is
designed for integration into rescue-worker garments, a module is required that
is not only compact and flexible, minimizing hindrance of the wearer’s range of
motion, but also robust, guaranteeing stable performance in harsh conditions. In
order to achieve the above-listed requirements, an aperture-coupled stacked patch
antenna topology, as shown in Fig. 5.1, has been selected. This topology is low-
profile and the ground plane shields the antenna from the wearer’s body, reducing
its influence on the radiation performance. The aperture coupling reduces the
number of vias in the design, increasing robustness to stresses occurring when
the antenna is bent or compressed. To achieve circular polarization, a feed net-
work consisting of one 180◦ coupler, followed by two 90◦ hybrid couplers has
been designed. For the 180◦ coupler, a MiniCircuits SYPJ-2-33+ has been cho-
sen, whereas two MiniCircuits QCN-19 quadrature hybrids form the necessary 90◦

hybrid couplers. Using discrete elements for the couplers, on the one hand pro-
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Figure 5.1: Topology of the wearable multi-band stacked patch antenna.

vides a robust circular polarization over a wide frequency range compared to other
techniques involving deforming the feed and/or radiating structure, and, on the
other hand, leverages a compact feed circuit, leaving space for the integration of
additional electronics on the antenna backside and reducing the vulnerability of
the feed circuit to bending influences. The wide-band specifications of the discrete
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Table 5.1: Electromagnetic properties of the antenna materials.

Substrate εr tan δ Height (mm) Materials
Top antenna substrate 1.56 0.02 3.94 Closed-cell

rubber-foam
Bottom antenna substrate 1.05 0.001 7.5 3D-fabric

Feed substrate 2.15 0.02 0.4 Aramid fabric

components enable a wide-band circular polarization and matching, making the
antenna robust against potential frequency shifts incurred by the integration of
the antenna into a garment, by bending or by body proximity. The feed network
couples to the stacked antenna patches through a cross-shaped slot, centered in
the antenna ground plane. The central position improves the symmetry of the an-
tenna, yielding better circular polarization characteristics. The antenna (excluding
small details in the feed network to accommodate the discrete components) is di-
agonally symmetrical, as indicated in Fig. 5.1. Several high-performance textile
materials were used as substrates in the design of the antenna. The top antenna
substrate consists of a 3.94 mm thick layer of closed-cell expanded rubber foam
that is shock-absorbing and fire-retardant. The bottom antenna substrate is formed
by a 3D fabric with a height of 7.5 mm, which is breathable, lightweight and shock
absorbing. For the feed substrate, a 400 µm thick layer of tear and flame resis-
tant aramid fabric, commonly found as an outer layer in protective garments, is
used. These materials, along with their properties, are listed in Table 5.1. The
conductive layers were realized on copper-on-polyimide laminates, consisting of
an 18 µm copper film on a 50 µm polyimide carrier. These laminates offer ex-
cellent flexibility and robustness, while allowing a highly accurate manufacturing
process by means of a dedicated photolithographic process.

The significant geometrical parameters for optimization of the antenna perfor-
mance are the top patch length Lt , the bottom patch length Lb, the slot width
Wslot , the slot length Lslot and the stub length Lstub2. The top and bottom patch
lengths Lt and Lb have to be determined simultaneously, as their strong coupling
does not allow them to resonate independently. The slot dimensions Wslot and
Lslot are used to tune the coupling between the feed lines and the bottom patch.
The length of diagonal extension of the feed stubs Lstub2 is varied to ensure good
matching of the antenna to the 50 Ω hybrid couplers.
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Figure 5.2: Simulation flow for the stacked patch antenna.

5.3 Dedicated surrogate-model based

co-optimization strategy

In this section the dedicated surrogate-model based co-optimization strategy will
be discussed. First, in section 5.3.1, the devised simulation flow that takes into
account the interaction of the antenna feed network and the antenna patch, is pre-
sented. Second, the co-optimization of the complete antenna, relying on surrogate
models to allow an efficient computation of the optimal result, is further discussed
in section 5.3.2.

