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Samenvatting

De samenleving staat aan de vooravond van een nieuwe industriéle revolutie, waar
zelforganiserende fabrieken autonoom zullen draaien met minimale menselijke
tussenkomst en waar producten hun eigen productiecyclus zullen optimaliseren
op basis van realtime klantvraag. Dit concept, genaamd Industrie 4.0 (Engels:
Industry 4.0), mogelijk gemaakt door een combinatie van belangrijke technolo-
gische ontwikkelingen zoals het Internet der Dingen (Engels: Internet of Things,
I0T), cyber-fysieke systemen (Engels: Cyber Physical Systems, CPS) en big data-
analyse, revolutioneert het industri€le landschap wereldwijd. Het zal niet alleen
de operationele efficiéntie maximaliseren, afvalproductie minimaliseren en pro-
ductietransparantie verbeteren, maar het zal gepersonaliseerde producten in een
oogwenk beschikbaar maken tegen een betaalbare prijs.

Dit complexe technologische Industrie 4.0-ecosysteem wordt gevoed door een enorme
hoeveelheid aan sensorgegevens, waardoor professionals kritieke situaties effi-
ciénter en nauwkeuriger kunnen interpreteren en erop kunnen reageren. Deze
enorme hoeveelheid data en de uitgebreide netwerken van CPSen stellen hoge
eisen aan de volgende generatie van industriéle draadloze netwerken (Engels: In-
dustrial Wireless Networks, IWN). Communicatiekanalen met een korte vertraging
en een hoge datasnelheid met een linkbetrouwbaarheid tot 99,999% zullen essen-
tieel worden voor het succes van veel Industrie 4.0-toepassingen. Om volledig
autonome herconfiguratie van slimme fabrieken mogelijk te maken, wordt nauw-
keurige en realtime tracking van activa een noodzakelijke functie. In deze con-
text is ultrabreedbandtechnologie geidentificeerd als een belangrijke factor voor
het succes en de wijdverspreide acceptatie van Industrie 4.0. Enerzijds zorgt het
gebruik van pulsgebaseerde-ultrabreedbandtechnologie (Engels: Impulse-Radio
Ultra-Wideband technology, IR-UWB technology) niet alleen voor robuuste en snelle
communicatie, maar het laat ook de ontwikkeling toe van zeer nauwkeurige real-
time lokalisatiesystemen (Engels: Real-Time Location Systems, RTLS). Het maakt
autonome drone- en voertuigtoepassingen mogelijk vanwege de lokalisatienauw-
keurigheden tot 15 cm, zelfs in dichte en ongunstige slimme fabrieksomgevingen
die vaak onderhevig zijn aan sterke multipadeffecten en interferentie. Anderzijds
kunnen multi-antenne communicatiesystemen op zowel millimetergolf (Engels:
Millimeter-Wave, mmWave) als terahertz (Engels: Terahertz, THz) frequenties
voldoen aan de reeks strikte, heterogene vereisten, dankzij de grote beschikbare
bandbreedte op deze frequentiebanden. Vooral met de komst van toekomstige
toepassingen die aangevulde en virtuele realiteit (Engels: Augmented and Virtual
Reality, AR/VR) implementeren, zal deze volgende generatie van draadloze sys-
temen een pijler worden voor het harmoniseren van de interactie tussen mens en
machine, waardoor het volledige potentieel van Industrie 4.0 wordt ontgrendeld.
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In dit werk wordt het potentieel van luchtgevulde substraatgeintegreerde golfge-
leidertechnologie (Engels: Air-Filled Substrate-Integrated-Waveguide technology,
AFSIW technology) geanalyseerd voor zeer efficiénte ultrabreedbandantennes (En-
gels: Ultra-Wideband antennas, UWB antennas) in de context van twee technolo-
gische pijlers van Industrie 4.0. Deel I richt zich op robuuste en zeer efficiénte
UWB-antennes voor betrouwbare en nauwkeurige IR-UWB RTLSen in Industrie
4.0-toepassingen. Het gebruik van zeer korte pulsen in IR-UWB technologie vereist
de simulatie van parameters op systeemniveau, eigen aan de beoogde toepassing,
naast de traditionele optimalisatie van de antenne in het frequentiedomein. Om
een robuuste antennewerking te garanderen in een heterogene IoT omgeving, die
we ook tegenkomen in de fabriek van de toekomst, is er speciale aandacht besteed
aan het antenne-integratieplatform.

In Hoofdstuk 2 bespreken we het belang van optimalisatie op systeemniveau bij
IR-UWB antenneontwerp en de directe implicaties daarvan op de prestaties van het
RTLS met betrekking tot nauwkeurigheid en betrouwbaarheid. Om de invloed van
het IR-UWB antennesysteem op deze parameters op systeemniveau te analyseren,
is een modulair, systeemgericht full-wave/circuit IR-UWB co-optimalisatieraamwerk
ontwikkeld, dat het antennesysteem in het frequentie-, het tijds- en het ruim-
telijk domein optimaliseert. Eerst wordt een circuitmodelrepresentatie van een
IR-UWB systeem gepresenteerd, waarmee simulatie op systeemniveau voor één
specifieke antenneconfiguratie mogelijk is. Concreet betekent dit dat voor elke
variatie in zend- of ontvangstantenne, of het nu antenne-oriéntatie of -topologie
is, de volledige IR-UWB link opnieuw moet worden gesimuleerd. Om de bereke-
ning van de overdrachtsfunctie van de ultrabreedbandige antenneverbinding mo-
gelijk te maken op basis van de full-wave simulatieresultaten van de individuele
antennes, wordt deze daarom ontbonden en worden nauwkeurige simulaties mo-
gelijk met aanzienlijk verminderde rekenkracht. Vervolgens wordt de verkregen
IR-UWB antennesysteemkarakterisering in de frequentie, de tijd en het ruimte-
lilke domein gecombineerd door de parameters op systeemniveau, zoals de sys-
teemgetrouwheidsfactor (Engels: System Fidelity Factor, SFF) en de afstandsin-
schattingsfout (Engels: Distance Estimation Error, DEE) te berekenen. In de con-
text van RTLSen, karakteriseren de SFF en de DEE respectievelijk de hoeveelheid
oriéntatie-specifieke pulsvervorming en afstandsbias die door het antennesysteem
wordt geintroduceerd, wat respectievelijk de betrouwbaarheid en nauwkeurigheid
van het RTLS specifieert. Bovendien wordt het voorgestelde raamwerk gevalideerd
door een uitgebreide meetcampagne, die een zeer goede overeenkomst tussen si-
mulaties en metingen laat zien. Ten slotte worden de prestaties van het raam-
werk vergeleken met een commerciéle full-wave solver, die een verbetering van
de simulatietijd laat zien van meerdere grootte-ordes, vooral bij het simuleren van
meerdere antenne-oriéntaties.

Het voorgestelde simulatieraamwerk wordt gebruikt in Hoofdstuk 3 om een ro-
buuste en zeer efficiénte IR-UWB antenne in AFSIW technologie te ontwikkelen,
gericht op optimalisatie van de SFF voor zeer betrouwbare RTLSen. Om aan de
opgelegde ontwerpeisen te voldoen, is gekozen voor een slotantenne met achter-
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liggende caviteit, omdat deze gunstige stralingseigenschappen vertoont die onge-
wenste straling aan de achterkant minimaliseren en daarom een robuuste en plat-
formonafhankelijke antennewerking garanderen. Om het inherente smalbandge-
drag van een slotantenne met achterliggende caviteit te verhelpen, wordt mode-
bifurcatie toegepast op een luchtgevulde caviteit door halfmodekoppeling te im-
plementeren in gestapelde AFSIW technologie, waardoor een ultrahoge efficiéntie
over een ultrabrede frequentie band bekomen wordt. Met behulp van het voor-
gestelde simulatieraamwerk in Hoofdstuk 2, wordt een grondige optimalisatie op
systeemniveau uitgevoerd van het antennesysteem, waardoor uitstekende IR-UWB
prestaties worden gegarandeerd binnen de half-vermogen bundelbreedte (Engels:
Half-Power Beamwidth, HPBW) van de antenne. Meer specifiek wordt een SFF
groter dan 98% en een relatieve groepsvertraging kleiner dan 100 ps verkregen.
Hierdoor voldoet de antenne aan de eisen voor een betrouwbaar en nauwkeurig
IR-UWB RTLS, aangezien de pulsvervorming en variaties in de aankomsttijd tot
een minimum worden beperkt. De antenneprestaties worden gevalideerd door
metingen uit te voeren in twee scenario’s. Eerst wordt de prestatie in de vrije
ruimte geanalyseerd door het opmeten van de frequentie- en tijdsdomeineigen-
schappen in een volledig anechoische kamer. Vervolgens wordt de antenne geva-
lideerd in een realistisch worst-case implementatiescenario. Deze metingen be-
wijzen dat de antenneprestaties onaangetast blijven op een grote verscheiden-
heid aan integratieplatformen. Ten slotte, om het voordeel van AFSIW techno-
logie ten opzichte van dielektrisch-gevulde substraatgeintegreerde golfgeleider-
technologie (Engels: Dielectric-Filled Substrate-Integrated-Waveguide technology,
DFSIW technology) te illustreren, wordt een vergelijkende analyse uitgevoerd met
betrekking tot de vormfactor, de bandbreedte en de stralingsefficiéntie. Deze ob-
servaties leiden tot de conclusie dat de DFSIW technologie het volledige poten-
tieel van de substraatgeintegreerde golfgeleidertechnologie (Engels: Substrate-
Integrated-Waveguide technology, SIW technology) voor de beoogde toepassing
van een betrouwbare en nauwkeurige IR-UWB RTLS tegenhoudt.

Uiteindelijk analyseert en behandelt Hoofdstuk 4 het probleem van oriéntatie-
specifieke fouten bij het schatten van afstanden, geintroduceerd door het antenne-
systeem, voor zeer nauwkeurige IR-UWB RTLSen. Aangezien dit probleem zich
vaak voordoet bij sectorantennes, wordt een vlakke sectorantenne voorgesteld
voor IR-UWB lokalisatie met minimale fouten bij het schatten van de afstand . Een
grote HPBW en een minimale DEE binnen die HPBW worden verkregen door oor-
deelkundig twee vlakke omgekeerde-F antennes (Engels: Planar Inverted-F Anten-
nas, PIFA) te combineren in één antennevoetafdruk, gevolgd door een rigoureuze
optimalisatie op systeemniveau. Simulaties van het geoptimaliseerde antennesys-
teem vertoont een minimale SFF van ten minste 90% en een maximale DEE van 10
mm, binnen de volledige HPBW van 120°. De antenneprestaties zijn gevalideerd
door middel van uitgebreide metingen in zowel het frequentie- als het tijdsdomein,
waarbij een SFF groter dan 90% en een DEE kleiner dan 4 mm binnen de HPBW
van de antenne worden aangetoond.

Deel II van dit proefschrift gaat dieper in op het potentieel van AFSIW technologie
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bij on-chip antennes, bedoeld voor draadloze systemen van de volgende generatie.
Het lost de kritieke problemen van de huidige mmWave en THz on-chip antennes
op, waardoor een hoge antenne-efficiéntie mogelijk wordt over een grote impedan-
tiebandbreedte, en dit binnen een compacte footprint. Bovendien wordt speciale
aandacht besteed aan de ontwikkeling van fabricagetechnologieén die compatibel
zijn met bestaande silicium bewerkingstechnologieén, om de toepassing ervan in
cleanroom-omgevingen op industriéle schaal te bevorderen.

In Hoofdstuk 5 richten we ons op de technologische uitdagingen die samenhangen
met sterk geintegreerde millimetergolf on-chip antennesystemen, om zeer effici-
énte multi-antennesystemen met adaptieve bundelsturing mogelijk te maken. De
huidige integratiestrategie€n, zijnde antenne op chip (Engels: Antenna-on-Chip,
AoC) en antenne in verpakking (Engels: Antenna-in-Package, AiP), worden res-
pectievelijk typisch gekenmerkt door een slechte stralingsefficiéntie, vanwege de
ongunstige elektromagnetische materiaaleigenschappen in siliciumsubstraten, en
de hoge interconnectieverliezen die meer uitgesproken worden bij hogere frequen-
ties. Hiertoe wordt een hybride integratiestrategie voorgesteld voor compacte,
breedbandige en zeer efficiénte millimetergolf on-chip antennes, gebaseerd op
AFSIW technologie. Een hoogfrequent laminaat implementeert een gestapelde
patchconfiguratie en ondersteunt een chip. De chip zelf implementeert een geme-
talliseerde, lucht-gevulde caviteit, micromachinaal gemaakt direct boven de ge-
stapelde patchantennes, en een apertuurgekoppelde antennevoeding. Deze laatst-
genoemde wordt geimplementeerd op de achterzijde van de caviteit en voedt de
gestapelde patchantennes via een opening in de lucht-gevulde caviteit. Hierdoor
wordt het grootste deel van de elektromagnetische golven afgeschermd van het
verlieshebbende siliciumsubstraat, terwijl interconnectie verliezen worden verme-
den. Dit resulteert in een gemeten totale antenne-efficiéntie van meer dan 90%
over de volledige beoogde millimetergolf frequentieband. Gecombineerd met de
compacte antenne-voetafdruk van 0.49 A,,,;, X 0.49 A ..;,, is dit een veelbelovend
antenne-element voor de constructie van breedbandige antenneroosters met een
breed stuurbereik.

Ten slotte bespreekt Hoofdstuk 6 een nieuwe polymeer-gebaseerde AFSIW techno-
logie voor zeer efficiénte breedbandige on-chip THz antennesystemen. De opkomst
van deze nieuwe technologie maakt de weg vrij voor traditionele fasegestuurde an-
tenneroosters op THz frequenties, waardoor een goedkope en schaalbare oplossing
wordt geboden voor bundelsturing in THz communicatietoepassingen. Een slotan-
tenne met achterliggende caviteit, een exponentieel toelopende voeding en gemo-
dificeerd slot is ontworpen om het technologische potentieel te demonstreren. Een
dun, verliesarm polymeersuperstraat, die de antennevoeding en het stralingsele-
ment ondersteunt, wordt gespannen over een AFSIW caviteit die micromachinaal
wordt gemaakt in een goedkoop, standaard siliciumsubstraat. Door gebruik te
maken van mode-bifurcatie in de slotantenne bovenop een lucht-gevulde caviteit,
wordt een frequentie-onafhankelijke antenne-efficiéntie van meer dan 90% verkre-
gen over een grote bandbreedte. Bovendien verkleint de geoptimaliseerde vorm
van het stralend slot de antennevoetafdruk aanzienlijk, wat absoluut noodzake-
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lijk is voor toepassingen met een groot bundelstuurbereik. Naast radiofrequen-
tieoptimalisatie (Engels: Radio Frequency optimization, RF optimization) worden
zowel mechanische als thermische belasting onderzocht om robuuste antennepres-
taties te garanderen onder verschillende werkingsomstandigheden. De alleen-
staande antenne is geoptimaliseerd voor gebruik in de [252.72 —321.84] GHz-
frequentieband van de IEEE 802.15.3d-2017-standaard, en vertoont een antenne-
efficiéntie van meer dan 88% in de volledige frequentieband binnen een voetafdruk
van 500 um x 500 um. Daarnaast werd ook een 1x4 lineair antennerooster, geim-
plementeerd door vier van de gerealiseerde eenheidsantenne-elementen 560 um
uit elkaar te plaatsen, ontworpen. Dit rooster heeft een bundelstuurbereik van 60°
met een antennewinst groter dan 11,54 dBi. Bovendien blijft de onderlinge koppe-
ling onder -15 dB in de volledige frequentieband, wat het immense potentieel van
dit ontwerp en zijn technologie aantoont voor een goedkoop en sterk geintegreerd
systeem-op-chipraamwerk (Engels: System-on-Chip framework, SoC framework)
voor THz communicatie.






Summary

Society is on the verge of a new industrial revolution, where self-organizing facto-
ries will run autonomously with minimal human interference and where products
will optimize their own production cycle based on real-time customer demand.
This concept, dubbed Industry 4.0, facilitated by a combination of major tech-
nological advancements such as the Internet-of-Things (IoT), Cyber-Physical Sys-
tems (CPSs) and big data analytics, is disrupting the industrial landscape world-
wide. Not only will it improve operational efficiency, minimize waste produc-
tion and enhance production transparency, it will also make personalized products
available in the blink of an eye at an affordable price.

This complex technological Industry 4.0 ecosystem is fed by an enormous amount
of sensory data, enabling professionals to interpret and react to critical situations
more efficiently and accurately. This enormous amount of data and the extensive
networks of CPSs are imposing stringent requirements on next generation Indus-
trial Wireless Networks (IWNs). Low-latency, high data-rate communication chan-
nels with a link reliability up to 99.999% will become imperative for the success
of many Industry 4.0 applications. Furthermore, to facilitate fully autonomous
reconfiguration of smart factories, accurate and real-time asset tracking is becom-
ing an imperative feature. In this context, ultra-wideband technology has been
identified as a key enabler for the success and widespread adoption of Industry
4.0. On the one hand, the use of Impulse Radio Ultra-Wideband (IR-UWB) tech-
nology provides not only robust and high-speed communication, but it facilitates
the development of highly accurate Real-Time Locating Systems (RTLSs). It en-
ables autonomous drone and vehicle applications because of its localization accu-
racies up to 15 cm, even in dense and unfavorable smart factory environments,
commonly subjected to strong multipath effects and interference. On the other
hand, multi-antenna communication systems at both Milimeter-Wave (mmWave)
and Terahertz (THz) frequencies are able to address the set of stringent hetero-
geneous requirements, owing to the large available bandwidth at these frequency
bands. Especially with the advent of future applications that incorporate Aug-
mented/Virtual Reality (AR/VR), these next-generation wireless systems will be-
come a pillar for harmonizing the interaction between man and machine, thereby
unlocking the full potential of Industry 4.0.

In this work, the potential of Air-Filled Substrate-Integrated-Waveguide (AFSIW)
technology is elucidated for highly efficient ultra-wideband antennas in the con-
text of two technological facilitators of Industry 4.0. Part I focuses on robust and
highly efficient Ultra-Wideband (UWB) antennas for reliable and precise IR-UWB
RTLSs in Industry 4.0 applications. The use of sub-nanosecond duration pulses
in IR-UWB technology requires the simulation of system-level parameters, propri-
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etary to the envisioned application, in addition to traditional frequency-domain
antenna optimization. Furthermore, to guarantee robust antenna operation in a
heterogeneous IoT environment, as encountered in the factory of the future, spe-
cial care was given to take into account the antenna integration platform.