5.3.1 Proposed co-simulation �ow

The complete antenna structure is simulated using Agilent’s Advanced Design Sys-
tem (ADS), directed by a dedicated simulation controller implemented in Matlab.
The antenna layout is simulated in the ADS Momentum planar 3D full-wave solver.
This solver allows an efficient calculation of the planar microstrip patch antenna’s
characteristics. For incorporating the discrete components, the layout of the feed
network is imported into the ADS schematic solver, where the S-parameter rep-
resentations of the discrete components are connected to the feed circuit layout.
For the evaluation of the far-field properties, the ADS Momentum post-processor
is used. Reusing the layout simulation data from the ADS Momentum simulator,
allows a quick calculation of the far-field behavior. The reason the different ADS
simulation tools are combined using an external simulation controller, is that ADS
does not allow automatic calculation of the far-field properties of the antenna while
taking into account the discrete components in the feed network. Our dedicated
simulation flow circumvents manual simulation of the different antenna charac-
teristics, allowing an automatic, efficient co-simulation of the antenna and its feed
network. The general outline of the proposed simulation flow is depicted in figure
5.2. To perform a co-simulation of the feed structure and the radiating patch, the
different simulation steps are coupled by means of a central simulation controller.
This controller takes as input a vector with the dimensions of the antenna, and
outputs the antenna |S11| and far-field characteristics (gain, AR and efficiency),
invoking the simulation tools in the order required for taking into account the in-
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teractions between the feed structure and the antenna structure. At the basis of
the simulation, is the antenna designed in ADS Momentum. In the simulation flow,
this antenna design is split into two parts, as depicted in Fig. 5.3. The one part
consists of the feed network. The layout of the feed network, consisting of the
microstrip transmission lines interconnecting the different discrete components, is
simulated in ADS Momentum, and subsequently coupled to the S-parameter mod-
els of the discrete components that are supplied by the manufacturer, in the ADS
schematic simulation environment. In this way, a 5-port S-parameter description
of the feed network is obtained. The other part of the antenna design consists of
the stacked antenna patches and their feed lines. This structure is designed in ADS
Momentum, and subsequently imported into Matlab to allow manipulation of the
antenna’s geometry. In the first step of the simulation flow, the antenna geometry is
updated based on the input values of the simulation controller, and, subsequently,
a Momentum simulation is performed on the updated antenna structure. In a sec-
ond step, the resulting 4-port S-parameters of the radiating stacked patch antenna
element are combined with the 5-port S-parameter description of the antenna feed
network, in order to calculate both the resulting reflection coefficient at the feed
network input, as well as the voltages and currents that are imposed on the an-
tenna feed lines when connected to the feed network. The currents and voltages
are defined as shown in Fig. 5.4. These voltages and currents are used to calculate
the Thévenin equivalent excitations at the antenna terminals. By relying on the
Z-matrix representation of the feed network
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it is seen that

Vi = Zii Ii +
5
∑

j=1
j 6=i

Zi j I j ,

from which the Thévenin equivalent voltages and impedances can be identified as

V th
i =

5
∑

j=1
j 6=i

Zi j I j

and
Z th

i = Zii .

In a third and final step, the Thevenin equivalent generators are connected to
the appropriate antenna terminals, as shown in Fig. 5.5, in order to simulate the
antenna’s far-field behavior by calling ADS Momentum’s post-processing environ-
ment. The |S11| and far-field characteristics of the complete antenna are subse-
quently delivered as the output of the simulation controller.
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5.3.2 Surrogate model-based co-optimization

To speed up the optimization process, a surrogate modeling approach is imple-
mented, by means of the SUrogate MOdelling (SUMO) Toolbox [15], [16]. The
surrogate-based optimization (SBO) [17], [18] allows to determine Pareto-optimal
solutions, while avoiding prohibitively large amounts of expensive simulations.
First, an initial cheap surrogate model is constructed to guide the sampling pro-
cess. A multi-objective formulation of the probability of improvement (PoI) is used
as a sampling scheme. This directs the selection of new samples that have to be
evaluated to regions where improvement of the objectives is expected, avoiding
unnecessary, expensive simulations. In this way, a multi-objective optimization is
performed, optimizing antenna |S11|, gain and axial ratio, where the |S11| should
be lower than −10 dB, the gain should be higher than 3 dB, and the AR should be
lower than 3 dB. The resulting Pareto-front is constrained according to the spec-
ifications. The design variables that are optimized are the top patch length Lt ,
the bottom patch length Lb, the slot width Wslot , the slot length Lslot and the stub
length Lstub. During the optimization, these parameters are allowed to vary within
the following ranges:

70 mm< Lb < 95 mm 2 mm<Wslot < 8 mm

70 mm< Lt < 95 mm 20 mm< Lslot < 60 mm

10 mm< Lstub < 30 mm

(5.1)

The cost functions for |S11|, gain and AR are defined as follows, in the frequency
bands 1.16 - 1.3 GHz and 1.54 - 1.61 GHz:

cost|S11| = max(|S11( f )|) (5.2)

cost gain = −min(gain( f )) (5.3)

costAR = max(AR( f )) (5.4)

These cost functions were minimized by means of an SBO using radial basis func-
tions (RBF) using only 200 simulations. The initial design space consisted of a 50
point latin hypercube complemented with the edge points of the design space, re-
sulting in 82 points. The Pareto-front resulting from this SBO is constrained using
the following constraints:

const raint|S11| : |S11( f )|< −10 (5.5)

const raint gain : gain( f )> 3 (5.6)

const raintAR : AR( f )< 3 (5.7)

The resulting constrained Pareto-front is depicted in Fig. 5.6.
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Figure 5.6: Pareto-front resulting from the SBO of the stacked patch antenna.

From the solutions satisfying all constraints, three points were selected to take a
more detailed look at the resulting antenna performance. In Figs. 5.7 to 5.10,
the simulated |S11|, gain, AR and efficiency of these three Pareto-optimal solutions
is depicted. The antenna dimensions corresponding to these points are listed in
Table 5.2. From the simulated antenna performance plots, it is clearly seen that
the Pareto-optimal designs meet all design requirements, even showing a margin
on the frequency range in which these requirements are met. This indicates the
design will have a certain robustness towards potential resonant frequency shifts
due to antenna bending, on the one hand, and tolerances on the used antenna
substrate materials, on the other hand.

After this optimization step, antenna prototypes will be fabricated and subjected
to measurements, in order to validate the presented optimization strategy and
demonstrate the performance of the proposed wearable textile multi-GNSS an-
tenna.
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Figure 5.7: Simulated |S11| of the three selected Pareto-optimal designs.
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Figure 5.9: Simulated AR of the three selected Pareto-optimal designs.
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Table 5.2: Dimensions of the three selected Pareto-optimal designs.

Selected design Lt(mm) Lb(mm) Lslot(mm) Wslot(mm) Lstub(mm)
P1 82.018 82.097 41.210 6.415 26.341
P2 82.264 80.903 41.586 6.317 26.288
P3 79.537 84.838 43.688 6.6257 23.100