In Chapter 2, we discuss the importance of system-level optimization in IR-UWB
antenna design and its direct implications on RTLS performance, with regard to ac-
curacy and reliability. To analyze the IR-UWB antenna system’s influence on these
system-level parameters, a modular, system-oriented full-wave/circuit IR-UWB co-
optimization framework is developed, characterizing the antenna system in the
frequency, the time and the spatial domain. First, a circuit model representation
of an IR-UWB system is presented, enabling the system-level simulation for one
specific antenna configuration. More specifically, this means that for every vari-
ation in transmit or receive antenna, being antenna orientation or topology, the
complete IR-UWB-link must be simulated again. To this end, the antenna link is
decomposed to allow the calculation of the antenna link transfer function based on
the full-wave simulation results of standalone antennas, thereby enabling highly
accurate simulations with significantly reduced computational resources. Next, the
obtained IR-UWB antenna system characterization in the frequency, the time and
the spatial domain are combined by computing system-level metrics, such as the
System Fidelity Factor (SFF) and Distance Estimation Error (DEE). In the context
of RTLSs, the SFF and the DEE characterize the amount of orientation-specific pulse
distortion and ranging bias introduced by the antenna system, respectively, thereby
representing the reliability and accuracy of the RTLS, respectively. Furthermore,
the proposed framework is validated by an extensive dedicated time-domain mea-
surement campaign, showing very good agreement between simulations and mea-
surements. Finally, the framework performance is benchmarked against a com-
mercial full-wave solver, exhibiting an improvement in simulation time by orders
of magnitude, especially when simulating multiple antenna orientations.

The proposed simulation framework is leveraged in Chapter 3 to develop a robust,
highly-efficient, IR-UWB antenna in AFSIW technology, focused on optimization of
the SFF for highly reliable RTLSs. To satisfy the imposed design requirements, a
cavity-backed slot antenna topology is selected, as it exhibits favorable radiation
properties that minimize undesired backside radiation and, therefore, guarantees
robust and integration-platform-independent antenna operation. To mitigate the
inherent narrowband behavior of a cavity-backed slot antenna, mode-bifurcation
is leveraged on an air-substrate by implementing half-mode coupling in stacked
AFSIW technology, enabling an ultra-high efficiency over an ultra-wide frequency
band. Using the proposed simulation framework in Chapter 2, a thorough system-
level optimization is performed of the antenna system, comprising two of the an-
tennas proposed in this chapter, guaranteeing outstanding IR-UWB performance
within the antenna’s Half-Power Beamwidth (HPBW). More specifically, an SFF
larger than 98% and a relative group delay smaller than 100 ps are obtained. As
a result, the antenna complies with the requirements for a reliable and precision
IR-UWB RTLS, as the amount of pulse distortion and time-of-arrival variations are
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minimized. The antenna performance is validated by performing measurements in
two scenarios. Initially, the free-space performance is characterized by measuring
the frequency- and time-domain properties in a fully anechoic chamber. Addition-
ally, the antenna is validated in a real-life worst-case deployment scenario, proving
that its antenna performance remains unaffected on a large variety of integration
platforms. Finally, to illustrate the advantage of AFSIW technology over Dielectric-
Filled Substrate-Integrated-Waveguide (DFSIW) technology, a comparative analy-
sis is performed on the form factor, the bandwidth and the radiation efficiency.
These observations lead to the conclusion that DFSIW technology inhibits the full
potential of Substrate-Integrated-Waveguide (SIW) technology for the envisaged
application of a highly reliable and precision IR-UWB RTLS.

Ultimately, Chapter 4 analyzes and addresses the issue of orientation-specific dis-
tance estimation biasing errors, introduced by the antenna system, for highly pre-
cise IR-UWB RTLSs. As this problem is commonly encountered in sectoral an-
tennas, a planar sectoral antenna is proposed for IR-UWB localization with mini-
mal distance estimation biasing errors. A large HPBW and a minimal DEE within
that HPBW are obtained by judiciously combining two Planar Inverted-F Anten-
nas (PIFAs) into one antenna footprint and rigorous system-level optimization.
The optimized antenna system, comprised of the antenna proposed in this Chap-
ter and Chapter 3, exhibits a minimal simulated SFF of at least 90% and a maximal
simulated DEE of 10 mm, within the complete HPBW of 120°. The antenna per-
formance is validated by means of extensive measurements in both the frequency
and time-domain, showing an SFF larger than 90% and a DEE lower than 4 mm
within the antenna’s HPBW.

Part II of this dissertation elaborates on the potential of AFSIW technology in on-
chip antennas, intended for (beyond) 5G wireless systems. It addresses the crit-
ical drawbacks of current mmWave and THz on-chip antennas, thereby enabling
high antenna efficiencies over a large impedance bandwidth, within a compact
footprint. Furthermore, special attention was devoted to develop fabrication tech-
nologies that are compatible with existing silicon process technology, to promote
their adoption in industrial scale clean room environments.

In Chapter 5, we focus on the technological challenges associated with highly inte-
grated mmWave on-chip antenna systems, to enable highly efficient multi-antenna
systems with adaptive beamforming capabilities. The current integration strate-
gies, being Antenna-on-Chip (AoC) and Antenna-in-Package (AiP), typically suf-
fer from poor radiation efficiency, due to the unfavorable electromagnetic material
properties of bulk silicon substrates and high interconnect losses that become more
pronounced at higher frequencies, respectively. To this end, a hybrid integration
strategy is proposed for compact, broadband and highly-efficient mmWave on-chip
antennas, based on AFSIW technology. A high-frequency laminate implements a
stacked patch configuration and supports a chip. The chip itself implements a met-
allized air-filled cavity, micromachined directly above the stacked patches, and an
aperture-coupled antenna feed. The latter is implemented at the cavity backside,
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exciting the stacked patch antennas through an aperture in the air-filled cavity. By
doing so, the majority of the electromagnetic waves are shielded from the lossy sil-
icon substrate while avoiding any interconnect losses. This results in a measured
total antenna efficiency above 90% over the complete targeted mmWave frequency
band. Combined with the compact antenna footprint of 0.49 A,,,;,, X 0.49 A, ,,, this
antenna element shows great promise towards the construction of broadband an-
tenna arrays with a broad steering range.

Finally, Chapter 6 discusses a novel polymer-enabled AFSIW technology for highly
efficient broadband on-chip THz antenna systems. The emergence of this novel
technology paves the way for traditional phased array topologies at THz frequen-
cies, thereby providing a low-cost and scalable solution for beamsteering in THz
communication applications. A cavity-backed slot antenna with exponentially ta-
pered feed and modified slot is designed, both in a stand-alone and a 1x4 linear
array configuration, in an effort to demonstrate the technological potential. A thin,
low-loss polymer superstrate, supporting the antenna feed and radiating element,
is suspended on top of an AFSIW cavity that is micromachined into a low-cost,
standard silicon substrate. Leveraging mode-bifurcation in the cavity-backed slot
antenna, on top of an air-filled cavity, provides a frequency-independent antenna
efficiency larger than 90% over a very large bandwidth. Furthermore, manipulat-
ing the radiating slot significantly reduces the antenna footprint, imperative for
grating-lobe free beamsteering applications. In addition to Radio Frequency (RF)
optimization, both mechanical and thermal stress are investigated to guarantee ro-
bust antenna performance under different operating conditions. The stand-alone
antenna is optimized for operation in the [252.72 — 321.84] GHz frequency band
of the IEEE 802.15.3d-2017 standard, exhibiting an antenna efficiency above 88%
in the complete frequency band within a footprint of 500 um x 500 um. The 1x4
linear array, implemented by spacing four of the realized unit antenna elements
560 um apart, shows grating-lobe free beamsteering capabilities up to 30° with a
gain larger than 11.54 dBi. Moreover, mutual coupling remains below -15 dB and
a Front-to-Back Ratio (FTBR) above 16.8 dB is obtained in the complete frequency
band, demonstrating the immense potential of this design and its technology for
a low-cost and highly-integrated System-on-Chip (SoC) framework for THz com-
munication.
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Introduction

1.1 Context

Throughout history, a number of key technologies have revolutionized society in
such a profound way that mankind became dependent on it for continuous prosper-
ity and economic growth. In 1765, the first industrial revolution was accelerated
by James Watt and his invention of the Watt steam engine, thereby replacing agri-
culture with industry as the backbone of societal economy. At the end of the 19th
century, the emergence of electricity was one of the key enablers for the massive
amount of imperative inventions during the second industrial revolution, paving
the way for innovations such as the telephone, the light bulb and the Alternating
Current (AC) motor. By the second half of the 20th century, the conception of the
transistor brought forth the development of integrated circuits, giving rise to an
era of high-level automation during the third industrial revolution. Currently, the
combination of the Internet-of-Things (IoT), Cyber-Physical Systems (CPSs) and
big data analytics is disrupting the industrial landscape worldwide and, hence,
these technologies are considered the primary facilitators of the next industrial
revolution: Industry 4.0.

The integration of these technologies in existing industrial infrastructures brings
into existence the concept of industrial CPSs or smart artifacts: products or ma-
chines that not only have the abilities to compute, communicate and control, but
also have autonomy and sociality [1]. Leveraging large networks of CPSs, Cyber-
Physical Production Systems (CPPS) will then enable smart products to organize,
control and optimize their own production processes with minimal human inter-
ventions [2], thereby significantly enhancing transparency, productivity and effi-
ciency of production processes [3]. In laymen terms: Industry 4.0 enables a world
in which personalization and customization of any product is accessible to every
customer, available in the blink of an eye and offered at an affordable price. Fur-
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thermore, because the manufacturer can monitor and analyze the smart products
throughout its complete life cycle, supply chain and production optimization can
be automated, providing an unforeseen level of flexibility and adaptability. To put
this into context: During the first lock-down of the COVID-19 pandemic, stores
experienced an irrational demand for toilet paper, which manufacturers could not
satisfy without major changes in their production process. Although a global toi-
let paper shortage was experienced, a framework for customer behavior analysis
combined with flexible CPPS would have easily averted this issue.

With this convergence of the physical and virtual world in the form of CPPS,
real-time asset tracking is imperative to realize a fully automated and reconfig-
urable smart factory [4]-[7]. Especially with the deployment of moving robots,
drones and other autonomous vehicles [8], [9], highly accurate indoor Real-Time
Locating System (RTLS) are becoming indispensable for the implementation of
Industry 4.0. As satellite signals are attenuated and scattered by roofs, walls and
other objects, indoor RTLS require alternative technological solutions to the widely
adopted satellite-based Global Positioning System (GPS). Although many attempts
have been made [4], [6], only the recent advancements in Impulse Radio Ultra-
Wideband (IR-UWB) technology have accelerated the adoption of indoor RTLS by
industry [6], [10]-[12]. The use of sub-nanosecond duration pulses in IR-UWB
RTLS provides cm-level positional accuracy while featuring a high immunity to
multipath effects and interference, commonly found in challenging IoT and Indus-
try 4.0 environments [11]. As a result, novel applications emerge, such as, collision
avoidance [13], automated production line optimization [ 14]-[16], material /com-
ponent and production tracking [17], [18] and contact tracing [19] (currently
more relevant than ever in the context of the ongoing COVID-19 pandemic).

Next, the explosive growth of industrial IoT devices, forming extensive networks
of CPSs, imposes unseen requirements on the next generation Industrial Wire-
less Networks (IWNs). Especially applications as mobile assistance systems for
human-machine-interaction, require these IWNs to satisfy a heterogeneous set of
requirements, ranging from guaranteed Quality of Service (QoS), low end-to-end
latency and high data-rate communication [8]. In terms of numbers, this trans-
lates to a reliability up to 99.999%, extremely low latencies below 1 ms and data
rates up to 10 Gbps [20]. Furthermore, the virtualization of the physical factory in
Industry 4.0 requires IWNs to be dynamically programmable for providing sep-
arate layers for different applications [20]. This is where 5G is considered to
save the day [8], [20], [21]. Especially the Milimeter-Wave (mmWave) 5G fre-
quency bands offer data rates up to several Gbps with high reliability, because of
the available bandwidth and dense small cell networks, respectively [20], [22],
[23]. As these mmWave networks can be managed by a Cloud Radio Access Net-
work (C-RAN), dynamic network programming happens effortlessly [24]. Yet, al-
though 5G is forming an adequate backbone for current Industry 4.0 applications,
the envisioned bandwidth-hungry applications facilitated by Augmented/Virtual
Reality (AR/VR) technology require data rates up to 100 Gbps, thereby pushing
researchers to investigate possible technologies for next generation wireless sys-
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tems [25]-[31].

1.2 Motivation

While the groundwork for fully-automated smart factories has been laid out, sev-
eral technological challenges still prevent unleashing the full potential of Industry
4.0 and its impact on society [1], [21], [32]. This dissertation strives to address two
critical physical layer challenges that inhibit the short-term advancement and the
long-term potential of Industry 4.0. First, a system-oriented optimization frame-
work is proposed to (1) investigate the impact of antennas in IR-UWB RTLS and (2)
to realize robust and high-performance antenna systems for high-accuracy IR-UWB
RTLS in an efficient and first-time-right manner. Second, novel highly efficient on-
chip antenna technologies for 5G and beyond 5G applications have been analyzed.
Moreover, in both cases, the potential of standard fabrication processes to realize
highly efficient antennas is analyzed and discussed.

First, the development and optimization of robust and highly accurate IR-UWB
RTLS are vital to promote adoption and to advance the further development of
existing CPS applications [6]. Demonstrating the potential of industrial IoT in
smart factories with these pilot application scenarios will usher in a true trans-
formation of the industrial landscape where the paradigm shift of the fourth in-
dustrial revolution is embraced by both existing and new businesses [1]. How-
ever, the use of sub-nanosecond pulses in IR-UWB RTLS imposes a different set
of design challenges compared to conventional narrowband RF-based RTLS. The
Ultra-Wideband (UWB) spectrum of the pulses implies specific radiowave propa-
gation characteristics, requiring the IR-UWB hardware to exhibit excellent perfor-
mance in both the frequency and time domain [33]-[37]. Moreover, recent re-
search has demonstrated the IR-UWB RTLS performance is not only influenced by
the active electronics. The orientation specific pulse distortion and phase-center
variations, induced by non-ideal space-, frequency- and time-domain character-
istics of the transmit and receive antennas significantly impact the system accu-
racy and robustness [34], [38]-[41]. As a result, substantially different antenna
topologies [42] demand dedicated system-level simulations to guarantee excellent
RTLS performance. Furthermore, antenna design in harsh IoT and Industry 4.0
environments requires antenna optimization in the envisioned deployment sce-
narios, rather than in stand-alone free-space environments [43], [44]. To this end,
two dedicated system-level metrics are defined: the System Fidelity Factor (SFF)
and the Distance Estimation Error (DEE). The SFF characterizes the pulse dis-
tortion introduced by the antenna system [33], whereas the DEE quantifies the
amount of ranging bias for different antenna orientations. A multi-objective op-
timization in which the SFF is maximized while minimizing the DEE and satisfy-
ing the imposed frequency-domain requirements then guarantees optimal IR-UWB
RTLS performance in realistic deployment scenarios, imperative for current- and
next-generation Industry 4.0 applications.
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Second, to accommodate the need for extremely reliable, low-latency and high
data-rate communication systems, next-generation wireless systems are consid-
ered key for the success of Industry 4.0. Specifically, the available bandwidth in
the mmWave frequency bands of fifth-generation wireless networks (5G) is able to
facilitate the high data-rate requirements of massive CPS networks for the coming
years. However, to resolve the inherent drawback of mmWave communication,
such as exceedingly unfavorable propagation characteristics [45], multi-antenna
systems with adaptive beamforming will be indispensable [46], [47]. Fortunately,
the reduced wavelength at those frequencies gives rise to smaller antenna foot-
prints, facilitating highly integrated radio units containing both the RF front-end
and the antenna on chip, thereby enhancing production yield and mitigating the
large interconnect losses [48]-[55]. Nonetheless, the adverse electromagnetic ma-
terial properties of bulk silicon substrates significantly inhibit the Antenna-on-Chip
(AoC) efficiency and performance [51]. Furthermore, utmost care should be taken
to prevent Electromagnetic Interference (EMI) issues, due to inadequate shield-
ing of the mmWave front-end module [51]. When considering next-generation
Industry 4.0 applications, such as mobile assistance systems for human-machine-
interaction facilitated by AR/VR technology, beyond 5G wireless systems will be
required to enable 100 Gbps wireless links. To this end, opportunities in the unli-
censed THz frequency band are investigated. The available bandwidth (69 GHz) at
287 GHz is reported to support data rates of 100 Gbps and higher for distances up
to a few hundred meters [56]. Similar to the mmWave frequency band, the signal
experiences substantial frequency dependent atmospheric attenuation [30], [31],
making high-gain or multi-antenna systems crucial. Moreover, poor microwave
component performance and high interconnect, packaging and assembly losses
[29], [57], [58] make the integration of the THz transceiver, beamforming net-
works and antenna array into a highly-integrated System-on-Chip (SoC) one of
the most promising solutions for THz communication. However, the low radiation
efficiency and narrowband behavior of on-chip antennas still impose significant
limitations on the viability of on-chip antennas in THz SoC applications [58].

Finally, the virtualization of the physical factory requires an "always-on" user expe-
rience, providing non-stop connectivity to a massive network of CPSs [20]. As a re-
sult, energy efficiency is an essential part in any Industry 4.0 application [1], [20],
[21]. Especially with the massive deployment of industrial IoT devices inside smart
factories, marginal increases in energy efficiency result in large economic benefits.
Furthermore, in the context of (beyond) 5G communication systems, energy effi-
ciency optimization is critical to mitigate heat dissipation issues that are commonly
encountered in highly-integrated SoCs [59]. Hence, the development of highly ef-
ficient antenna technologies for both IR-UWB RTLSs and mmWave/THz wireless
communication applications is not only essential for Industry 4.0, but for the IoT
in general [60], [61]. Yet, providing a high antenna efficiency over an ultra-wide
bandwidth requires thoughtful operation principles, as most efficiency enhancing
antenna technologies exhibit strictly narrowband behavior [62]. Additionally, the
massive deployment of IoT devices in Industry 4.0 demands cost-effective fabrica-
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tion technologies, such as standard Printed Circuit Board (PCB) and silicon process
technology, while guaranteeing excellent antenna performance [60], [61].

1.3 Current state-of-the-art

The immense potential of Industry 4.0, both from an economical and societal per-
spective, has led to a joint effort of researchers worldwide to tackle the technical
challenges described in Section 1.2. This section outlines the principal research re-
sults with respect to, on the one hand, highly-efficient IR-UWB antennas, optimized
for precise indoor localization and, on the other hand, highly-efficient on-chip an-
tenna technologies for 5G and beyond 5G wireless systems.

1.3.1 Robust and Highly-Efficient Antenna Systems for IR-UWB
Localization in Industry 4.0 Applications

In order to develop highly-efficient antenna systems for precise IR-UWB localiza-
tion, system-level performance needs to be assessed and optimized for metrics as
the SFF and the DEE. However, no commercial tools currently exist to efficiently
perform sytem-level simulations, which makes accurate and complete IR-UWB
RTLS simulation very challenging. As a result, researchers have proposed dedi-
cated simulation frameworks that facilitate system-level simulation of either the
active electronics [35], [36] or the antenna link [38]-[41]. In [35] and [36], an
UWB simulation framework is described that models the complete IR-UWB link in
Agilent Advanced Design System (ADS). Although this provides a powerful tool for
system-level hardware design, it fails to incorporate the effect of orientation spe-
cific antenna effects and, as such, is inadequate to design highly accurate IR-UWB
RTLS. In [38]-[41], dedicated frameworks are proposed that jointly character-
ize the frequency, time and space domain of IR-UWB antenna systems. However,
the frameworks don’t specify the possibility to incorporate circuit simulations or
measurements results to enable full-wave/circuit co-optimization and, thus, fail to
accurately calculate system-level parameters.