5.4 Conclusion

Designing robust, wearable antennas for rescue worker systems requires a design
strategy that is able to produce antennas that are optimized over a wide bandwidth
for often conflicting characteristics such as impedance matching, axial ratio, effi-
ciency and gain. Advanced antenna topologies can be used to incorporate more
functionalities into a single wearable antenna. These advanced topologies increase
simulation times compared to simpler designs. Therefore, in this chapter, a strat-
egy is presented that performs a multi-objective constrained Pareto-optimization
by means of surrogate models for reducing the computational cost caused by more
complex antenna designs. This strategy is applied to the design of a wearable
stacked patch antenna, intended for GNSS reception in the lower and upper L-
band. Currently, the simulation flow is implemented, and a surrogate model based
constrained multi-objective optimization has been performed, resulting in several
Pareto-optimal designs meeting the specifications. The next step is to validate the
presented optimization strategy and the performance of the proposed wearable
textile multi-GNSS antenna by means of measurements on antenna prototypes.
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In an effort to improve the flexibility of active wearable aperture coupled patch
antennas applied in smart textile systems, a laser shaping technique for the an-
tenna feed substrate is presented. The technique consists of the removal of most
of the antenna feed substrate, up to very close distances to the microstrip inter-
connects and in close vicinity to the coupling slots in the antenna ground plane.
On the one hand, this changes the effective dielectric constant of the substrate,
influencing the performance of the impedance-controlled designed RF circuitry,
and the aperture coupling between the feed lines and the radiating structure.
On the other hand, the removal of lossy, textile substrate material surrounding
the RF interconnections has the potential to reduce losses in the feed circuit. By
taking into account the effects of this altered substrate, design guidelines can
be defined to produce high performance, light-weight and flexible wearable an-
tenna designs. In particular, for active antennas, this offers the opportunity to
integrate an increasing amount of electronics on the antenna’s feed substrate,
without compromising the wearability of the antenna. The proposed feed sub-
strate trimming technique is validated by means of two antenna prototypes,
one with a full feed substrate, and one with a reduced substrate.

6.1 Introduction

Since some time now, increasingly smaller, cheaper and more powerful electronics
pave the way towards a true Internet of Things (IoT). Smart fabrics and interactive
textiles (SFIT) are a logical part of this IoT, and offer great potential to increase
the functionality in a wide gamut of applications at a low cost, as well in terms
of price as space. Unobtrusively implementing advanced features into garments
can benefit, for example, healthcare, civil and military services. This unobtrusive
integration of electronic systems into garments can be achieved by using suitable
materials, such as (conductive) textiles, foams and 3D-fabrics, to realize active
circuits and antennas [1]–[8]. For rescue workers, having access to services such
as positioning, victim localization, vital signs monitoring and environmental haz-
ard sensing can mean the difference between life and death. Replacing the tradi-
tional, rigid, hand-held devices by electronics directly integrated into the wearer’s
garment, however, does not come without specific design challenges. In smart tex-
tile systems, an unobtrusive integration of the different components is essential.
However, this objective is not straightforward. In the active antenna’s fabrication
process, the RF circuitry is directly integrated onto the flexible antenna. This of-
fers increased performance by eliminating lossy wearable RF connections between
the antenna and the active circuit, and it enables full-wave/circuit co-design and
co-optimization, e.g. by matching the antenna impedance directly to the active cir-
cuit’s optimal input impedance [9]. Moreover, this approach improves robustness
by reducing potential weak links between the antenna interconnects and the active
circuitry, in the meanwhile making the complete wearable system more compact by
eliminating the need for separate antennas and circuits. Copper-on-polyimide films
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Figure 6.1: Sketch of the material stack used for wearable aperture-coupled patch antennas.

offer an ideal solution for the RF circuit integrated in an active wearable antenna,
allowing an accurate fabrication of the flexible RF interconnections. However,
when laminated onto a textile substrate, the flexibility is significantly reduced, and
the textile substrate introduces dielectric losses. Therefore, we propose a technique
involving laser cutting of the textile substrate around the RF circuitry, effectively
removing the substrate up to very close distances to the conductive structures. On
the one hand, this will influence the behavior of the transmission lines on the feed
circuit, including their coupling to the antenna patch through the apertures in the
groundplane. On the other hand, this improves significantly the flexibility of the
design, by almost completely eliminating a layer from the antenna substrate stack.

This chapter is organized as follows. In section 6.2, the proposed laser trimming
technique is detailed. In section 6.3, a proof-of-principle is documented, compar-
ing the performance of a conventional and a radically trimmed design.

6.2 Proposed laser trimming technique

The aperture-coupled microstrip patch antenna topology offers several benefits for
wearable antenna realizations. First and foremost, like their probe-fed counter-
parts, they provide radiation in a semi-hemisphere, shielding the radiating patch
from the body by means of a ground plane. Using an adequately large ground
plane, this practically eliminates influence of the body on wearable microstrip
patch antennas. The aperture-coupled topology, more specifically, exhibits ad-
ditional interesting properties. From an integration point of view, it eliminates
vias through the, often thick, antenna substrate. In wearable applications, such
vias present potential failure hotspots when the antenna is exposed to stresses,
such as bending or compression. Because the feed structure is integrated behind
the ground plane, it is shielded from the antenna radiation, making the aperture-
coupled topology very appealing for the integration of active electronics on the
antenna’s backside. Moreover, the coupling slot, acting as an additional resonator
besides the patch, is able to leverage wider bandwidths when compared to probe-
fed patch antennas [10].

The material stack that is used here to produce wearable active aperture coupled
patch antennas is depicted in Fig. 6.1. Essentially, this is a five-layer structure,
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consisting of three conductive layers and two dielectric substrates. The conductive
layers can be realized by conductive (stretchable) textiles and thin laminates of
copper on a polymer carrier, such as polyimide (PI). These copper-on-PI laminates
provide excellent flexibility, while allowing accurate definition of intricate patterns
by means of photolithographical process. This makes the copper-on-PI laminate
an ideal candidate for manufacturing the feed layer conductors. Mechanical tests
have pointed out that, after lamination, the assembled five-layer structure, de-
picted in Fig. 6.1, loses a great deal of the flexibility that is present in the separate
materials. However, when the feed conductor layer and the feed substrate are re-
moved, the material stack exhibits a high degree of flexibility, especially when the
ground plane and antenna patch conductors are realized using conductive (stretch-
able) textiles. For wearable applications, the flexibility of the integrated devices is
essential, greatly increasing the comfort of the wearer and making the integrated
smart textile system less obtrusive. Therefore, we propose a technique wherein
the stack consisting of the feed conductor and the feed substrate is radically re-
duced by means of laser ablation, enabling an accurate patterning. As shown in
Fig. 6.2, the feed substrate, together with the polyimide layer, is cut away up to
a distance T from the conductors that are defined on the copper-on-PI laminate.
In this way, a large part of the redundant feed substrate is removed. Doing this
greatly increases the flexibility of the 5-layered stack, because the two layers of the
feed flexible circuit board (FCB) are eliminated over a large part of the feed FCB
surface. Moreover, removing redundant polyimide from the feed FCB increases the
breathability of the wearable antenna. Also, the removal of the redundant aramid
reduces the moisture retention of the feed substrate, which can cause additional
losses and changes in the effective permittivity [11]. Especially for active wearable
antennas, this technique allows to guarantee high flexibility and breathability of
the antenna, while permitting electronic circuitry to be integrated on the feed FCB.