Nevertheless, a plethora of antennas for IR-UWB RTLS have been proposed in lit-
erature [63]-[66]. Antenna systems simulated and measured in stand-alone free-
space conditions easily demonstrate SFF values up to 90% [63], [64], [67]-[69].
However, the design of robust IR-UWB antennas with a high SFF in realistic de-
ployment scenario’s require significantly different antenna topologies [70]. In this
regard, Substrate-Integrated-Waveguide (SIW) technology [71], [72] provides ex-
cellent features that enable outstanding antenna performance regardless of the
integration platform. Yet, the inherent narrowband characteristics and limited en-
ergy efficiency of SIW structures still inhibit their potential for high-performance
IR-UWB RTLSs [65], [72]-[74]. To address this issue, Air-Filled Substrate-Integrated-
Waveguide (AFSIW) technology is often proposed as a scalable alternative to the
conventional Dielectric-Filled Substrate-Integrated-Waveguide (DFSIW) technol-
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ogy for next-generation antenna systems [75]-[85]. To implement AFSIW struc-
tures, several standard, low-cost fabrication technologies are available, such as
PCB, bulk silicon and additive manufacturing technology. In [75]-[79], [81], [82],
numerous AFSIW filters, phase shifters and antennas have been proposed, imple-
mented in multilayer PCB technology. In [80], micromachining techniques of bulk
silicon substrates are leveraged to implement an AFSIW slotted G-band horn an-
tenna. Furthermore, recent advancements in additive manufacturing have shown
great promise for 3-D printed AFSIW antennas, facilitating cost-effective and acces-
sible fabrication technology while exhibiting excellent antenna performance [86]-
[89]. In conclusion, AFSIW antennas outperform their DFSIW counterparts not
only in terms of antenna efficiency and impedance bandwidth [83], [84], but also
in cost effectiveness. Unfortunately, the system-level performance of AFSIW an-
tennas for IR-UWB RTLSs found in literature is not yet assessed.

Next to minimizing the pulse distortion in a IR-UWB localization system by max-
imizing the SFF, antenna orientation induced ranging bias should be minimized
to guarantee highly accurate RTLS performance. More specifically, the develop-
ment of sector antennas with a minimal DEE over a sufficiently large Half-Power
Beamwidth (HPBW) are vital to the success of IR-UWB RTLS in Industry 4.0. In
[90], a hemispherical antenna is presented, achieving a HPBW larger than 90° and
showing a fidelity factor of 80% in broadside. Unfortunately, a gain as low as -15
dBi is reported, rendering it unsuitable for the envisioned application scenario. In
[91] and [92], SFFs up to 91% and 95% are reported, respectively. Furthermore,
Van Baelen et. al. reports a DEE of 50 mm in [92], proving that a high SFF does not
guarantee a low ranging estimation bias and that specific system-level optimization
is required to optimize this parameter.

1.3.2 Highly Efficient On-Chip Antenna Technology for (beyond)
5G Wireless Systems

As stated in Section 1.2, the unfavorable electromagnetic material properties of
bulk silicon substrates pose a critical threat on the viability of AoC technology for
5G mmWave antenna systems. Alternatively, the Antenna-in-Package (AiP) tech-
nology that is proposed to mitigate the aforementioned substrate losses by inte-
grating the radiating antenna elements in low-loss packaging materials, still suffers
from increased interconnect losses. Researchers have proposed a myriad of solu-
tions to increase antenna efficiency, both for AoC [93]-[103] and AiP strategies
[53], [55], [97]. Specifically for AoC, micromachined patch antennas show a lot
of promise, reaching antenna efficiencies up to 95 % [50], [94], [95], [98]-[100],
[104]. However, locally thinning the silicon substrate under the patch usually re-
sults in a larger antenna footprint. Furthermore, insufficient shielding [95] and/or
susceptibility to EMI issues [93] were present as the micromachined cavities were
not metallized. Another technique is the use of superstrates, enabling easy integra-
tion with 0.13 pm SiGe or Complementary Metal Oxide Semiconductor (CMOS)
Radio Frequency (RF) front-ends [101]-[103]. However, reported antenna effi-
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ciencies lower than 50 % render this technique ineffective for 5G mmWave an-
tenna systems. As a result, AoC technology typically leads to a trade-off between
antenna efficiency, bandwidth and antenna footprint. This is where AiP technol-
ogy shows great promise to provide high antenna efficiencies over a ultra-wide
bandwidth within a small antenna footprint [53], [55], [97]. Nonetheless, the
high losses associated with long interconnects in AiP technology, inhibit its full
adoption as a viable solution for highly-integrated mmWave antenna systems. As
a result, the best of both integration strategies are combined in hybrid integration
strategies, yielding high performance integrated antennas [52], [54] within a com-
pact footprint. By implementing part of the antenna as an AoC and the other part
with AiP technology, substrate losses are mitigated while eliminating the need for
interconnects and, hence, significantly reducing overall losses.

When investigating next-generation on-chip antenna systems at Terahertz (THz)
frequencies, the same challenges persist as in mmWave AoC. Moreover, because
wavelengths are an order of magnitude smaller than at mmWave frequencies, in-
terconnect losses are significantly higher and render AiP technology unsuitable at
THz frequencies. To this end, several techniques have been proposed in literature
to resolve the low efficiency and narrowband issues [29], [57], [105]. First, lens
loaded antennas exhibit a large antenna gain, low side lobe levels and minimal
cross polarization [105]. Nevertheless, the complex fabrication methods, large
antenna footprint and even radiation pattern distortion due to temperature fluc-
tuations, limit their value in steerable multi-antenna systems [106]. Next, the
high efficiency associated with dielectric-resonator-based systems, which achieve
an antenna efficiency of 80% and a gain of 10 dBi at 340 GHz, shows great promise
[58]. Unfortunately, their use in THz on-chip antenna systems is compromised by
their narrowband behavior and added fabrication complexity. CMOS THz anten-
nas have been explored as well [107], [108], but they exhibit radiation efficiencies
of maximally 54%. Finally, similar to mmWave AoC technology, micro-machining
techniques have been used to realize SIW on-chip antennas by filling metalized cav-
ities with low-loss material to enhance radiation efficiency and impedance band-
width simultaneously [109], [110]. In [109], a patch antenna and 1x4 linear array
are reported, fabricated using Benzocyclobutene (BCB)-filled cavities, showing an
impedance bandwidth of 2.8 GHz at 100 GHz, a maximum radiation efficiency of
79.6% and a gain of 6.7 dBi and 13 dBi for single antenna and array implemen-
tations, respectively. Similarly, in [110] an impedance bandwidth of 4.5% and a
gain of 6.4 dBi are obtained at 135 GHz.

1.4 Own contributions and outline

This dissertation focuses on resolving two critical physical-layer inhibitors of the
large-scale acceleration of Industry 4.0. In the first part, highly efficient, robust
IR-UWB antennas in AFSIW technology are investigated for indoor RTLS appli-
cations. By leveraging an in-house developed system-oriented full-wave/circuit
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co-optimization framework, orientation-specific pulse distortion and ranging bias
errors are minimized, even in realistic Industry 4.0 deployment scenarios. In the
second part, novel AFSIW technologies are proposed to mitigate the critical draw-
backs of mmWave and THz on-chip antennas, thereby facilitating extremely high
antenna efficiencies over a large impedance bandwidth, within a compact foot-
print.

1.4.1 Robust and Highly-Efficient Antenna Systems for IR-UWB
Localization in Industry 4.0 Applications

The first part is divided into three chapters. Chapter 2 describes a novel, modular
full-wave/circuit IR-UWB co-optimization framework that facilitates highly accu-
rate and efficient system-level optimization of IR-UWB systems. The framework
allows to efficiently integrate the standalone simulation results of each IR-UWB
component in the RF link to characterize the complete IR-UWB system perfor-
mance, thereby obtaining a modular architecture that facilitates light-weight sim-
ulations with great design flexibility. This strategy also enables measurement re-
sults to be included in the co-optimization framework. Furthermore, the frame-
work proposed in [37] is extended to allow system-level optimization, based on
time-domain results. Hence, the IR-UWB RTLS performance can be assessed in
terms of the SFF and the DEE. A series of dedicated time-domain measurements
in an anechoic chamber are performed to validate the obtained simulation results,
showing a good agreement between simulations and measurements. Additionally,
its performance is benchmarked against commercial solvers, showing a significant
improvement in computing time and required memory.

In Chapter 3, a highly efficient IR-UWB coupled half-mode cavity-backed slot an-
tenna in stacked AFSIW technology is reported. The required antenna characteris-
tics are obtained by leveraging the coupled half-mode technique in a cavity-backed
slot antenna topology [111]. Furthermore, to cater to the demands for precision
IR-UWB localization in Industry 4.0, the antenna is realized in AFSIW technology.
An AFSIW cavity is realized by sandwiching two milled FR-4 substrates between
two RO4350B® laminates, containing the slot and ground plane, respectively. The
cavity sidewalls are fully metalized by means of edge plating, thereby shielding
the electromagnetic fields from the low-cost and lossy FR-4 substrates. A multi-
objective optimization, performed in both the frequency and time domains, is used
to obtain outstanding IR-UWB characteristics, such as a very high SFF and a min-
imal relative group delay. As a result, pulse distortion is minimized and time-of-
arrival variations satisfy the requirements for precision IR-UWB RTLS. Moreover,
the antenna is measured in a realistic hostile environment to validate robust rang-
ing performance. Furthermore, owing to its low-cost fabrication process and its
topology, which allows for seamless integration with the active IR-UWB electron-
ics, the proposed antenna is suitable for cost-effective mass production.

Chapter 4 describes a planar sectoral coupled Planar Inverted-F Antenna (PIFA)
for IR-UWB localization, operating in the [3.2448 — 4.7424] GHz band. It com-
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fortably covers channels 1 through 4 of the [EEE 802.15.4a-2011 standard [112],
thereby facilitating a wide range of Industry 4.0 applications. Rigorous system-
level optimization, in both the frequency and time domains, results in an UWB
coupled PIFA antenna, similar to the narrowband antenna in [113], exhibiting a
large HPBW and a minimal DEE within that HPBW. The antenna performance is
validated by both frequency- and time-domain measurements, thereby confirming
the potential of the proposed antenna for IR-UWB indoor localization systems.

1.4.2 Highly-Efficient On-Chip Antenna Technology for 5G and
beyond 5G Wireless Systems

The second part is divided into two chapters. In Chapter 5, a novel hybrid inte-
gration strategy for compact, broadband and highly efficient mmWave on-chip an-
tennas is demonstrated. A highly-efficient hybrid on-chip antenna is realized, op-
erating in the [27.5-29.5] GHz band, implementing a cavity-backed stacked patch
antenna topology in AFSIW technology. A hybrid on-chip approach is obtained by
placing the radiating stacked patch elements on a RO4350B® laminate, supporting
the chip which implements the antenna feed and a metallized air-filled cavity. By
exciting the antenna via an aperture in the cavity ground plane, the antenna feed
can be integrated with the active electronics, while the radiating elements can be
implemented on low-loss substrates without any interconnect losses. As a result,
unprecedented overall AoC/AiP performance is achieved, showing a measured -
10 dB-bandwidth of 3.7 GHz, a maximal gain of 7.3 dBi at 28.5 GHz and a total
antenna efficiency larger than 90 % in the complete [27.5-29.5] GHz frequency
band. Moreover, an antenna footprint of 5.0 mm x 5.0 mm is obtained by lever-
aging mode-bifurcation in a stacked-patch configuration. Furthermore, EMI issues
and mutual coupling between neighboring antenna elements in multi-antenna sys-
tems are reduced because the air-filled cavity sidewalls are metallized.

In Chapter 6, a polymer-enabled AFSIW technology for highly-efficient, broadband
on-chip THz antenna systems is presented, as a key enabler towards a low-cost
and highly-integrated SoC framework for THz communication. A thin, low-loss
polymer superstrate is suspended on top of an AFSIW cavity, implemented in a
standard, low-cost silicon substrate, thereby obtaining frequency-independent an-
tenna efficiencies over 90%. Again, mode-bifurcation is leveraged to achieve an
ultra-wide impedance bandwidth in a compact antenna footprint. However, as a
stacked-patch topology is not feasible in the proposed antenna technology, a cou-
pled cavity-backed slot antenna with exponentially tapered feed and modified slot
is utilized. As a result, a unit antenna element is realized, exhibiting an impedance
bandwidth of 107 GHz at 300 GHz, a maximal gain of 5.79 dBi at 321.84 GHz and
a HPBW higher than 75° over the complete frequency band of interest. Finally, the
array performance is demonstrated by means of a 1x4 linear antenna array, im-
plemented using the realized unit antenna element, and shows grating-lobe free
beam-steering capabilities up to 30°.
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Applications






System-Level Optimization:
Modular full-wave/circuit
IR-UWB co-optimization
framework

Abstract

A novel, modular system-oriented full-wave/circuit Impulse Radio Ultra-Wideband
(IR-UWB) co-optimization framework is presented that facilitates highly ac-
curate and efficient system-level optimization of IR-UWB antenna systems.
Based on antenna link decomposition, allowing standalone simulations of the
IR-UWB antennas to calculate the antenna link transfer function, and the inte-
gration of simulation or measurements results of standalone Radio Frequency
(RF) components, highly accurate results are obtained with significantly re-
duced computational resources. The framework focuses on the optimization
of system-level metrics, the System Fidelity Factor (SFF) and the Distance Es-
timation Error (DEE), to facilitate the development of highly accurate IR-UWB
Real-Time Locating Systems (RTLSs). To validate the framework, a dedicated
time-domain measurement campaign was performed, showing a very good
agreement between simulations and measurements. Finally, the framework
performance is benchmarked against CST Microwave Studio, showing a re-
duction of simulation time by a factor 3. Furthermore, the simulations in CST
Microwave Studio only provide system-level information in one orientation,
whereas the presented framework fully characterizes the each orientation.
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2.1 Introduction

In data driven smart factories, where the Internet-of-Things (IoT) is leveraged to
facilitate the next industrial revolution (Industry 4.0), location information has be-
come essential for workflow optimization [1], resource tracking [2], safety man-
agement [3] and autonomous robot navigation [4]. However, due to the lack of
Global Positioning System (GPS) signals inside these harsh indoor factory envi-
ronments, alternative indoor RTLS need to be considered to provide accurate and
robust location information. Several of these RTLS have been investigated, based
on infrared radiation, ultrasound, Bluetooth and WiFi [5]. However, due to the
challenging propagation conditions in the smart factory, the large amount of inter-
ference sources and the massive amount of IoT devices to be serviced, the current
solutions do not suffice [2]. Here, Time of Arrival (ToA) based IR-UWB RTLS have
received significant attention from both the academic and industrial world. They
use bursts of (sub)nanosecond pulses to transmit information and, hence, exhibit
high immunity to both multipath and interference, provide high localization accu-
racy and longer indoor range due to the higher peak-to-average power ratio [3].

However, the ultra-wide bandwidth of such (sub)nanosecond pulses present signif-
icantly different design challenges compared to a narrowband RF-based RTLS. The
Ultra-Wideband (UWB) hardware need to exhibit both excellent frequency- and
time-domain performance, individually as well as on a system level [6]-[10]. Fur-
thermore, it has been demonstrated that not only the transmit and receive chain,
but also the antenna link has a significant influence on the IR-UWB RTLS per-
formance [7], [11]-[14]. This is due to orientation-specific pulse distortion and
phase-center variations, induced by non-ideal space-, frequency- and time-domain
characteristics of the transmitting and receiving antenna. More specifically, a high
pulse distortion introduced by the antenna link results in a high standard deviation
of ranging results [15], whereas phase-center variation as a function of antenna
orientation may lead to orientation-specific ranging bias [7], [16]. As a result,
conventional frequency- and time-domain metrics, such as return loss, gain and
group delay, do not suffice to characterize and optimize IR-UWB antennas. To ac-
curately simulate system-level performance, a new set of metrics is required that
jointly analyze the antenna behavior in the frequency, time and space domains,
specifically for a certain system configuration. The amount of pulse distortion in-
troduced by the antenna system is characterized by the SFF [6], which considers
a specified input pulse traveling through the antenna link and compares it to the
resulting output pulse. By calculating the SFF for different antenna orientations,
the pulse distortion can be simulated for each angle of the antenna, where a high
SFF (maximally 100%) signifies a low pulse distortion. The amount of ranging
bias is in turn defined by the DEE, comparing the estimated ToA for different an-
gle configurations with the ToA in boresight of the antenna. However, no com-
mercial simulation tools currently exist to efficiently and simultaneously optimize
for frequency-domain and system-level antenna metrics. This makes accurate and
complete IR-UWB RTLS simulation very challenging.
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In this chapter, a modular full-wave/circuit IR-UWB co-optimization framework
is developed and validated to facilitate highly accurate and efficient system-level
optimization of IR-UWB systems. By enabling standalone full-wave or circuit sim-
ulations of each IR-UWB component in the link and, in a next step, efficiently
integrating them in the framework to characterize the complete IR-UWB system
performance, a modular approach is obtained that allows for light-weight simu-
lations with great design flexibility. Note that this also facilitates measurement
results to be included in the co-optimization framework. Furthermore, the an-
tenna link decomposition in [10] is extended to provide system-level optimization
functionality, based on time-domain simulation results. As a result, IR-UWB RTLS
optimization is enabled by joint frequency- and time-domain simulations, charac-
terized by the SFF and DEE. The framework accuracy is validated by means of
dedicated time-domain measurements, showing a good agreement between simu-
lations and measurements. Additionally, its performance is benchmarked against
commercial solvers, showing a significant improvement in computing time and
required memory.

Dedicated simulation frameworks have been proposed in literature focusing on ei-
ther the active electronics [8], [9] or the antenna link [11]-[14], but not both. In
[8] and [9] a UWB simulation framework is described that models the complete
IR-UWB link in Agilent Advanced Design System (ADS). However, the antenna
link is modeled via generic multipath channel models and, thus, fails to incorpo-
rate the effect of orientation specific antenna effects. Although this framework
provides a powerful tool for standalone hardware design, it lacks the antenna ori-
entation dependency required for highly accurate IR-UWB RTLS simulations. In
[14], the transient radiated and received pulses of UWB planar aperture anten-
nas are modeled to predict angle-dependent pulse distortion in an antenna link.
However, the used antenna parameters for simulation are hard to measure and,
thus, the framework does not provide sufficient flexibility, nor does it allow to in-
clude active electronics into the simulation. Both [12] and [13] provide methods
for antenna link decomposition to efficiently characterize the link transfer func-
tion. However, they do not allow the designer to incorporate circuit simulations or
measurements results to enable full-wave/circuit co-optimization. Therefore, they
do not accurately calculate system-level parameters. Finally, in [11], A. Sibille
presents a framework for analysis of antenna effects in UWB communication. The
framework provides efficient antenna link simulations in a multipath environment,
by means of antenna link factorization, and analyzes the angle-dependent pulse
distortion. Unfortunately, no active electronics are co-simulated and, hence, no
accurate system-level characterization is possible.