Influence of the substrate trimming on the microstrip impedance is expected to
be negligible as long as the ratio T/W > 1, where T is the width of the sub-
strate on either side of the microstrip with width W [12]. This observation is
also supported by a set of simulations performed in CST Microwave Studio, where
a microstrip interconnect and an aperture coupled patch antenna (at 1.575 GHz
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and at 2.45 GHz) have been simulated with a lossy feed substrate (εr = 2.15,
tan δ = 0.02, h = 400 µm) with variable width. To increase the flexibility of
the wearable antenna design, the limit T/W > 1 is not a real restriction, since it
enables that the largest part of the feed substrate is cut away, as seen in Fig. 6.7
in section 6.3. Furthermore, from the CST simulations, it is noticed that the influ-
ence of the trimmed substrate on the |S11|, gain, front-to-back ratio and efficiency
of the antenna is very small, even when going below the limit T/W > 1. Even for
values up to T/W = 0.6, the |S11| shifts are limited to a range of 2 MHz around the
value for an untrimmed feed substrate. The gain fluctuation stays below 0.1 dB,
whereas the front-to-back ratio change is limited to 0.5 dB. This shows that the
back-radiation increases slightly for decreasing values of T , however, the change
is sufficiently low to retain good antenna functionality. The variations in the an-
tenna efficiency are limited to 1 %. The effects of the trimmed substrate on the
antenna’s far-field properties are sufficiently small to guarantee a stable high an-
tenna performance, and if measured, the degradation in the far-field performance
due to the trimmed feed substrate would fall within the measurement tolerances.
Simulations performed on a microstrip interconnect (from 1 to 3 GHz) with a vari-
able substrate width T reveal a decrease of the transmission loss when T decreases.
This decrease, however, is only of the order of 0.01 dB for a substrate material with
a loss tangent tan δ = 0.02, such as aramid. While this decrease is not really sig-
nificant for the substrate material used in the textile antenna fabrication method
discussed here, it shows the potential of the feed substrate structuring technique
to lower transmission losses, which can be of more importance when working with
lossier substrate materials.

6.3 Comparison between conventional and

radically trimmed design

As a proof of principle, we have constructed two prototypes of a wearable Galileo
L1-band antenna [2]. The prototypes are fabricated using copper-on-PI conductive
layers. To further increase flexibility, geometrically simple shapes, such as the an-
tenna patch and ground plane, can be realized using conductive (stretchable) fab-
rics. This was not done here, in order to allow the use of antenna patch and ground
plane conductors that were fabricated previously, and were readily available. Also,
for the purpose of evaluating the performance of the trimmed FCB, this suffices.
As depicted in Fig. 6.3, the antenna relies on an aperture-coupled microstrip patch
topology. The radiating patch is coupled to the feed lines through two perpendic-
ular slots in the ground plane. In the feed network, a discrete quadrature hybrid
coupler provides a 90◦ phase difference to the two perpendicular modes excited on
the antenna patch, generating circular polarization. This antenna is intended for
reception of the Galileo E1-band, including the Search-and-Rescue (SAR) down-
link. The specifications of this antenna are, in the range of 1.544 to 1.61 GHz,
an |S11| < −10 dB, a gain > 3 dB, an AR < 3 dB and an efficiency > 50 %. As
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Figure 6.3: Aperture-coupled microstrip patch topology used for the wearable Galileo E1-
band antenna.

shown in Fig. 6.7, the one prototype is fabricated using the conventional material
stack, whereas the other one is manufactured using the reduced material stack,
where the feed substrate is structured by means of laser ablation, with a value of
T/W = 0.6, to illustrate the lower limit case. Subsequently, the antenna prototype
performance is measured in an anechoic room by means of an Agilent N5245A
PNA-X Vector Network Analyzer. The measurements are performed between 1.1
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Figure 6.4: Measured |S11| of the Galileo L1-band wearable antenna prototypes.

and 1.7 GHz, which corresponds to the frequency range of the Scientific Atlanta
type 1.1 standard gain horn. In Fig. 6.4, the |S11| of the two antenna prototypes
is depicted. It is seen that both antenna prototypes fulfill the design requirements.
A difference is noticed between the |S11| of the antenna with the conventional
feed substrate and the antenna with the trimmed feed substrate. This difference,
however, is not attributed to the trimmed feed substrate. The tolerances on the
discrete components, such as the hybrid quadrature coupler, and the fact that the
components and vias from the feed to the ground plane are hand soldered, con-
tribute to the difference in |S11|. In Fig. 6.5, it is seen that, indeed, the different
|S11| values of the two prototypes are not related to their antenna performance.
The gain of both the conventional and the laser-trimmed prototype show a nice
agreement. Also the axial ratios of the two prototypes, depicted in Fig. 6.6, are in
good agreement. Differences in the axial ratio are most likely caused by tolerances
on the amplitude balance and phase difference of the discrete hybrid coupler. As
can be seen from Table 6.1, the efficiencies of the two prototypes exhibit an excel-
lent agreement. The high overall agreement between the two prototypes, shows
that the laser-trimming technique offers great potential to increase the flexibility
of wearable antennas, without sacrificing performance. However, while this tech-
nique has been validated fully (simulations and measurements) for an aperture-
coupled patch antenna operating in the vicinity of 1.575 GHz and, with simulations
only, for an aperture-coupled patch antenna operating in the vicinity of 2.45 GHz,
further simulations and validation by means of measurements should be consid-
ered when generalizing the proposed design guideline, for example, taking into
account a larger frequency range and different substrate materials.



98 Chapter 6. Flexible, low loss feed structure for active wearable antennas

1.1 1.2 1.3 1.4 1.5 1.6 1.7
-20

-15

-10

-5

0

5

10

Frequency [GHz]

G
a
in

[d
B
]

full feed substrate
reduced feed substrate

Figure 6.5: Measured gain of the Galileo L1-band wearable antenna prototypes.
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Figure 6.6: Measured AR of the Galileo L1-band wearable antenna prototypes.

Table 6.1: Efficiencies of the conventional and the laser-trimmed wearable Galileo E1 an-
tenna.

Frequency Conventional antenna Laser-trimmed antenna
(GHz) efficiency (%) efficiency (%)
1.54 54.47 55.22

1.575 77.27 78.72
1.61 87.32 86.2
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(a) (b)

Figure 6.7: Picture of the antenna prototype with the full feed substrate (a) and the reduced
feed substrate (b).

6.4 Conclusion

In an effort to improve the flexibility of active wearable aperture coupled patch an-
tennas applied in smart textile systems, a laser shaping technique for the antenna
feed substrate is presented. The technique consists of the removal of most of the
antenna feed substrate, up to very close distances to the microstrip interconnects
and in close vicinity to the coupling slots in the antenna ground plane. On the
one hand, this changes the effective dielectric constant of the substrate, influenc-
ing the performance of the impedance-controlled designed RF circuitry, and the
aperture coupling between the feed lines and the radiating structure. On the other
hand, the removal of lossy, textile substrate material surrounding the RF intercon-
nections has the potential to reduce losses in the feed circuit. A design guideline
for the amount of feed substrate reduction is put forward, and validated by means
of simulations and measurements. This guideline limits the ratio T/W > 0.6,
where T is the width of the substrate on either side of the microstrip with width
W . Without compromising antenna performance, this allows a high flexibility and
breathability for wearable aperture-coupled patch antennas, especially when the
antenna ground plane and patch are constructed using conductive (stretchable)
textiles. In particular, for active antennas, this offers the opportunity to integrate
more and more electronics on the antenna’s feed substrate without compromising
its wearability. However, while this technique has been validated fully (simula-
tions and measurements) for an aperture-coupled patch antenna operating in the
vicinity of 1.575 GHz and, with simulations only, for an aperture-coupled patch
antenna operating in the vicinity of 2.45 GHz, further simulations and validation
by means of measurements should be considered when generalizing the proposed
design guideline.
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Conclusions

General conclusions

Throughout this work, design techniques and optimization strategies for the de-
sign of robust, high performance wearable textile antennas were presented. These
take into account the demanding nature of wearable antennas operating in rescue
worker systems. The strict design requirements imposed by GNSS applications
further complicated the design process.