The rest of this paper is organized as follows. Section 2.2 outlines the framework
architecture and elaborates on the antenna link decomposition. In Section 2.3, the
simulation accuracy and performance is validated and benchmarked, respectively.



28 Chapter 2. System-Level Optimization

Su(f) Sine Su(h
Filter‘ / H,(D) FilterA /
Tx Matching T//ﬁ /\1\/6‘T Ma% Rx
L L Fu(f, O, d1) Fr(f, B, 00) L
1 1 1 1

sys

Figure 2.1: Graphical representation of the IR-UWB system and its components.

2.2 Modular IR-UWB framework

2.2.1 Framework architecture

When analyzing any IR-UWB system, three generic components can be identified:
the source (or transmitter), the antenna link and the load (or receiver). The source
can be further subdivided into a generator and a transmit chain, comprising a
variety of microwave components such as filters and amplifiers. Similarly, the load
can be subdivided into a receiver and receive chain. Finally, the antenna link can
be implemented by any pair of transmit and receive antennas, each in different
orientations, and a deterministic communication channel, which may be a free-
space link or a multpath channel. As such, a modular approach is required to
facilitate efficient and agile IR-UWB system-level simulations. To characterize the
performance of an IR-UWB system, given a certain predefined reference pulse,
a thorough frequency- and time-domain analysis of the complete IR-UWB link is
required. By calculating the pulse received at the receiver and comparing it with
the reference pulse, a wide variety of system-level metrics can be extracted, such
as the SFF and the DEE. To this end, a modular IR-UWB full-wave/circuit co-
optimization framework is proposed, as depicted in Fig. 2.1, where the complete
IR-UWB link is characterized by cascading the transmit chain, the antenna link and
the receive chain. Each component is considered linear and is characterized by its
S-parameters S;, calculated by either a circuit or full-wave solver, or a combination
of both. The S-parameters of the complete IR-UWB system are then calculated
by cascading the subsequent S-parameters of the transmit chain S,,., the antenna
link S;;,x and the receive chain S,,. It is, however, noteworthy to mention that
performing a full-wave simulation of the antenna link for each relevant antenna
orientation quickly becomes computationally intensive and doesn’t scale well for
large inter-antenna distances.

To calculate the resulting output pulse, the IR-UWB system S-parameters need to
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be transformed into the system transfer function, defined as H,,(f) = % The
equivalent ABCD-parameters allow to directly extract this relationship, as seen in

definition (2.1)
Vi1 [A B[ W
Lo ]=le ol ] @

A= (1+511)(1 522)"'512521

with

B=2, (1+S11)€1+522) S12521
%8 (2.2)
C = 1 (1—511)(1_522)_312521 :
_ (1—5 )(1+s )+s s

D — 11 252?2 12921

and Z, the reference impedance of the S-parameters. The system transfer function

is then calculated as

Zy
AZ, +B+CZZ, +DZ,’

with Z; and Z; the source and load impedance, respectively. Next, to calculate the
output pulse, the system impulse response h;,(t) is computed by performing an
inverse Fourier transformation. The output pulse x(t) is then calculated as

x(t) =s(t) x hyy(t) 2.4

with s(t) the input pulse and x the convolution operator. Once the output pulse
is calculated, any system-level characteristic can be determined by comparing it
to the input pulse. The SFF and DEE are of particular interest in the context of
IR-UWB indoor localization systems, as they characterize the localization system
accuracy and robustness. The SFF is defined as

(2.3)

Hsys(f) =

[ s(0)x(z +1,60,¢)d7
SFF(0,¢) = max (2.5)

\/f "sz(r)d’cf x%(t,0, ¢)dr

with 6 and ¢ the azimuth and polar angle in a spherical coordinate system, re-
spectively, and s(t) and x(t) the input and output pulse, respectively. The DEE is
defined by

dest,e (9: ¢) = (tmax (9: d))_tmax (0: 0)) C (2.6)
with ¢ the speed of light and ¢,,,,(6, ¢) and t,,,,(0,0) the time at which the SFF
becomes maximum for (0, ¢) and broadside, respectively.

Finally, the discretization of continuous time-domain signals and frequency-domain
parameters during simulations impacts not only the computational workload, but
the system-level parameter accuracy as well. Therefore, it is important to con-
sider its impact on the SFF and the DEE. First, the relation between the time- and
frequency-domain properties is defined by

5f_
5t—

2.7)

“m|>—l ~
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with 6t and t,,,, the time step and the maximum observation time, respectively,
and 6 f and f; the frequency step and sampling frequency, respectively. When look-
ing at (2.5) and (2.6), it can be seen that the accuracy depends on the time-domain
resolution. On the one hand, a suitable &t should be selected to minimize loss of
pulse information and maximize SFF and DEE accuracy. In the context of IR-UWB
localization, sub-nanosecond pulses are used and, as such, a guideline is to select
6t < 10 ps [17], corresponding to a sampling frequency above 100 GHz. On the
other hand, the maximum observation time t,,,, is determined by the maximum
path length traveled by the signal from the input to the output of the IR-UWB
system. To prevent time-domain aliasing, t,,,, is constrained by

tmax = p max + Z - (28)

with t,, 4, the input pulse duration and r; and v; the maximal path length and
wave speed in component i, respectively. Similarly, the frequency step 6 f is con-
strained by 6 f < t;}u. Note that cascading the different components in the time
or frequency domain requires an identical 6 f or 6t, respectively.

Although the modular framework enables accurate time-domain simulations for a
fixed antenna link, it quickly becomes computationally intensive once the system-
level performance needs to be assessed for different antenna orientations. Fur-
thermore, because the antenna link is considered as a monolithic component, it
significantly degrades the framework modularity. It prevents replacing one of the
antennas in the link without having to re-simulate the link for each relevant ori-
entation configuration. These issues are mitigated by decomposing the antenna
link based on the radiation patterns and impedance of the standalone antennas,
as discussed below.

2.2.2 Antenna link decomposition

As mentioned before, full-wave simulation of an antenna link for different antenna
orientations and separations quickly becomes computationally intensive and, there-
fore, the antenna link should be decomposed to enable link simulations based on
the individual radiation patterns of the standalone antennas. To this end, a circuit
equivalent model is derived for the antenna link without additional peripheral cir-
cuitry, as proposed in [10]. As in Fig. 2.2, the transmit antenna is modeled by
its internal radiation impedance Z;, whereas the receive antenna is modeled by
its internal radiation impedance Zy which is excited in a free-space environment
without multipath by an incident electromagnetic plane wave, represented by the
voltage source

—2j —2jc
Z.f

with Z, the free-space wave impedance, Fz(—u,) the radiation vector of the receive
antenna in direction u, and E™ the electric field of a plane wave impinging from

V, = (Fr(—ug) o E™), (2.9)
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Figure 2.2: Equivalent circuit of the link between the transmit antenna (left) and the receive
antenna (right).

that direction. The transmit antenna is excited by a voltage source V, with source
impedance Z,. The receive antenna is loaded by an impedance of Z; .

The transmission of the antenna link S, »; at frequency f is calculated as

— _ 95 _ o —jkr
Slink,le(FR( u0)|)( 2]7LZ Fr(—uy) o Fy(uy) e )(|FT(UO)|)’ (2.10)

Zy +275 Z, t |Fr(—uo)||Fr(up)| r Zr+Z;

with A = ¢/f the free-space wavelength, k the wave number and r the distance
between the two antennas [10]. Furthermore, F(u,) is the current normalized
radiation pattern for the direction defined by uy. This radiation pattern can be
expressed in terms of its orthogonal 8 and ¢ components as

{F(uo) = Fy(u0)0 + Fy (1) (2.11)

F(—u,) = Fy(up)f — Fg (ug)b.
The resulting dot product of both vectors is defined by

Fr(—ug) o Fr(ug) = Fr 9(0,9)Fr9(0,9) — Fr (0, ¢)F14(6, ). (2.12)

As the antenna link is reciprocal, the full two-port S-parameters S;;, are then con-
structed as
St Shink,21
Stink = [S TR, (2.13)
link,21 11,R
with Sy, r and Sy, i the reflection coefficient of the transmit and receive antenna,
respectively.
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From (2.13), any combination of antennas can be simulated in a link at any tar-
get frequency f, regardless of the orientation or the distance between them, as
long as the normalized radiation pattern F(u,) is calculated for the standalone an-
tenna elements for the targeted frequency of operation. In order to extend this
functionality to time-domain simulations, first the frequency-domain axis should
be defined based on the considerations of (2.7). Next, the link S-parameters S;;
should be calculated for each frequency bin in the frequency-domain axis. Finally,
the S-parameters of all components in the IR-UWB system are cascaded, as shown
in Fig. 2.1, to calculate S,,,. After conversion to ABCD-parameters, the system

transfer function Hj, is calculated by (2.3).

2.3 Validation: An example IR-UWB link

To validate the theory postulated in the previous section, the proposed modular
IR-UWB framework is applied to simulate the following IR-UWB link: The IR-UWB
link is composed of a transmit antenna, described in Chapter 3, and a receive an-
tenna, described in Chapter 4, spaced 1.0 m apart in free space (corresponding to
a delay of 3.3 ns). A modulated root-raised-cosine pulse is transmitted, character-
ized by

in(0.57t/T,)
cos(1.57t/T,) + %

T 1—-(2t/T,) ’

with f, = 4.25 GHz the pulse carrier frequency and T, = 0.92 ns the pulse width,
resulting in a pulse bandwidth of 1.5 GHz and thereby covering channels 1, 2 and
3 of the IEEE 802.15.4z standard. The input pulse duration T), ., is 15 ns and, as
such, the total required simulation time (t,,,, = 15 ns+3.3 ns = 18.3 ns) is chosen
to be 20 ns. To measure the proposed IR-UWB system, a dedicated time-domain
measurement setup, described in more detail in Chapter 4, is utilized inside an
anechoic chamber, composed of an M8196A Arbitrary Waveform Generator (AWG)
(with a sampling rate of 92 GSa/s) to generate the input pulse and a DSAX96204Q
Real-Time Oscilloscope (RTO) (sampling at 160 GSa/s) to measure the received
pulses. The resulting time- and frequency-domain axis properties are given by

s(t) =cos(2mfyt) 2.14)
T

f. =160 GHz

t =20ns
n}ax— L — L —50MHz (2.15)
T tpax  20Dns

tm
_ 1 _ 1 —

=4

However, to prevent exuberant simulation times because of the large frequency
simulation range ([0 — 160] GHz), a final optimization step is required. When an-
alyzing the measured input pulse spectrum, depicted in Fig 2.3, it is apparent that
only a limited part of the spectrum contains relevant information on the pulse. In
order to determine the exact frequency range that contains the pulse information,
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Figure 2.3: Normalized input pulse spectrum and superimposed rectangular window.

a rectangular window is superimposed on the input pulse spectrum. The resulting
windowed spectrum S,,;,,(f ), depicted in Fig. 2.3, is defined by
Swin(f> Bsig) =rect (%) S(f), (2.16)
sig
with S(f) = FFT(s(t)) the spectrum of the input pulse, By;, the significant band-
width of the input pulse and

Fof 0, if |[f — fol > Byig /2
rect(—o) =14 0.5, if |f — fo| = By /2 (2.17)
e L, if |f = fol <Byig/2.

The inverse Fourier transform of the windowed spectrum S,,;,, is calculated by the
convolution ‘
Swin(t) = 2mBg; e/2™oBustsine (2mBg  t) xs(t). (2.18)

As seen in (2.18), the windowing effect appears as a sinc pulse with a pulse width
defined by B,;,. To minimize this windowing effect, B,;, is optimized by iteratively
increasing B;;, until

sig* sig

sig

ftt"s(’r)swin(*r +t)dt
max 2 > 0.9995. (2.19)

‘ \/ftto s2(t)dT ftto s2. (t)dT
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Figure 2.4: Normalized amplitude of the simulated and measured output pulse, compared
to the input pulse.

Table 2.1: Summary of time-domain results and computational requirements.

| | SFF [%] | Sim. time [s] | Req. memory [MB] |

Measured 96.2
Simulated (full-wave) 97.3 1869 2250
Simulated (framework) 96.9 598 2486

In the current example, with the input pulse defined by (2.14), the optimal window
is found to be By;, = 1.7 GHz with a pulse carrier frequency f, = 4.25 GHz.

The normalized input pulse is depicted together with the normalized simulated
(with the proposed IR-UWB framework) and measured output pulse in Fig. 2.4.
A good agreement can be observed between the simulated and measured output
pulse. Small multipath components can be identified in the measured output pulse,
due to imperfect shielding of measurement equipment in the anechoic chamber.

The agreement between simulated and measured pulse is more clearly visible in
Fig. 2.5, where the normalized baseband representations of the input and output
pulses are depicted.

A summary of the results is provided in Table 2.1, depicting the predicted SFF and
benchmarking the proposed framework performance against two-port full-wave
simulations in CST Microwave Solver. A good agreement between simulated and
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Figure 2.5: Normalized envelope of the simulated and measured baseband waveforms,
compared to the input baseband waveform.

measured SFF can be seen. Furthermore, the full-wave solver only computes one
antenna orientation at a specified distance per simulation and, as such, does not
scale well when additional orientations or distances need to be simulated. The
proposed modular IR-UWB framework computes the required system-level param-
eters for all requested orientations and distances in one simulation. In addition,
the simulation time is not affected by the number of orientations or distance be-
tween the antennas and, as such, provides the required flexibility and performance
for the optimization of IR-UWB systems.

2.4 Conclusion

Anovel, modular system-oriented full-wave/circuit IR-UWB co-optimization frame-
work is presented to efficiently develop highly accurate and efficient system-level
IR-UWB antenna systems for highly accurate RTLSs. Special care is devoted to inte-
grate standalone simulation results into a system-level simulation, thereby facilitat-
ing light-weight simulations with great design flexibility. To obtain high accuracy
with significantly reduced computational resources, the antenna link is partitioned,
enabling the combination of standalone full-wave antenna simulations with differ-
ent wireless channel models to construct the two-port antenna link. The complete
IR-UWB is jointly characterized in the frequency, time and space domains, allowing
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the assessment and optimization of the system-level performance in terms of the
SFF and the DEE. The proposed framework is validated by means of a series of ded-
icated time-domain measurements, transmitting and measuring IR-UWB pulses in
an anechoic chamber by using a AWG and RTO, respectively. A good agreement
between simulations and measurements is observed. Finally, the framework per-
formance is benchmarked against commercial solvers, showing a reduction in the
orders of magnitude of the required computing time and memory.
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System Fidelity Factor:
Highly-Efficient IR-UWB
Cavity-Backed Slot Antenna in
Stacked AFSIW Technology

Abstract

An Impulse Radio Ultra-Wideband (IR-UWB) cavity-backed slot antenna cov-
ering the [5.9803;6.9989] GHz frequency band of the IEEE 802.15.4a-2011
standard is designed and implemented in Air-Filled Substrate-Integrated-Waveguide
(AFSIW) technology for localization applications with an accuracy of at least
3 cm. By relying on both frequency- and time-domain optimization, the an-
tenna achieves excellent IR-UWB characteristics. In free-space conditions,
an impedance bandwidth of 1.92 GHz (or 29.4 %), a total efficiency higher
than 89 %, a front-to-back-ratio of at least 12.1 dB and a gain higher than
6.3 dBi are measured in the frequency domain. Furthermore, a system fi-
delity factor larger than 98 % and a relative group delay smaller than 100 ps
are measured in the time domain within the Half-Power Beamwidth (HPBW)
of the antenna. As a result, the measured time-of-arrival of a transmitted
Gaussian pulse, for different angles of arrival, exhibits variations smaller than
100 ps, corresponding to a maximum distance estimation error of 3 cm. Ad-
ditionally, the antenna is validated in a real-life worst-case deployment sce-
nario, showing that its characteristics remain stable in a large variety of de-
ployment scenarios. Finally, the difference in frequency-domain and time-
domain performance is studied between the antenna implemented in AFSIW
and in Dielectric-Filled Substrate-Integrated-Waveguide (DFSIW) technology.
We conclude that DFSIW technology is less suitable for the envisaged precision
IR-UWB localization application.
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3.1 Introduction

The IR-UWB technology is one of the most promising solutions for accurate local-
ization in indoor and in obstructed or difficult outdoor environments. Exploiting
(sub)nanosecond duration pulses yields supreme position accuracy and ensures ex-
cellent resilience against narrowband interference and multipath effects [1], [2].
The latter adverse propagation characteristics are typically encountered in dense
and heterogeneous Internet-of-Things (IoT) environments, in applications such as
indoor localization [3], healthcare [4]-[8] and low-power Ultra-Wideband (UWB)
communication [9], [10].

However, the ultra-wide bandwidth of such a short pulse implies different ra-
diowave propagation characteristics as compared to narrowband systems. There-
fore, substantially different antenna topologies are required [11], exhibiting both
excellent frequency- and time-domain characteristics. Moreover, UWB antenna de-
sign for practical systems should focus on guaranteeing the desired performance in
the envisaged deployment scenarios, rather than being optimized in a stand-alone
free-space set-up [12], [13]. On the one hand, a plethora of IR-UWB antennas
are found in current literature [11], [14], [15]. These antennas exhibit suitable
form factors [16] and excellent ultra-wideband characteristics. However, all these
antennas were validated in stand-alone free-space conditions. They are easily de-
tuned by objects in their direct proximity. On the other hand, [12] and [17] have
proposed innovative UWB textile cavity-backed slot antennas in DFSIW technol-
ogy that guarantee highly-efficient and robust performance in the frequency do-
main, even in the challenging IoT environment. As such, the cavity-backed slot
antenna topology implemented in a dielectric substrate forms a suitable founda-
tion to achieve the desired performance characteristics. However, the latter designs
were not optimized nor validated for IR-UWB applications. Hence, to guarantee
precise and robust ranging, the proposed antenna should be optimized and val-
idated for system-oriented time-domain metrics, to account for the effect of the
antenna design on the global UWB channel.

In this article, a highly-efficient IR-UWB coupled half-mode cavity-backed slot an-
tenna in a stacked AFSIW technology is reported. In order to obtain the required
antenna characteristics, the antenna, based on a cavity-backed slot antenna topol-
ogy, is implemented using the coupled half-mode technique [18]. Furthermore,
to achieve the high performance demands, as required for the precision IR-UWB
localization, the antenna is realized in AFSIW technology. Through optimization
in both the frequency and the time domain, the proposed antenna exhibits out-
standing IR-UWB characteristics in its HPBW, such as a very high system fidelity
factor and a minimal relative group delay. As a result, pulse distortion is minimized
and time-of-arrival variations comply with the requirements for precision IR-UWB
localization. For validation purposes, the antenna is also measured in a realistic
hostile environment to guarantee robust ranging performance. Furthermore, the
proposed antenna is suitable for mass production industrial applications owing to
its low-cost fabrication process and its topology, which allows for seamless inte-



3.2. Coupled Half-Mode AFSIW Cavity-Backed Slot IR-UWB Antenna 41

gration with the active IR-UWB electronics.