First, a hands-on approach illustrated the potential of active wearable textile an-
tennas as robust, high performance modules for localization in rescue worker en-
vironments. The integration of an LNA directly onto a wearable GNSS antenna’s
backside resulted not only in a high performance textile satellite-based localization
antenna, but also provides a proof-of-concept for the integration of advanced elec-
tronics into wearable antennas. Afterwards, a design paradigm for autonomous
active wearable antennas was outlined and validated by means of several design
examples, showcasing the wide range of applications that can benefit from these
antennas. Next, the focus shifted to the multi-objective optimization of the an-
tenna element itself, taking into account the tolerances of unconventional sub-
strate materials applied in the fabrication process for wearable antennas. This
optimization strategy was then further developed to cope with increasingly com-
plex antenna designs, by means of surrogate modeling. Finally, a technique was
presented that increases the flexibility of active wearable aperture-coupled patch
antennas by laser-structuring the antenna’s feed substrate. These strategies and
techniques were validated by measurements on fully functional prototypes. Not
only does this work present guidelines to design highly optimized wearable anten-
nas, it also shows the potential of these antennas for real-life applications, focusing
on GNSS antennas for rescue workers.

Future work

The design strategies presented here were mainly validated by means of measure-
ments on optimized wearable textile GNSS antennas for rescue workers. However,
the presented strategies could be employed for the design of increasingly advanced
(active) wearable antennas for a wide gamut of applications.

While the prototypes in this work were constructed using copper-on-polyimide
conductors, the use of conductive, stretchable textiles has the potential to provide
additional flexibility and breathability to the wearable antennas, while reducing
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internal stresses that occur when the antennas are bent, increasing their robust-
ness even further. Improving the discussed antennas in this way is very well within
reach, as automated laser cutting techniques are able to shape these textiles accu-
rately, and several other antenna prototypes were already shown to exhibit satis-
fying performance when constructed using conductive fabrics. Screenprinting of
conductive inks onto textiles, or embroidering conductive yarns, could produce
detailed conductive structures, potentially enabling to realize antenna feed net-
works, which are often more complicated than a patch or ground-plane, in a more
flexible way. The vias present in the antenna designs that are discussed in this
work, are realized by manually threading copper wire through the antenna’s feed
substrate. This offers a reliable way of establishing connections between the feed
network and the antenna’s ground plane, but makes the fabrication process time-
consuming, limiting the usability of this technique to prototype manufacturing.
In order to speed up fabrication, new techniques for implementing the vias can
be developed, such as automated filling of the via holes with solder paste. The
flexibility and robustness of the electronics integrated in the antenna’s feed net-
work can also be further increased by means of advanced fabrication techniques.
Encapsulation of the discrete components using a suitable material, such as ther-
moplastic polyurethane (TPU), can provide increased robustness of the mechanical
connection of these components to the feed network, as well as protection from
moisture. Thinning of silicon chips results in an extremely low integration profile
with increased flexibility. In order to rely on the above-listed manufacturing tech-
niques, their effect on the antenna performance should be thoroughly analyzed,
by means of simulations and prototype measurements.

The design paradigm for reliable, autonomous textile antennas for professional
garments illustrates the successful integration of flexible solar cells onto a wearable
antenna. This example can be expanded to a more thorough approach of securing
smart textile system autonomy, taking advantage from harvesting different sources
besides solar power, and coupling this to the integration of a power management
system in combination with flexible batteries, ensuring a continuity in the available
power.

Aside from increasing the flexibility, the feed networks could be designed to in-
clude even more functionality. The integrated LNAs are a proof-of-principle, show-
ing that it is possible to unobtrusively integrate active electronics directly onto a
wearable antenna. But the active electronic components do not have to be lim-
ited to amplifiers. Thanks to on-going miniaturization, integration of microcon-
trollers, RF transceivers, GNSS receivers, electronic compasses, etc. can be con-
sidered. Integrating a multi-band GNSS receiver on a wide band textile GNSS an-
tenna would upgrade it to a highly autonomous, compact positioning module. This
would also further increase robustness of the complete SFIT system, because the
received GNSS signals are processed directly by the active antenna, eliminating a
potentially weak link between the antenna and a separate receiver. The presented
design strategies and techniques could be used as stepping stones towards truly
unobtrusive, autonomous, textile GNSS localization modules that not only tackle
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the design requirements needed for rescue worker applications, but also offer a
way to integrate reliable localization capabilities into a wide range of smart textile
systems.
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