Due to the low fabrication cost and high efficiency, AFSIW technology has become
a novel up-and-coming trend in microwave and millimeter wave applications [19]-
[29]. Various AFSIW designs and fabrication methodologies have been proposed
in literature. [19]-[23] have proposed numerous AFSIW filters, phase shifters
and transitions implemented in multilayer Printed Circuit Board (PCB) technol-
ogy. Soldering paste is applied between the different milled and copper plated
layers to preclude radiation leakage. Another fabrication technology is applied in
[24], where an AFSIW slotted G-band horn antenna is micromachined. In [25],
a 15 GHz highly-efficient AFSIW H-plane horn antenna is reported, constructed
by stacking several layers of copper plated FR4 substrates. A -10 dB impedance
bandwidth of 250 MHz is achieved, with a total efficiency of 89.1 % at 15 GHz. In
[26], a 11.75 GHz AFSIW resonant slot array is described. This design is fabricated
by milling the contours of the waveguide in the dielectric substrate, after which
traditional additive processes are used to metallize the milled recess. A -15 dB
impedance bandwidth of 100 MHz is obtained. Finally, two AFSIW UWB antennas
are reported in [27], [28]. In [27], a highly-efficient 30.5 GHz UWB AFSIW slot ar-
ray antenna is described, achieving a -10 dB impedance bandwidth of 2.64 GHz. In
[28] a highly-efficient Ka-band UWB AFSIW antipodal linearly tapered slot antenna
is reported, achieving a -10 dB impedance bandwidth of 14 GHz. Although both
studies compare the performance of the AFSIW design to its DFSIW counterpart
in the frequency domain, they are not optimized nor validated for time-domain
characteristics. Hence, their use in precision IR-UWB localization applications is
not recommended without further analysis.

The remainder of this paper is organized as follows. Section 3.2 outlines the an-
tenna design process, describing the antenna specifications, the antenna topology
and its operation principle, elaborating on the implementation technology and
specifying the final antenna dimensions. In Section 3.3, the AFSIW technology
is compared to its DFSIW counterpart by means of simulations. The comparison
is based on the antenna form factor, bandwidth performance and radiation effi-
ciency. Finally, the simulation and measurement results for the proposed antenna
are reported in Section 3.4. Both frequency-domain and time-domain results are
discussed.

3.2 Coupled Half-Mode AFSIW Cavity-Backed Slot
IR-UWB Antenna

3.2.1 Antenna design specifications

The proposed IR-UWB antenna is designed in compliance with the IEEE 802.15.4a-
2011 standard [30]. In this work, the design is optimized for operation in the
[5.9803;6.9989] GHz frequency band, covering channels 5 and 7 of the IEEE
802.15.4a-2011 standard. A magnitude of the reflection coefficient with respect
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to 5042, |S;1(f)|, below -10 dB and a total antenna efficiency of more than 85 %
is imposed in the entire specified frequency band.

When considering UWB antennas, time-domain effects cannot be neglected [31].
A plethora of time-domain parameters has been proposed in literature [11], but, in
particular the magnitude of the relative group delay and the system fidelity factor
are of importance for IR-UWB localization. The magnitude of the relative group
delay [32] is considered over the frequency range of interest and is defined by

Pn
dp(w) 1 qub

dw w, — W

’Tg,r| = , (3.1

with w and ¢ the angular frequency and phase, respectively. The system fidelity
factor [33] is defined by

f:” s(t)x(t+t)dr
SFF = max 2 , (3.2)

‘ \/ftto” s2(7)dT ftt[)” x2(7)d7

with s(t) and x(t) the input and output pulse, respectively. Furthermore, consider-
ing the envisaged application of sub-3cm accurate IR-UWB localization, the accu-
racy of the estimated distance is chosen as an additional system-oriented figure-of-
merit. In order to minimize ranging errors to a maximum of 3 cm, the magnitude
of the relative group delay |7, .(f, 0, ¢)| must be smaller than 100 ps and the Sys-
tem Fidelity Factor (SFF) should be higher than 98 % for all orientations within
the HPBW of the antenna [34].

Finally, antenna design for IR-UWB localization applications imposes certain re-
quirements to guarantee robust performance and high efficiency in realistic de-
ployment scenarios. To minimize platform and proximity effects in actual oper-
ating conditions, high shielding of the fields in undesired directions is imposed.
Therefore, the radiation pattern should be tailored to the envisaged application.
Furthermore, for seamless and inconspicuous integration of the IR-UWB antenna,
a compact low-profile antenna design is necessary whilst maintaining a high effi-
ciency.

3.2.2 Antenna topology

In order to satisfy the design specifications, we rely on a cavity-backed slot antenna
topology [35], as illustrated in Fig. 3.1, for our novel IR-UWB antenna design. It
consists of a hollow metallic cavity, through which electromagnetic waves only
radiate via a slot in the top metal plane. The solid metal walls confine the elec-
tromagnetic fields to the air cavity and ensure that electromagnetic radiation only
originates from the slot. Thereby, the antenna mainly radiates in the hemisphere
along the positive z-axis. Undesired (backside) radiation is minimized, yielding a
very high Front-to-Back Ratio (FTBR). Moreover, the topology is well-known for
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Figure 3.1: Example of a conventional cavity-backed slot antenna topology.

its very high radiation efficiency [36]. Hence, such topologies demonstrate great
potential, as they provide stable characteristics when installed in or onto differ-
ent everyday objects and when exploited as an integration platform for additional
electronic hardware [37]. Despite these excellent features, conventional cavity-
backed slot antennas mainly exhibit narrowband behavior, due to excitation of
only one resonant cavity mode [38]. To enhance the bandwidth performance of
the antenna, we leverage a coupled half-mode AFSIW cavity-backed slot antenna
topology.

3.2.3 Operation principle

An ultra-wide -10-dB impedance bandwidth is obtained by judiciously combining
two half-mode cavity-backed slot antennas, resonating at distinct frequencies, into
one single-footprint antenna topology. The three-step design procedure is shown
in Fig. 3.2. Two rectangular resonating cavities, operating at their fundamental
TE,;o-mode, form the starting point of the design process. Cavity A resonates at
frequency f,.,;, while cavity B resonates at frequency f,,.,. Because of the sym-
metric field distribution of the TE;;o-mode inside these rectangular cavities, their
horizontal geometric symmetry plane (Fig. 3.2(a)) behaves as a virtual magnetic
wall. Hence, in a first step, their size can be reduced by a factor two by cutting
away the lower half of the cavity along this symmetry plane, without significant
loss in antenna performance [39], [40]. A small ground plane extension is kept
to direct radiation towards the positive z-direction. Now, both half-mode cavities
radiate via leakage through the open side walls, which yields efficient antenna op-
eration. These cavities are then brought together into one antenna topology (Fig.
3.2(b)), in such a way that the virtual magnetic walls of both half-mode cavities
face each other, with a spacing D,z between them. By removing the dielectric sub-
strate inside the antenna, the resulting antenna forms a coupled half-mode AFSIW
cavity-backed slot antenna (Fig. 3.2(c)).

To minimize backside radiation, as potentially generated by slots that are part of
a grounded coplanar waveguide (GCPW) feed or aperture coupled feed [41], the
half-mode cavity B is excited by means of a coaxial probe feed. Via the open side
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Figure 3.2: Design evolution of coupled half-mode cavity-backed slot antenna.
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Figure 3.3: Implementation of the cavity-backed slot antenna in standard PCB technology,
with integrated IR-UWB circuitry. The copper plated surfaces of the antenna are indicated
in dark yellow.

walls, the fields in half-mode cavity B couple into half-mode cavity A. The coupling
between both half-mode cavities, controlled by the spacing D,z (Fig. 3.2(c)) be-
tween them, introduces mode splitting [42]. As a result, the resonance frequencies
of the TE;;p-mode in the half-mode cavities shift from f,..;; and f.s, to f,, | and
f/.sy» respectively. Thus, by carefully selecting D, and both resonance frequencies
fres1 @and fr.0, the impedance bandwidth is considerably enlarged by overlapping

the -10-dB impedance bandwidth of both half-mode cavity resonances at f;, ; and
f r/e.sZ'

3.2.4 Fabrication technology

In this work, the coupled half-mode AFSIW cavity-backed slot antenna is realized
using standard PCB manufacturing techniques in low-cost PCB substrates, as de-
picted in Fig. 3.3. The side walls of the air-filled cavity are created by milling a
rectangular hole in a standard FR4 substrate [43], after which the milled sides are
metalized using rounded edge plating. By relying on multiple similar FR4 sub-
strates and/or by applying different thicknesses for each separate 2-layer PCB, a
wide variety of cavity thicknesses can be obtained. Next, the feed and slot plane of
the AFSIW cavity-backed slot antenna are implemented on two distinct standard
PCB substrates. The antenna slot plane is implemented on a standard two-layer
high-frequency laminate, such as Rogers RO4350b [44], while the antenna feed
plane can be shared with the PCB on which the antenna circuitry is implemented.
The latter minimizes the length of the Radio Frequency (RF) connection between
UWB transceiver and IR-UWB antenna. It also prevents antenna radiation from
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Figure 3.4: Impedance bandwidth and mean system fidelity factor, uszp, for varying slot
widths Dyp.

coupling into the active UWB transceiver circuitry. In order to guarantee sufficient
electrical contact and to provide correct alignment between the subsequent PCB
layers, alignment pins are used to tighten the boards.

3.2.5 Antenna dimensions

For the coupled half-mode AFSIW cavity-backed slot antenna, the fundamental
resonant frequencies of each half-mode cavity are given by

2 2
C Y T
- + ) 3.3
fllO ZHJ (Wcavity) (ZLx) ( )

with L, the length (Fig. 3.2(c)) of half-mode cavity A or B [45]. In order to cover
the frequency band [5.9803; 6.9989] GHz, the initial resonant frequencies of the
lower and upper resonant cavity are chosen to be 5.0 GHz and 8.5 GHz respectively.
After frequency domain optimization in CST Design Studio for the parameters f, .,
Sresa> L Feed and D,j, an optimal impedance bandwidth is achieved for an f,,; and
fresa 0f 5.172 GHz and 8.529 GHz, respectively.

A sensitivity analysis revealed that the slot width D,z has a significant influence on
the antenna performance in both the frequency domain and the time domain. Fig.
3.4 shows the -10 dB impedance bandwidth and mean system fidelity factor, ugzr,
averaged over the angles of interest, for a varying slot width D,5. On the one hand,
it can be seen that an increase in slot width gives rise to a decrease in impedance
bandwidth. On the other hand, the ugpy is maximized by setting the slot width
D,p to an intermediate value. Evidently, the slot width D,j is an important param-
eter in both frequency-domain and time-domain optimization. Therefore, a multi-
objective optimization is performed for the parameters Dyg and Ly,,4, finding the
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Figure 3.5: Prototype of AFSIW cavity-backed slot antenna: top view (a) and side view (b).

optimal point on the Pareto front, yielding the highest mean system fidelity factor
for an acceptable impedance bandwidth. Furthermore, the system fidelity factor
may not drop below the threshold value of 98 % for all angles of interest in both
channels 5 and 7, yielding an optimal slot width D,z of 5.3 mm. The final antenna
dimensions are given in table 3.1. Fig. 3.5(a) shows a prototype of the optimized
AFSIW cavity-backed slot antenna. This design requires two 1.55-mm-thick FR4
PCB boards to form the copper-plated antenna side walls. An electrical contact
area width of 6.00 mm was selected, as indicated in Fig. 3.3 and Fig. 3.5(a), to
guarantee sufficient electrical contact between subsequent PCB-layers. Further-
more, the air gap between subsequent layers, shown in Fig. 3.5(b), is smaller than
10um. Simulations have shown that this gap size does not reduce the antenna
performance. After assembly, the total antenna height equals 3.20 mm, because of
the high-frequency RO4350b laminates on the top and bottom wall of the antenna.
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Table 3.1: Antenna dimensions for the antenna prototypes implemented in AFSIW and

DFSIW technology.
Parameter | AFSIW antenna [mm] | DFSIW antenna [mm]

Wieavicy 41.66 30.00

Ly 9.70 6.58

L, 20.20 10.39

Heqyity 3.17 4.00

Dus 5.30 4.20

Leed 14.90 6.39

3.3 AFSIW versus DFSIW

For comparison, also a half-mode cavity-backed slot antenna in DFSIW technology
has been designed and optimized to cover the specified frequency band of opera-
tion. The DFSIW antenna’s simulation model is constructed by stacking four layers
of Rogers 4350 (e, = 3.66, hy,;, = 1.0mm), and by applying vias with 2.00 mm
diameter spaced at 3.50 mm from each other.

3.3.1

As can be seen from table 3.1, the dimensions of the AFSIW cavity are slightly
larger than those of its DFSIW counterparts. On the one hand, the dimensions of
the AFSIW cavity increase when reducing the dielectric constant of the substrate
to one. On the other hand, the use of solid walls reduces the size of the AFSIW
cavity compared to its DFSIW equivalent. The amount of reduction in size by the
latter depends on the diameter of the vias used in the DFSIW and their spacing.

Form factor

3.3.2 Bandwidth

The use of AFSIW technology, in which the dielectric substrate inside the cavity
is replaced by air, induces three effects related to the antenna bandwidth perfor-
mance: a decrease in electrical cavity height, being the height with respect to the
wavelength, an increase of the Q-factor of both half-mode cavities and a decrease
in Q of the aperture between the two half-mode cavities, mimicking the virtual
magnetic wall. These effects are discussed into more depth in the remainder of
this section.

The decrease of the electrical cavity height is a result of the increase of the effec-
tive wavelength A,;,. Inherently, this lower proportionate cavity height reduces
the antenna impedance bandwidth, as specified in [38]. This effect can also be
seen in Fig. 3.6(a), showing the relation between the fractional cavity height,
Hegyity frac = Heaviey/ 2o, With A the free-space wavelength of the center fre-
quency, and the maximum impedance bandwidth, for both the AFSIW and DFSIW
technology. Furthermore, removing the dielectric substrate inside the half-mode
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Figure 3.6: Comparison between AFSIW and DFSIW cavity-backed slot antennas, based
on simulation of the antennas in Table 3.1: (a) Influence of cavity height on impedance
bandwidth and total antenna efficiency. (b) Reflection coefficient w.r.t. 50£2. (c) Total
antenna efficiency.
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cavities eliminates substrate losses, results in a higher unloaded Q and a smaller
impedance bandwidth. Finally, we consider the influence of the aperture on the
antenna impedance bandwidth. As stated in [46], a decrease in permittivity of the
substrate underneath the aperture causes a decrease of the aperture Q. Simulations
with dielectric-filled half-mode cavities and an air-filled aperture have shown that
the increase in bandwidth, induced by the decrease in aperture Q, is substantially
greater than the decrease in bandwidth caused by the two former effects. Taking
into account all effects, the impedance bandwidth is greatly enhanced by imple-
menting the coupled half-mode cavity-backed slot antenna in AFSIW technology,
as observed in Fig. 3.6(b).

3.3.3 Radiation efficiency

The AFSIW technology also yields a substantial improvement in radiation effi-
ciency, compared to its DFSIW counterpart. This effect can be attributed to the
following facts: a lack of dielectric losses, a reduction in ohmic losses owing to
reduced surface roughness, and the absence of side wall leakage. By removing the
lossy substrates, present in standard manufacturing technology, and by replacing
them by air, the dielectric losses are minimized. Furthermore, [29] shows that,
in case of DFSIW, the inner surface roughness of the copper foil has to be taken
into account, whereas for AFSIW the outer surface roughness must be considered.
As the outer surface roughness of the copper foil is smaller than the inner sur-
face roughness, ohmic losses are reduced by implementing the antenna in AFSIW
technology. Moreover, as seen in Fig. 3.6(a), choosing a larger cavity height, by
stacking multiple sidewall layers on top of each other, reduces ohmic losses even
further [47]. Finally, by using solid side walls, no electromagnetic energy can leak
through the via walls used in conventional DFSIW technology, thereby significantly
reducing losses and radiation in undesired directions.

Considering these improvements, the use of AFSIW technology yields a vast in-
crease in radiation efficiency. This hypothesis is confirmed by simulation results,
depicted in Fig. 3.6(c), showing that the DFSIW antenna reaches a maximum total
efficiency of 95.36 % at 6.10 GHz, whereas its AFSIW counterpart exhibits a total
simulated efficiency higher than 97.0 % in the complete [5.80;7.40] GHz band.
Taking into account the frequency-domain limitations of the DFSIW implementa-
tion of the antenna, and because the four-layer DFSIW antenna is not poolable,
leading to excessive production costs, the fabrication of a DFSIW prototype is not
pursued. However, the relevant additional simulation results of the DFSIW an-
tenna will be given in the following section.
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Figure 3.7: Reflection coefficients w.r.t. 50 £2 of the [5.60; 7.50] GHz-band coupled half-
mode AFSIW cavity-backed slot antenna, under different operating conditions.

3.4 Simulation and Measurement Results

3.4.1 Frequency-domain antenna parameters

First, the antenna was measured stand-alone in an anechoic chamber. Fig. 3.7
shows that the simulated and measured reflection coefficients are in good agree-
ment. Good impedance matching with respect to Z, = 5012 from 5.58 GHz to
7.50 GHz can be observed, yielding a -10 dB impedance bandwidth of 1.92 GHz
or 29.4 %. Impedance matching in the [5.9803;6.9989] GHz band is guaranteed
by implementing frequency margins of at least 300 MHz, to account for inaccu-
racies in the fabrication and alignment process. Fig. 3.8 depicts the simulated
and measured total antenna efficiency, determined through the directivity/gain
method[48]. It demonstrates that the total antenna efficiency is always higher than
the required 85 %, indicating highly efficient antenna operation. The slight dis-
crepancy between simulation and measurement results is due to the measurement
accuracy. Nonetheless, a good agreement between simulations and measurements
is obtained.

Fig. 3.9 shows the simulated and measured co- and cross-polarization radiation
patterns in the azimuth (xz-plane) and elevation plane (yz-plane) of the antenna,
as depicted in Fig. 3.2(c), at the lower, center, and upper frequency of UWB chan-
nel 7. Avery good agreement between measurements and simulations is observed.
This proves that our optimized design provides a gain radiation pattern that hardly
changes over the desired UWB channels, thereby minimizing direction-specific dis-
tortion of UWB waveforms. The excellent antenna performance in the frequency
domain is also demonstrated in Table 3.2. Table 3.2 depicts the simulated and
measured antenna gains along broadside, the FTBR, the total antenna efficiency
and the HPBW in the azimuth and elevation plane at the three frequencies under
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Figure 3.8: Measured and simulated total antenna efficiency of the AFSIW cavity-backed
slot antenna that operates in the [5.60; 7.50] GHz-band, as a function of frequency.

Table 3.2: Simulated and measured frequency-domain characteristics. (a) Simulation, (b)
Free-space measurement.

5.980 6.490 6.999

Frequency [GHz] | ) ) | @ | @ ®
Gain [dBi] 69 69 | 68 63 | 69 66

FTBR [dB] 13.6 13.1 | 151 13.1 | 16.0 12.1
Antenna efficiency [%] | 99.2 94.0 | 97.3 89.0 | 98.0 92.0

HPBW [°]

Azimuth plane 61 55 61 65 60 60
Elevation plane 95 105 97 110 | 101 110

study per UWB channel.

In addition, the antenna was measured in an anechoic chamber when mounted on
a copper plate (with maximal dimensions of 35x35 cm due to weight limitations
of the positioner) to mimic the worst-case deployment scenario (a perfectly con-
ducting wall or ceiling serving as antenna platform). Fig. 3.7 and Fig. 3.9 prove
that, even under such a worst-case deployment scenario, the antenna’s impedance
matching and radiation performance hardly changes. As a result, the total antenna
efficiency also barely changes under the latter conditions. Hence, the proposed
antenna provides robust, highly efficient performance in realistic deployment sce-
narios.

3.4.2 Time-domain antenna parameters

As stated in [31], it is imperative to consider the time-domain characteristics when
designing UWB antennas. In this respect, the antenna should be analyzed in a com-
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Figure 3.10: System configuration for simulations and measurements with a fixed transmit
(tx) antenna and rotating receive (rx) antenna.

plete transmit-receive antenna system. To this end, the coupled half-mode AFSIW
cavity-backed slot antenna is used in a specific system configuration, depicted in
Fig. 3.10, which is then measured in an anechoic chamber. To mitigate pulse
distortion due to higher-order mode excitation in the coaxial measurement cables
[49], high-performance coaxial measurement cables with single-mode operation
up to at least 26.5 GHz were used. Furthermore, measurements are carried out in
the frequency domain by performing a frequency sweep from 2 GHz to 9 GHz. In
this way, the spectral content of the pulse contains no higher-order mode compo-
nents after conversion to the time domain. In the setup, our coupled half-mode
AFSIW or DFSIW cavity-backed slot antenna serves both as a transmit and receive
antenna. In both simulations and measurements, the distance between both an-
tennas, d, is 5.12 m. In order to analyze the relative group delay, the SFF and
the Time of Arrival (ToA) variations in the azimuth and elevation plane, the re-
ceive antenna is rotated around its x-axis (¢,, = 0°) and y-axis (¢,, = 90°),
respectively. Remark that the transmit antenna always transmits along broadside,
implying 6,, = 0°.

The time-domain characterization of the antenna relies on Gaussian pulses, ob-
tained by taking the inverse discrete Fourier transform of its Gaussian spectrum
[50], defined by

1 _U-w?

e 2wl (3.4
oVv2n
BW

with = feper and o = NOTSTR The parameters f,,, ., and BW correspond to the
center frequency and bandwidth of the relevant UWB channels, here channels 5
(u = 6489.6 MHz, 0 = 116.3 MHz) and 7 (u = 6489.6 MHz, 0 = 252.0 MHz), in
the IEEE 802.15.4a-2011 standard. The pulse shapes and their positive envelope
for channel 5 and 7 are depicted in Fig. 3.11(a) and 3.11(b), respectively. Each
pulse is cut off after the pulse amplitude drops by 50 dB below its maximum value.

G(f)=

Fig. 3.12 shows the simulated and measured SFF for channels 5 and 7. When ap-
plying the 98 % SFF criterion, it is found that the antenna meets the requirements
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Figure 3.11: Pulse shapes and their positive envelope used for time domain characterization
of the antenna. (a) Channel 5. (b) Channel 7.
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Figure 3.12: SFF for the channels’ 5 and 7 pulse shape in the azimuth (a) and elevation

plane (b).

in their respective HPBW, as specified in Table 3.2, indicated by the gray area in
Fig. 3.12. Again, a very good agreement between measurements and simulations
is observed. As a result, the antenna hardly introduces any pulse distortion for the
Gaussian pulses in channels 5 and 7, within its HPBW. Furthermore, Fig. 3.12 also
depicts the SFF for the antenna implemented in DFSIW technology. For channel 5,
the DFSIW antenna complies with the 98 % SFF criterion. However, for channel
7 the DFSIW antenna does not comply with the 98 % SFF criterion and, hence,
AFSIW technology is favored for IR-UWB localization applications.
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Figure 3.13: |7, | for the coupled half-mode AFSIW and DFSIW cavity-backed slot antenna
system, in the azimuth plane.

Fig. 3.13 and Fig. 3.14 depict the simulated and measured magnitude of the rela-
tive group delay, |7, .|, for the center and outer angle of arrival of the HPBW in the
azimuth and elevation plane, respectively. Due to phase noise introduced by the
measurement cables, a slight discrepancy can be observed between measurements
and simulations. Nonetheless, we see that the antenna remains compliant with the
100 ps limitation in terms of the magnitude of the relative group delay. Both fig-
ures also depict |7, .| for the antenna implemented in DFSIW technology. First of
all, it is clear that the AFSIW antenna outperforms its DFSIW counterpart regard-
ing the relative group delay. Furthermore, the DFSIW antenna does not comply to
the 100 ps limitation in the entire frequency band of operation, and is, therefore,
less suitable for IR-UWB localization applications than its AFSIW counterpart.

In order to verify the potential of our AFSIW antenna in precise IR-UWB ranging
applications, the envelope ToA is calculated as the time where the received pulse
envelope has its maximal amplitude:

troa = argmax |V, (t) + jH{V, ()}, (3.5)

with V,,.(t) the received voltage and # the Hilbert transform. Fig. 3.15 and 3.16
show the simulated received voltage, as a function of time and orientation, for
channels 5 and 7, respectively. The simulated and measured ToA, indicated by the
solid and dashed blue line, respectively, are in good agreement. ToA variations
smaller than 100 ps can be observed inside the HPBW of the antenna, indicating
that the coupled half-mode AFSIW cavity-backed slot antenna is suitable for precise
ranging applications.

Finally, the complete system is verified in its application scenario by calculating the
distance between transmit and receive antenna from the simulated and measured
Time Difference of Arrival (TDoA), which is obtained by subtracting the peak time
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Figure 3.14: |1, | for the coupled half-mode AFSIW and DFSIW cavity-backed slot antenna

system, in the elevation plane.
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Figure 3.15: Simulated and measured ToA for the coupled half-mode AFSIW cavity-backed
slot antenna system, for the channel 5 pulse shape, in the azimuth (a) and elevation plane
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Figure 3.16: Simulated and measured ToA for the coupled half-mode AFSIW cavity-backed
slot antenna system, for the channel 7 pulse shape, in the azimuth (a) and elevation plane

D).

of the input pulse envelope from t,,. The estimated distance between both an-
tennas, as a function of the angle of arrival, is depicted in Fig. 3.17, for channels 5
and 7. Note that noise in the measured ToA gives rise to a small difference between
the simulated and measured distance. However, both measured and simulated re-
sults yield an accuracy better than 3 cm for both channels 5 and 7 in the HPBW
of the antenna, confirming that the coupled half-mode AFSIW cavity-backed slot
antenna is suitable for precise ranging applications. Lastly, the estimated distance
between the DFSIW antennas is given in Fig. 3.17. Although the required accuracy
is achieved for both the AFSIW and DFSIW antenna within their respective HPBW,
the ripple in the estimated distance is larger in the latter case. Hence, the AFSIW
enables more accurate ranging capabilities, and is, therefore, favored for precision
IR-UWB localization applications.

The excellent antenna performance in the time domain is also seen in Table 3.3.
Table 3.3 shows the simulated and measured minimal SFF within the antenna’s
HPBW, the maximum magnitude of the relative group delay and the maximum
variation of the ToA within the antenna’s HPBW.

3.5 Conclusion

A highly-efficient IR-UWB cavity-backed slot antenna implemented in stacked AFSIW
technology was proposed. The design was optimized for precise localization appli-
cations operating within the IEEE 802.15.4a-2011 standard, more specifically for
the channels 5 and 7, by relying on extensive frequency-domain and time-domain
analysis of the antenna’s characteristics.
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and 7, in the azimuth (a) and elevation plane (b).

Table 3.3: Simulated and measured time-domain characteristics within the antenna HPBW.
(a) Simulation, (b) Free-space measurement.

SFFin [0/0] l¢g,r,max| [ps] AToA,ax [ps]
(a) (b) (a) (b) (a) (b)

Azimuth plane

Channel 5 99.25 99.28 40 30

Channel 7 98.69 98.42 57.0 1109 10 20
Elevation plane

Channel 5 99.07 99.19 60 30

Channel 7 98.73 98.03 44.7 102.5 60 20

Measurements in an anechoic chamber were performed to validate the antenna
in free-space conditions in both the frequency and time domain. A very good
agreement between frequency-domain simulations and measurements in terms
of impedance matching and radiation performance is observed. The ultra-wide
bandwidth of 1.92 GHz (29.4 %) ensures coverage of both channels 5 and 7, with
a maximal measured gain of 6.9 dBi and a minimal measured antenna efficiency of
89 %. Furthermore, the antenna is validated in a worst-case deployment scenario.
The results prove a stable antenna performance in the latter condition. Likewise, a
very good agreement between time-domain simulation and measurement results
is observed. A minimal SFF of 99.19 % and 98.03 % is measured for channel 5
and 7, respectively. The measured magnitude of the relative group delay remains
lower than 100 ps in almost the complete [5.60;7.00] GHz frequency band. As a
result, the estimated distance is accurate up to at least 3 cm.

Furthermore, the difference in performance between the AFSIW and DFSIW tech-
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nology is studied. Simulations have shown that the use of AFSIW introduces three
effects: an increase in form factor, a vast increase in impedance bandwidth and an
increase in radiation efficiency. Time-domain simulations have indicated that the
DFSIW is less suited for IR-UWB purposes than its AFSIW counterpart, owing to a
lesser SFF and a relative group delay which is not compliant to the 100 ps criterion.
In addition to its secondary performance characteristics, the fabrication cost of the
DFSIW antenna is much higher than its AFSIW counterpart, because of the expen-
sive high-frequency laminates and the non poolability of the four-layer buildup.
Other low-permittivity, low-loss and low-cost high-frequency antenna foam lami-
nates have been considered as well, such as FoamClad RF 100 [51]. Although these
laminates allow for similar performance characteristics as the AFSIW technology,
they are less suited mass production purposes and do not allow for integration of
active IR-UWB electronics. Hence, the antenna implemented in AFSIW technology
is favored for precision IR-UWB localization applications.

In conclusion, the simulations and measurements demonstrated that the antenna
provides excellent IR-UWB characteristics, even in a worst-case deployment sce-
nario. Furthermore, it is apparent that the antenna implemented in AFSIW tech-
nology outperforms its DFSIW counterpart. Hence, to achieve the required accu-
racy of 3 cm for localization applications the AFSIW antenna is recommended.
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Range Estimation Biasing:
Planar Sectoral Antenna for
IR-UWB Localization with
Minimal Range Estimation
Biasing

Abstract

A planar sectoral antenna is presented, optimized for highly precise Impulse
Radio Ultra-Wideband (IR-UWB) indoor localization with minimal distance
estimation biasing errors. By judiciously combining two planar inverted-F an-
tenna elements into one footprint, a large Half-Power Beamwidth (HPBW) is
obtained in the [3.2448 - 4.7424] GHz band, thereby covering channels 1 to 4
of the IEEE 802.15.4a-2011 standard. Through system-level optimization, the
System Fidelity Factor (SFF) is maximized for a minimal value of at least 90%
within its entire HPBW, while minimizing the orientation-specific Distance Es-
timation Error (DEE) down to 10 mm. To validate the antenna performance,
measurements have been performed in both the frequency and time domain,
showing a HPBW larger than 120° in the complete frequency-band of oper-
ation and an SFF larger than 90% and a DEE lower than 4 mm within the
antenna’s HPBW.
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4.1 Introduction

With the rapid advent of Industry 4.0 in high-tech industrial environments, tan-
gible research results on state-of-the-art sensor systems are of major importance
to facilitate a steady transition into this new industrial revolution. A great ex-
ample can be found in the domain of indoor localization, demonstrating major
advantages in different sectors and on different scales [1], [2]. Here, IR-UWB
localization systems yield superior accuracy, attributed to their resilience against
narrowband interference and detrimental multipath effects [3]. Furthermore, be-
cause of the development of low-cost and accurate IR-UWB localization sensor
platforms [4], IR-UWB indoor localization has become a driving force for innova-
tion in many applications in healthcare [5], robot navigation [6], [7], etc. How-
ever, with IR-UWB localization systems entering the stage of mass production, new
research challenges associated with the integration of IR-UWB antennas in practi-
cal indoor localization systems emerge to ensure cm-level-precision accuracy to a
large number of users in the harsh and challenging Industry 4.0 environment [8],

[9].

The use of sub-nanosecond pulses in IR-UWB localization systems imposes a sub-
stantially different antenna design procedure when compared to narrowband tech-
nology. As stated in [10], [11], both the frequency-domain and system-level per-
formance of the antenna should be optimized, where the latter focuses primar-
ily on the pulse distortion introduced by the antenna system. However, recent
studies have demonstrated that not only pulse distortion, but also the orientation-
dependent time delay introduced by the antenna should be investigated at a system
level [12]-[15]. These delays were investigated in [12], [13], [15] through time-
domain measurements, showing an antenna-induced orientation-dependent range
estimation bias up to 30 cm. In [14], the influence of this range estimation bias
was studied for angle-of-arrival estimation. Furthermore, [16]-[19] report that
certain IR-UWB hardware platforms exhibit a correlation between range estima-
tion bias and received power, thereby requiring minimal antenna gain variation
within the targeted field of view.

In this work, a planar sectoral coupled Planar Inverted-F Antenna (PIFA) for IR-UWB
localization is proposed, operational in the [3.2448 — 4.7424] GHz band, thereby

covering channels 1 through 4 of the IEEE 802.15.4a-2011 standard [20]. Inspired

by the topology in [21] and by means of a rigorous analysis and optimization pro-

cess, both in the frequency-domain and on a system level, a large HPBW and a

minimal DEE within that HPBW is obtained. The antenna performance is vali-

dated by both frequency- and time-domain measurements, thereby confirming the

potential of the proposed antenna for IR-UWB indoor localization systems.

A plethora of antennas for IR-UWB localization have been extensively analyzed
in literature, both with omnidirectional [22]-[24] and hemispherical [25]-[28]
radiation properties. Analyzing the frequency domain radiation characteristics of
[22]-[24], it is apparent that an omnidirectional antenna is not suited as a sec-
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tor antenna. To mitigate interference in sectorized network topologies, several
omnidirectional antennas were equipped with a reflector to shape the radiation
pattern towards the targeted cell area [25], [26]. However, this approach creates
highly directive antennas and may cause strong variations in the radiation pat-
tern as a function of frequency. In [27], a hemispherical antenna is presented,
achieving a HPBW larger than 90° and showing a fidelity factor of 80% in broad-
side. Unfortunately, a gain as low as -15 dBi is reported, rendering it unsuitable
for the envisioned application scenario. In terms of time-domain characteristics,
most research imposes a design requirement of a SFF higher than 50%, as defined
in [10]. However, the state-of-the-art IR-UWB antennas easily reach a measured
SFF higher than 80% [22]-[24], [27]. In [26], [28], SFFs up to 91% and 95%
are reported, respectively. Furthermore, a ranging estimation bias of 50 mm is re-
ported in [ 28], showing that a high system fidelity factor does not necessarily result
in a low ranging estimation bias and that specific system-level time-domain opti-
mization is required to optimize this parameter. Alternatively, in terms of narrow-
band topologies, magnetic dipoles, as analyzed in [21], provide highly beneficial
radiation properties for sectorized antenna arrays. Despite the favorable radia-
tion characteristics, the impedance bandwidth of 2% is not sufficient for IR-UWB
applications. However, by adopting an air-substrate PIFA topology and leverag-
ing mode-bifurcation, ultra-wideband operation is achieved. Furthermore, a time-
domain optimization is performed utilizing an in-house modular full-wave/circuit
co-optimization framework [29] to maximize the system fidelity factor and mini-
mize the range estimation bias.

The remainder of this letter is organized as follows. In Section 4.2, both the
frequency- and time-domain antenna design requirements are discussed. Section
4.3 elaborates on the antenna topology, its operation principle and summarizes
the final antenna specifications. Next, Section 4.4 provides an overview of both
the frequency- and time-domain simulation and measurement results. Finally, a
conclusion is presented in Section 4.5.

4.2 Design Requirements

A sectoral IR-UWB anchor antenna is designed for IR-UWB localization applica-
tions in the [3.2448 —4.7424] GHz frequency band. Thereby, the antenna covers
channels 1 to 4 of the IEEE 802.15.4a-2011 standard, frequently adopted in aca-
demic and commercial localization applications [30]-[33]. In the following, all
design requirements in the frequency domain are imposed over the entire specified
frequency band. The magnitude of the reflection coefficient, |S; ;|, with respect to
50 2, should remain below -10 dB. Furthermore, a total antenna efficiency above
85% is targeted to maximize range and minimize power consumption. Finally, in
order to comfortably provide a 360° coverage in a three-element sectorized an-
tenna array, while minimizing inter-antenna interference, a HPBW of 120° in the
azimuth plane and a Front-to-Back Ratio (FTBR) larger than 10 dB is imposed on
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the unit antenna element.

As mentioned in [10], [11], time-domain optimization is imperative to achieve ro-
bust and excellent system performance in IR-UWB localization applications. Spe-
cial care is devoted to minimizing pulse distortion and orientation-specific distance
estimation biasing errors, introduced by the antenna system. The pulse distortion
is characterized the SFF, defined by [10]

f:o"s(r)x(r +t)drT
SFF = max , (4.1

SV s [ xa(eyds

with s(t) and x(t) the input and output pulse, respectively. The algorithm used to
estimate the range and, hence, the orientation-specific distance estimation biasing
error, d,,, (6, ¢), is defined by

dest (9: ¢) = (tmax (9: ¢)_tmax (O:O))C1 (4.2)

where t,,,, is the time delay that maximizes the SFF for a certain orientation (6, ¢)
and c is the speed of light. As such, for a given antenna system, the output pulse
needs to be calculated for each orientation of the antenna under test (AUT). To
guarantee high-precision localization with minimal orientation-specific biasing er-
rors, both an SFF higher than 90% and a DEE, |d,,,|, lower than 10 mm are im-
posed.

4.3 Sectoral Coupled Planar Inverted-F Antenna:
Topology and Operation Principle

4.3.1 Ultra-Wideband Half-Power Beamwidth Optimization

A suitable antenna topology with favorable inherent radiation properties is re-
quired and needs to be tailored to satisfy the aforementioned design requirements.
A promising candidate is the microstrip patch antenna, because of its low profile,
wide HPBW and large FTBR [34]-[38]. In addition, [39] demonstrates that the
HPBW can be further enhanced by cutting the patch in half along its E-plane and
shorting the patch along this cut. Although the mode profile inside the resulting
planar inverted-F antenna is identical to half of the TMO1-mode in the original
patch, the radiation characteristics have slightly changed. By only retaining half
of the TMO1-mode, the contribution of both sidewalls to the radiation pattern in-
creases substantially and, as a result, the HPBW enlarges compared to a patch
antenna [39].

Evidently, the PIFA exhibits advantageous radiation properties and, as such, is se-
lected as the starting point for this design. However, despite the potential of the
PIFA, its inherent narrowband behaviour remains a major drawback for IR-UWB
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Figure 4.1: Design process of the coupled PIFA IR-UWB antenna: Single PIFA (a), coupled
PIFA (b), ground plane extension (c) and exploded view of the prototype (d). The parameter
sweeps are obtained with the final antenna dimensions, specified in Table 4.1, unless stated
otherwise.
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applications. To resolve this issue, a technique called mode-bifurcation [11] is
exploited. The resulting coupled PIFA antenna topology, its design flow and im-
plementation is illustrated in Fig. 4.1, depicting both the top and side views in
each step, as well as the effect of antenna dimensions on the relevant antenna
characteristics.

Initially, as depicted in Fig. 4.1(a), a single PIFA element, fed by a coaxial feed,
is impedance-matched to 50 2 at a frequency f, = 4 GHz. By optimizing the
width (Wpp,), length (Lppa ;) and feed position (Lgeq = 10.5 mm) of the PIFA,
the antenna exhibits a resonance at 4 GHz. Next, a second identical PIFA element
is added to the antenna footprint, as shown in Fig. 4.1(b). The addition of the
second PIFA element induces mode-bifurcation, resulting in two distinct resonant
peaks, f.; and f,,, with f,; <f, <f;,. The frequencies f; and f,, and, hence, the
impedance bandwidth are controlled by varying the amount of coupling between
both PIFA elements. By carefully choosing the PIFA height (Hpg,), the gap between
both PIFA elements (Lg,,) and their respective resonant frequencies, controlled by
Lpra1 and Ly o, the shift in resonant frequencies can be adjusted to realize a
reflection coefficient, |S; ;|, below —10 dB in the complete frequency band of op-
eration. Note that the second PIFA element is not fed directly and is only excited
by proximity coupling with the first PIFA element. Additionally, remark that vary-
ing L,,, changes the total antenna length since we keep the values of Lpp,; and
Lpypa, fixed during the process. Finally, as illustrated by Fig. 4.1(c), a ground
plane extension is added to tailor the radiation pattern to the intended deploy-
ment scenario. Tuning W,,, allows to optimize for a HPBW in the azimuth plane
(xz-plane) of 120°, while maintaining a FTBR larger than 10 dB.

4.3.2 Coupled Inverted-F Antenna and Time-Domain Performance

In addition to the conventional frequency-domain optimization, a system-oriented
time-domain optimization is required to guarantee robust and accurate perfor-
mance for IR-UWB localization applications. This optimization is performed based
on a pulse defined by [20]

sin(0.57t/T,,)

cos(1.5mt/T,) + 5e/T
p

JT, 1-(2t/T,)?

with f, = 4.25 GHz the pulse carrier frequency and T, = 0.92 ns the pulse dura-
tion, thereby covering channels 1 through 4. The pulse is transmitted by a coupled
half-mode cavity backed slot antenna, developed in [40], and is received by the
Antenna Under Test (AUT) presented in this work. Finally, an in-house modular
full-wave/ circuit co-optimization framework [29] is utilized to obtain the required
time-domain simulation results.

s(t) = cos(2mfyt) , (4.3)
T

On the one hand, an extensive parameter analysis revealed that the SFF and, hence,
the pulse distortion, is predominantly affected by the mode-bifurcation. On the
other hand, the AUT’s orientation-dependent pulse distortion and the distance
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Table 4.1: Final antenna dimensions (and fabrication tolerances).

Dimension | Value [mm] | Dimension | Value [mm] |

Whoira 30.0 (£0.5) Lieed 18.7 (£0.1)
Lpiea1 20.1 (£0.5) Loap 5.0 (£0.5)
LPIFA,Z 12.4 (£0.5) Wege 30.0 (£0.5)
Hppa 3.55 (£0.1) tmetal 1.0

estimation biasing error are primarily influenced by the ground plane extension.
Therefore, two subsequent multi-objective optimization procedures, as defined in
[11], are performed. First, a set of Pareto optimal solutions is found that mini-
mize the pulse distortion by maximizing the SFF, while preserving the required
frequency-domain properties. To this end, the resonance frequencies of the PIFA
elements and their coupling are optimized by adjusting Lpa 1, Lpipa o and Lgyp.
Next, by sizing the ground plane extension (W), a second set of Pareto optimal
solutions is obtained that maximize the orientation-specific SFF while minimizing
the DEE within the antenna’s HPBW in the azimuth plane.

4.3.3 Fabrication and Final Prototype

Finally, the antenna performance is demonstrated by manufacturing a prototype
out of brass sheets, with a thickness of 1.0 mm, using a combination of CNC milling
and shearing, exhibiting fabrication tolerances of +0.1 mm and £0.5 mm, respec-
tively. Nevertheless, other non-ferrous metals, such as copper or aluminum, could
also be applied for the antenna production. Furthermore, diverse metalworking
techniques, such as, laser cutting or metal bending, can be adopted without deteri-
orating the antenna performance. To assemble the different antenna parts without
corrupting the antenna performance, standard M3 nylon screws and bolts are used.

The final antenna dimensions are optimized using the CST Microwave Solver. They
are summarized in Table 4.1, detailing the dimensions after optimization and the
expected tolerances. An exploded view of the final antenna prototype is depicted
in Fig. 4.1(d).

4.4 Simulation and Measurement Results

4.41 Frequency-domain results

The frequency-domain performance of the antenna is measured in an anechoic
chamber, using a Keysight N5242a PNA-X network analyzer and a NSI-MI spher-
ical near-field scanner. Fig. 4.2, depicting the reflection coefficient |S;;| with re-
spect to Z, = 5042, shows a good agreement between the measurement results of
two prototypes and simulations. An -10 dB impedance bandwidth of 1.5 GHz is
obtained around 4 GHz, yielding a fractional bandwidth of 37.5%. Furthermore,



74 Chapter 4. Range Estimation Biasing

o
=
)

i —— Simulation

' - - - Prototype 1

----- Prototype 2

_30 | | | | |
3 3.5 4 4.5 5 5.5 6

Frequency [GHz]

Figure 4.2: Simulated and measured reflection coefficient |S;;| w.t. 50 £2 of the final
antenna (black lines) and parameter sweeps (grey area) to assess fabrication tolerances.

results of an extensive parameter sweep have been added to Fig. 4.2, indicated by
the gray area, to demonstrate robustness against fabrication tolerances and ma-
terial variations. Fig. 4.3 shows a good agreement between the simulated and
measured gain pattern in the azimuth (xz-plane) and elevation plane (yz-plane)
at 3.5 GHz, 4.0 GHz and 4.5 GHz, reporting a boresight gain of 4.73 dBi, 4.66 dBi
and 6.04 dBi, respectively. An HPBW larger than 120° in the azimuth plane, in-
dicated by the gray boxes, can be observed at each frequency, while maintaining
an FTBR higher than 10 dB and a mean cross-polarization discrimination within
that HPBW of 44.8 dB, 38.6 dB and 39.0 dB at 3.5 GHz, 4.0 GHz and 4.5 GHz,
respectively. Furthermore, note that special care is required when integrating this
antenna into a three-element sectorized antenna array to preserve its radiation
properties. Finally, a total antenna efficiency of 98.8%, 85.1% and 99.1% is mea-
sured at 3.5 GHz, 4.0 GHz and 4.5 GHz, respectively.

4.4.2 Time-domain results

To characterize the time-domain system performance, the measurement setup de-
picted in Fig. 4.4 is used. The antenna system consists of a fixed antenna, fully
characterized in [11], and the current antenna which acts as the rotating AUT.

To compensate for any undesired pulse distortion introduced by the measurement
setup, all measurements are calibrated by characterizing the time-domain perfor-
mance of the measurement setup (by implementing a wired through-connection
without antennas) and pre-distorting the generated input pulse accordingly. The
resulting time-domain results are presented in Fig. 4.5. A good agreement be-
tween the simulated and measured SFF can be observed, showing an SFF over



4.5. Conclusion 75

3.5 GHz

N
o
&)
Q N
< _s5 N
/ - - - Measured ST
—10 ! | ! ! I | TR —30
—180 —120 —60 0 60 120 180
10 T T T T T 10
N 5@ -0
I
O of —-10
N
¥ 5k —20
—10 : . ‘ 130
—180 —120 —60 0 60 120 180

Figure 4.3: Simulated (solid) and measured (dashed) antenna gain [dBi] in the azimuth
plane (black) and elevation plane (gray) at 3.5, 4.0 and 4.5 GHz.

90% within the complete HPBW of the azimuth plane. Furthermore, both simu-
lations and measurements of the ranging bias agree very well, proving a ranging
bias below 4 mm within the complete HPBW of the azimuth plane. Moreover, an
SFF above 95% and ranging bias below 8 mm are measured in the elevation plane
for 6 =[—90°;90°].

4.5 Conclusion

In this letter, a planar sectoral antenna is presented, optimized for highly precise
IR-UWB indoor localization with minimal DEE. The antenna exhibits a reflection
coefficient below -10 dB for the frequency range [3.2448 — 4.7424] GHz. A HPBW
above 120° is reported for all frequencies within the frequency band of operation.
Finally, an SFF higher than 90% and a ranging bias lower than 4 mm are mea-
sured within the HPBW of the azimuth plane. As a result, the proposed antenna
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is especially suited as an anchor antenna for highly accurate IR-UWB localization
systems.
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Broadband, and Highly Efficient

Millimeter-Wave On-Chip
Antennas

Abstract

A novel hybrid integration strategy for compact, broadband and highly ef-
ficient Milimeter-Wave (mmWave) on-chip antennas is demonstrated by re-
alizing a hybrid on-chip antenna, operating in the [27.5-29.5] GHz band. A
cavity-backed stacked patch antenna is implemented on a 600 pm-thick silicon
substrate by using Air-Filled Substrate-Integrated-Waveguide (AFSIW) tech-
nology. A hybrid on-chip approach is adopted in which the antenna feed and
an air-filled cavity are integrated on chip and the stacked patch configura-
tion is implemented on a high frequency Printed Circuit Board (PCB) laminate
that supports the chip. A prototype of the hybrid on-chip antenna is validated,
demonstrating an impedance bandwidth of 3.7 GHz. In free-space conditions,
a boresight gain of 7.3 dBi and a Front-to-Back Ratio (FTBR) of 20.3 dB at
28.5 GHz are achieved. Moreover, the antenna is fabricated using standard
silicon fabrication techniques and features a total antenna efficiency above
90 % in the targeted frequency band of operation. The high performance,
in combination with the compact antenna footprint of 0.49 4,;, x 0.492 .,
makes it an ideal building block to construct broadband antenna arrays with
a broad steering range.
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5.1 Introduction

As we embark on the road to the fifth generation of network technology (5G),
countless challenges and opportunities emerge. To address the prime objectives
of 5G, radical improvements are needed in the cellular network architecture [1].
Given that the cellular bands below 6 GHz cannot support the exponentially in-
creasing demands, a key enabler to realize 5G is mmWave communication. As
such, 5G is likely to utilize much higher frequencies, up to mmWave and beyond
[2]. On the one hand, one of the major challenges in implementing mmWave
communication is overcoming the unfavorable propagation characteristics [3]. To
conquer this hurdle, multi-antenna systems with adaptive beamforming will be
indispensable [4], [5]. On the other hand, the exploitation of mmWave frequen-
cies gives rise to smaller antenna footprints. This facilitates highly integrated ra-
dio units containing both the RF front-end and the antenna, thereby improving
reliability and mitigating large interconnect losses [6]-[13]. In literature, two
main strategies can be identified to realize these highly integrated RF solutions:
Antenna-on-Chip (AoC) and Antenna-in-Package (AiP). Although both strategies
are very promising, several critical issues remain. On the one hand, AoC solu-
tions typically suffer from unfavorable electromagnetic material properties of bulk
silicon substrates, resulting in poor antenna performance and substantial surface
wave excitation [9]. On the other hand, AiP integration strategies face increased
interconnect losses. These become more pronounced as the frequency of operation
increases [9] and may be reduced by using flip-chip technology [11]. However, the
inductive nature of the interconnects may lead to narrow-band performance [13].
Furthermore, in both integration strategies, utmost care should be taken to pre-
vent Electromagnetic Interference (EMI) issues, due to inadequate shielding of the
RF front-end [9].

In this letter, a novel hybrid integration strategy for compact, broadband and highly
efficient mmWave on-chip antennas is demonstrated by realizing a highly-efficient
hybrid on-chip antenna, operating in the [27.5-29.5] GHz band. A cavity-backed
stacked patch antenna topology is selected and implemented in AFSIW technology.
In order to achieve unprecedented overall AoC/AiP performance, a hybrid on-chip
approach is adopted by implementing the antenna feed and a metallized air-filled
cavity on chip and the stacked patch configuration on a Rogers RO4350B® laminate
supporting the chip. The fabricated hybrid on-chip antenna exhibits a measured
-10 dB-bandwidth of 3.7 GHz, a maximal gain of 7.3 dBi at 28.5 GHz and a total
antenna efficiency larger than 90 % in the complete [27.5-29.5] GHz frequency
band. Moreover, by leveraging a stacked-patch configuration, an antenna footprint
of only 5.0 mm x 5.0 mm is obtained. Furthermore, a high isolation between
the antenna and both the RF front-end and neighboring antennas is achieved by
metallizing the air-filled cavity, thereby reducing EMI issues [9] and detrimental
mutual coupling effects in antenna arrays [13], [14].

Many attempts to increase antenna efficiency have been described in literature,
both for AoC[15]-[25] and AiP strategies [11],[13], [19]. Considering AoC strate-
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gies, micromachined patch antennas have been a popular antenna topology [8],
[16], [17], [20]-[22], [26], achieving antenna efficiencies up to 95 %. However,
these techniques usually result in an enlarged antenna footprint. Furthermore,
high levels of mutual coupling [17] and/or susceptibility to EMI issues [15] were
present due to a lack of metallization of the micromachined cavities. Other micro-
machined topologies have been reported as well [15], [18], [19], achieving equiv-
alent radiation performance. Yet, the aforementioned issues remain. Another com-
mon radiation enhancement technique is superstrate focusing [23]-[25], enabling
easy integration with 0.13 pm SiGe or Complementary Metal Oxide Semiconduc-
tor (CMOS) Radio Frequency (RF) front-ends. However, the highest reported an-
tenna efficiency is limited to 50 %. In conclusion, the AoC strategy typically leads
to a constant trade-off between antenna efficiency, bandwidth and antenna foot-
print. In this respect, the AiP strategy allows achieving high antenna efficiencies
within a small antenna footprint [11], [13], [19]. However, interconnects still re-
main an obstacle for AiP strategies [9] and, as such, hybrid integration strategies
have been proposed to combine the best of both integration strategies, yielding
high performance integrated antennas [10], [12]. Compared to [10], [12], our
hybrid integration strategy reconciles the conflicting demands of high radiation
efficiency, large bandwidth, small footprint and low interconnect losses by imple-
menting the antenna feed and a metallized air-filled cavity on chip and exploiting
the RF PCB laminate that supports the chip for the implementation of a stacked
patch configuration. Furthermore, the use of AFSIW technology strongly reduces
EMI issues, commonly encountered in AoC and AiP designs. The proposed hybrid
integration strategy is validated by realizing a novel on-chip antenna. Its measured
performance is compared with the current state-of-the-art in Table 5.1, proving its
excellent performance in terms of bandwidth, antenna efficiency and antenna foot-
print.

The remainder of this paper is organized as follows. In Section 5.2, the hybrid on-
chip antenna topology is proposed and the design evolution is discussed. Section
5.3 elaborates on the fabrication process and the relevant manufacturing toler-
ances. Simulation and measurement results are discussed in Section 5.4.

5.2 Compact and Highly-Efficient Hybrid On-Chip
Stacked Patch Antenna

A linearly polarized, highly integrated antenna on silicon is designed for oper-
ation in the [27.5-29.5] GHz band, targeting an antenna footprint smaller than
5.450mm x 5.450mm (0.54 A ,;,, x 0.54 A,,;;,, with A,,;,, the free-space wavelength
at 29.5 GHz) for grating lobe-free beamsteering up to 6 = £60°. Moreover, an
antenna efficiency over 90 % is imposed in the complete bandwidth. Finally, a fab-
rication procedure that guarantees compatibility with CMOS and Microelectrome-
chanical Systems (MEMS) processes and, thus, allows mass production and scala-
bility to even higher frequencies is strived for to remain competitive with current
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Figure 5.1: Structure of the hybrid on-chip antenna (dimensions in pm). Top left: top
view; top right: bottom view; middle: cross-sectional view; bottom: 3D cross-sectional
view. The rectangular top and bottom patch have dimensions 3350 pm x 1800 pm and
2710 pm x 3080 pm, respectively.
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state-of-the-art solutions. To fulfill these stringent design requirements, a cavity-
backed stacked patch antenna topology is adopted, as shown in Fig. 5.1. The
backing cavity guarantees both a high antenna-to-integration platform isolation
and reduces mutual coupling in arrays [14], while the stacked-patch configura-
tion enables to satisfy the radiation and bandwidth requirements. To achieve the
imposed total antenna efficiency, the antenna is implemented in AFSIW technol-
ogy [27]-[29]. By removing the silicon substrate underneath the stacked patches
and plating the newly exposed silicon surface, an AFSIW cavity is created. As a
result, the electromagnetic fields of the stacked patch antenna reside in an air sub-
strate for the most part and, hence, a low-loss antenna performance is achieved
over a large bandwidth and surface wave excitation is strongly suppressed. Fur-
thermore, by exploiting mode-bifurcation [29] in the stacked patch configuration,
the antenna footprint of 5.0 mm x 5.0 mm remains below 0.5424,,;, X 0.54 A i,
despite the use of AFSIW technology. As can be seen in Fig. 5.1, a hybrid on-
chip antenna strategy is adopted. The antenna is constructed partially on chip
and partially on a high-frequency PCB laminate, where the parts that need the
highest accuracy are developed in silicon, making use of micro- and nanoscale
fabrication technologies. The antenna cavity and feed structure are created in
and on a 610 pm thick silicon wafer (e, = 11.9,tané = 0.0013), respectively,
whereas the patches are implemented on a 254 pm thick Rogers RO4350B® lam-
inate (e, = 3.66,tan 6 = 0.0031), subsequently bonded to the silicon wafer with
a non-conductive glue. On the one hand, the antenna feed structure is fabricated
on-chip, making it compatible with standard silicon fabrication processes and thus,
the implementation of the RF front-end can be both fully electrical [6], [7] or an
opto-electrical hybrid [30], [31]. On the other hand, suspending the stacked-patch
configuration on a Rogers RO4350B® laminate allows a radiation performance
equivalent to AiP antennas, without frequency dependent interconnect losses. As
such, our hybrid on-chip antenna approach minimizes interconnect losses and al-
leviates the trade-off between bandwidth, efficiency and antenna footprint.

A 200 nm pitch Ground-Signal-Ground (GSG) pad is used to enable antenna char-
acterization with a probe, via a microstrip feed that excites the antenna by means
of aperture coupling. Tuning the antenna feed dimensions, being the rectangu-
lar aperture and the tuning stub (see Fig. 5.1), allows for an optimization of the
FTBR while still maintaining sufficient bandwidth. Moreover, leveraging aperture
coupling provides adequate shielding between the antenna and feeding network,
significantly mitigates parasitic radiation and benefits radiation pattern purity. Re-
mark that the metallic traces on silicon are composed of gold and have a thickness
of 1 pm, whereas the patches on the Rogers RO4350B® laminate are gold-plated
copper traces and have a thickness of 35 nm. Both patches and the aperture in the
cavity are centered around the cavity center. Furthermore, as the antenna cavity
and vias are created with a low-cost potassium hydroxide (KOH) wet etch pro-
cess, they exhibit sloped edges with a fixed angle of 54.74 °, as discussed in more
detail in Section 5.3. This is due to the (100) crystalline orientation of the silicon
wafer. The proposed antenna is designed using the frequency domain solver of
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Figure 5.2: An overview of the fabrication process (dimensions in pm): (a) hard mask
deposition, (b) hard mask patterning, (c) wet etch, (d) gold deposition, (e) gold patterning
and (f) bonding.

CST Microwave Studio. Its final dimensions are shown in Fig. 5.1.

5.3 Fabrication Process

The antenna is fabricated in the clean room facility of Ghent University. It is fully
compatible with standard silicon fabrication processes, making it low cost and suit-
able for mass production. A high-resistivity (100) silicon substrate is used with a
thickness of 600 pm and a reported resistivity of 40 2cm. The substrate is un-
doped, double sided polished, and contains a thin silicon oxide (SiO,) layer of
400 nm on both sides. Using a chemical vapor deposition process, a 600 nm-
thick silicon nitride (SizN,) layer is deposited on both sides of the silicon wafer
(Fig. 5.2(a)) to realize a hard mask for the wet etch. Next, the silicon wafer is
cleaved into samples of 20 mm x 20 mm. The remainder of the processing is
divided into the following steps: etching, metallization and bonding.

First, the antenna cavity and vias, described in Section 5.2, are etched into the sili-
con samples. Thereto, a thin layer of TI prime [32] is spin coated onto the top side
of the sample to promote adhesion of the photoresist in the next step. After the
proper baking procedure, a 4 nm thick TI 35E [33] photoresist layer is spin coated
on top of the TI prime layer and baked. Next, the SUSS MicroTec MA6/BA6 aligner
is used to perform the photolithography step, where the image reversal technique
[33] is adopted to pattern the photoresist. The Advanced Vacuum Vision 310 Reac-
tive Ion Etching (RIE) is then used to transfer the pattern onto the hard mask with
a plasma etching procedure, using a gas mixture of SFg and O,. However, first,
a thin TI 35E photoresist layer is coated on the backside of the sample to protect
it during the plasma etching step. The cavity pattern is now transferred onto the
hard mask of the silicon sample (Fig. 5.2(b)). Next, the same procedure is used to
transfer the via patterns onto the hard mask on the sample backside. To ensure ac-
curate positioning of the vias, backside alignment (with an accuracy of £600 nm)
is performed with the cavity corners as a reference. Finally, a wet etch procedure
is performed using a 20 % KOH solution. The etching solution is heated to 80 °C,
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Figure 5.3: (a) Feed structure with GSG pad and (b) etched cavity with aperture of the
on-chip stacked patch antenna.

resulting in a silicon etch rate of about 1.7 pm/min. The samples are submerged
in the solution for 295 min, until a cavity depth of 500 nm is reached (Fig. 5.2(c)).
Due to the (100) crystalline orientation of the silicon wafer, the edges are etched at
an angle of 54.74 ° and, as such, the etching process of the vias stops automatically
after the tip of its pyramidal shape is reached (Fig. 5.2(c)). After completing the
etching process, a small portion of the cavity is punctured by the vias on the other
side of the silicon sample. Lastly, the remainder of the hard mask is removed using
a hydrofluoric acid (HF) solution.

In the second step, gold (Au) is deposited and patterned on both sides of the chip.
First, a 10 nm layer of titanium (Ti) is predeposited on the sample backside by
means of sputtering to act as an adhesive layer between the Si and Au. Afterwards,
sputtering is applied to deposit a 1 pm-thick layer of Au (Fig. 5.2(d)). Next, an
8.8 pm-thick layer of AZ9260 positive resist [34] is applied to pattern the metal
on the backside of the silicon sample during the photolitography step. After devel-
oping the sample in a 1:2 AZ400K [35] water solution, the feed structure of the
antenna is finished (Fig. 5.2(e)). Next, the same procedure is performed for the
top side of the sample to create the metal cavity and the feeding aperture. Back-
side alignment is again performed to guarantee accurate alignment of the different
antenna features. A fabricated on-chip antenna prototype is shown in Fig. 5.3.

In the final step, the metallized silicon sample is bonded to a RO4350B® laminate,
supporting a stacked patch structure. To this end, a 9 pm-thick layer of Cyclotene
3022-57 [36] is spin coated on the substrate. By using the alignment markers on
the superstrate (Fig. 5.1), the chip and PCB laminate are aligned by means of a
Finetech Pick and Place bonder (with an accuracy of £1 pnm). After alignment,
the chip and substrate are pressed together while being heated to 150 °C. After a
heating period of 20 min, the antenna is finished (Fig. 5.2(f)). A fabricated on-chip
antenna prototype is shown in Fig. 5.3. Note that, in future array configurations
some excess silicon can be placed at the edges of the chip, to provide sufficient
bonding surface between the superstrate and chip.
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Figure 5.4: Simulated and measured magnitude of the reflection coefficient (|S;;]) w.r.t.
50 2.

5.4 Simulation and Measurement Results

The reflection coefficient and far-field performance of the antenna prototypes are
measured in the mmWave Anechoic Chamber [37] at Eindhoven University of Tech-
nology (TUe). This fully automated system, with a 1 m diameter and a 0.5 m
height, is equipped with a probing setup that allows both backside and front-side
probing and is operational up to 90 GHz. In this letter, backside probing is per-
formed using a GSG-200 Picoprobe and a Keysight N5247A PNA-X Microwave Net-
work Analyzer for both the reflection coefficient and far-field measurements. A
SOLT calibration is performed to measure the scattering parameters of two pro-
totypes, making use of a CS-5 calibration substrate [38]. For measurement pur-
poses, the patch-supporting RO4350B® laminate is sized 4 cm x 4 cm. The excess
RO4350B® laminate is used to install the antenna inside the anechoic chamber on
top of a Rohacell (e, = 1.05,tan 6 = 0.0034) antenna mount.

The simulated and measured |S;;| w.r.t. 50 £2 of the hybrid on-chip antenna and
the prototypes are shown in Fig. 5.4. Two resonance peaks are visible, because
of the two stacked patches, resulting in a measured and simulated bandwidth of
3.7 GHz and 3.1 GHz, respectively. A good agreement between simulated and
measured radiation patterns (co- and cross-polarization) in the yz- and xz-plane
at 28.5 GHz can be seen in Fig. 5.5. A simulated boresight gain of 6.64 dBi, 7.27 dBi
and 7.38 dBi is achieved at 27.5 GHz, 28.5 GHz and 29.5 GHz, respectively. The
corresponding measured gain is 6.62 dBi, 7.08 dBi and 7.12 dBi, respectively. This
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Figure 5.5: Simulated (solid) and measured (dashed), co-polarized (black) and cross-
polarized (red) antenna gain at 28.5 GHz. (a) yz-plane (E-plane), (b) xz-plane (H-plane).

Table 5.1: Comparison of current work to the state-of-the-art.

| | Technique | f[GHz] | BW[%] | n[%] | A[AxA] |

[17] | nMachining 135.0 8.90 80.0 0.81 x0.81
[18] | pnMachining 60.0 11.80 90.0 0.61 x 0.95
[19] | pMachining | 143.0 | 13.90 | 76.0 | 0.95x 0.95
[22] | pMachining 34.5 4.00 95.0 | 1.15x1.15
| [24] | Superstrate | 93.0 [ 850 [ 50.0 [ 0.70x0.50 |
[19] AiP 143.0 6.90 89.0 0.38 x 0.38
[11] AiP 60.0 880 | 85.0 | 2.60x2.60
[13] AP 29.0 500 | NA. | 0.23x0.23
[10] Hybrid 60.0 12.60 73.0 0.33x0.16
[12] | Hybrid 68.0 570 | 96.7 | 0.16x0.28
This Hybrid 28.5 13.00 90.9 | 0.49 x0.49




94 Chapter 5. 5G: On-Chip Antennas

results in a total antenna efficiency of 92.7 %, 90.9 % and 90.4 % at those frequen-
cies. Furthermore, a FTBR of 20.3 dB is obtained at the center frequency and an
axial radio over 20 dB within the 3 dB beamwidth of over 65°in both planes, is re-
alized. Table 5.1 compares the proposed hybrid on-chip antenna with the state-of-
the-art in terms of fractional bandwidth (BW), antenna efficiency (1) and antenna
footprint (A). The antenna footprint is expressed in a fraction of the wavelength
at the highest frequency of operation. It can be seen that the presented antenna
enables excellent performance with respect to to the state-of-the-art, when consid-
ering the combination of bandwidth, efficiency and antenna footprint.

5.5 Conclusion

A novel hybrid integration strategy for mmWave antennas is demonstrated by real-
izing an on-chip AFSIW cavity-backed stacked patch antenna, featuring excellent
performance in terms of radiation efficiency, broadside gain and bandwidth. Mea-
surements report a total antenna efficiency over 90 %, a minimal boresight gain
of 6.6 dBi and sufficient bandwidth to cover the [27.5-29.5] GHz band. Moreover,
the compact antenna footprint (5.0 mm X% 5.0 mm) in combination with the large
beamwidth (>65°) and high antenna-to-integration platform isolation, makes the
proposed antenna element an attractive building block for multi-antenna systems
with beamsteering capabilities.
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Beyond 5G: Polymer-Enabled
AFSIW Technology for
Highly-Efficient, Broadband
On-Chip THz Antenna Systems

Abstract

A novel polymer-enabled Air-Filled Substrate-Integrated-Waveguide (AFSIW)
technology is presented for cost-effective, highly-efficient, broadband on-chip
THz multi-antenna systems. To demonstrate its potential, a cavity-backed slot
antenna with exponentially tapered feed and modified slot was designed in
both a stand-alone and 1x4 linear array configuration, optimized for opera-
tion in the [252.72 — 321.84] GHz frequency band of the IEEE 802.15.3d-2017
standard. Impedance matching below -10 dB is obtained for the unit antenna
element in the [248.0 —355.0] GHz frequency band, exhibiting a radiation ef-
ficiency over 88% in the complete frequency band of interest within an antenna
footprint of 500 um x 500 um. A maximum gain of 5.32 dBi, 5.81 dBi and
5.81 dBi is obtained at 252.72 GHz, 287.28 GHz and 321.84 GHz, respectively.
Grating-lobe free beam-steering is demonstrated in a 1x4 linear array config-
uration, with an inter-element spacing of 560 um, with a gain of 11.75 dBi,
12.02 dBi and 11.54 dBi at 252.72 GHz, 287.28 GHz and 321.84 GHz, respec-
tively. Furthermore, mutual coupling levels below -15 dB and an Front-to-Back
Ratio (FTBR) above 16.8 dB is obtained in the complete targeted frequency.
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6.1 Introduction

The wide-spread commercial adoption of 5G mobile networks is a response of
telecommunication operators to the ever increasing demand for faster and more
reliable communication services for an increasing amount of mobile devices. This
trend is confirmed by the observation that wireless data rates have doubled every
18 months [1]. However, future technologies such as Augmented/Virtual Reality
(AR/VR), wireless datacenters, chip-to-chip communication, and next-generation
Wireless Personal Area Network (WPAN) or Wireless Local Area Network (WLAN)
indoor cellular networks require low-latency, reliable and ultrawide-bandwidth
communication channels, supporting data rates up to 100 Gbps [1]-[3]. Although
advanced modulation schemes and improved hardware could facilitate higher data
rates in the Milimeter-Wave (mmWave) frequency bands, there is an inherent lim-
itation on the achievable data rate due to the limited available bandwidth. As a
result, researchers are investigating possibilities in the unlicensed Terahertz (THz)
frequency band, defined in the IEEE 802.15.3d-2017 standard [4], providing a
bandwidth of 69 GHz and supporting data rates of 100 Gbps and higher at dis-
tances up to a few hundred meters [5].

At THz frequencies, the signal is not only subjected to significant and frequency
dependent atmospheric attenuation [2], [3], but it also suffers from considerable
losses due to poor microwave component efficiency, interconnects, packaging and
assembly [1], [6], [7]. Integrating the THz transceiver, the beam forming networks
and the on-chip antenna array into a compact and highly integrated System-on-
Chip (SoC), greatly reduces the aforementioned losses and, moreover, facilitates
further optimization by co-designing the antenna with the transceiver. However,
the low radiation efficiency and narrowband behavior of on-chip antennas, still
impose significant limitations on the viability of on-chip antennas in THz SoC ap-
plications [7].

In this chapter, a polymer-enabled AFSIW technology for highly-efficient, broad-
band on-chip THz antenna systems is presented, as a key enabler towards a low-
cost and highly-integrated SoC framework for THz communication. By suspending
a thin, low-loss polymer superstrate on top of an AFSIW cavity that is microma-
chined into a standard, low-cost silicon substrate, a frequency-independent an-
tenna efficiency over 90% can be obtained. Furthermore, by implementing a cou-
pled cavity-backed slot antenna with modified slot in the proposed layer stack-up,
mode bifurcation is leveraged to obtain an ultra-wide impedance bandwidth within
a compact footprint. As a result, a unit antenna element is realized that meets the
aforementioned requirements for the on-chip antenna array in a low-cost, highly
efficient and highly integrated SoC framework for THz communication. Finally,
the array performance is demonstrated by means of a 1x4 linear antenna array,
implemented using the realized unit antenna element, and shows grating-lobe free
beam-steering capabilities up to 30°.

Several on-chip antenna topologies have been explored to resolve the low effi-
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ciency and narrowband issues, both in mmWave and THz frequency bands [1], [6],
[8]. Lens-loaded antennas have shown great potential enhancing both gain and
directivity, whilst reducing side lobes and cross polarization levels of on-chip anten-
nas [8]. However, besides a large footprint and more complex fabrication methods,
some lenses can also distort the radiation pattern due to temperature fluctuations
[9]. Dielectric-loaded antennas also show great promise to enhance radiation effi-
ciency of THz on-chip antennas, as demonstrated by the antenna in [7] reporting
an antenna efficiency of 80% and a gain of 10 dBi at 340 GHz. However, the
inherent narrowband behavior and added fabrication complexity of dielectric res-
onators, limit their use in THz communication systems. THz antennas developed
in Complementary Metal Oxide Semiconductor (CMOS) technology have been in-
vestigated as well, because of their low-cost and ubiquitous fabrication techniques
[10], [11]. Unfortunately, the performance of the antenna reported in [10] was
lacking, with a bandwidth of only 32.1 GHz at 267.6 GHz, a radiation efficiency
of 23% and a maximum gain of -0.5 dBi. In [11], a transceiver SoC was realized
in 130 nm SiGe BiCMOS technology, reporting a maximum radiation efficiency of
54% and maximum gain of 3 dBi. Finally, micro-machining techniques have been
used to realize SIW on-chip antennas by filling metalized cavities, micro-machined
into a silicon substrate, thereby enhancing the antenna radiation efficiency and
impedance bandwidth [12], [13]. Liu et. al. realized a patch antenna and 1x4
linear array on top of a Benzocyclobutene (BCB)-filled metalized cavity, reporting
an impedance bandwidth of 2.8 GHz at 100 GHz, a maximum radiation efficiency
of 79.6% and a gain of 6.7 dBi and 13 dBi for the single antenna and array, respec-
tively [12]. In [13], a similar approach was followed at 135 GHz, filling the cavity
with a DuPont PerMX polymer, obtaining an impedance bandwidth of 4.5% and a
gain of 6.4 dBi. Note that, although the impedance bandwidth for both aforemen-
tioned designs is not sufficient, the micro-machined cavities show great promise to
enhance radiation efficiency as they shield the electromagnetic fields completely
from the lossy silicon substrate.

The remainder of this chapter is organized as follows. Section 6.2 outlines the
requirements for, and the implementation of the polymer-enabled AFSIW tech-
nology for THz on-chip antenna systems. Furthermore, it discusses the topology,
design strategy, operation principle and final antenna dimensions of the antenna
designed to demonstrate the performance of the polymer-enabled AFSIW tech-
nology. In Section 6.3, the antenna fabrication process is described. Finally, the
simulation results for the proposed antenna are reported in Section 6.4, for both
the unit element and 1x4 linear antenna array.
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6.2 AFSIW Technology for Highly-Efficient THz
On-Chip Antenna Systems

6.2.1 THz System Requirements

A compact and highly-efficient on-chip antenna is designed for phased arrays op-
erating in the [252.72 — 321.84] GHz frequency band of the IEEE 802.15.3d-2017
standard [4], defined for point-to-point communication links. Therefore, the mag-
nitude of the reflection coefficient, |S;;|, with respect to 50 §2, should be below
-10 dB in the specified frequency band. However, given the constraining manu-
facturing tolerances at THz frequencies and to compensate for mutual coupling
effects in array configurations, the reflection coefficient criteria are extended to

S| s{ —10dB Vf €[247.67—328.28] GHz ©.1)

—15dB Vf €[257.77—315.40] GHz,

thereby providing a margin of 2% for the frequency boundaries and of 5 dB for
the magnitude of the reflection coefficient within the frequency band of operation.
Next, to facilitate beam steering up to £30° with maximized gain, the unit an-
tenna element gain is tailored to exhibit a Half-Power Beamwidth (HPBW) larger
than 60°. Furthermore, a radiation efficiency over 90% and a FTBR larger than
10 dB are imposed for all frequencies of operation. Additionally, the unit antenna
element footprint is restricted by

A
d =——_"T"" 6.2
M1+ [sin 6,0, | 6.2)

where d,,,, is the inter-element spacing in a square lattice phased array, A,,;, is
the free-space wavelength at 321.84 GHz and 6,,,, is the maximal steering angle
without undesired grating lobes. As such, to enable beam steering up to +£30° in a
2D phased array, the unit antenna element footprint is constrained to a maximum
of 615 um x 615 um (%A X %A). Moreover, the mutual coupling between neigh-
boring antenna elements should remain below -15 dB in the complete targeted
frequency band.

Finally, to facilitate wafer-scale fabrication of phased arrays and to guarantee com-
pliance with current microchip manufacturing processes, standard micromachin-
ing techniques are preferred to create a planar antenna system that satisfies the
aforementioned design requirements.

6.2.2 Technology and antenna topology

It has been proven that cavity-backed topologies provide promising radiation char-
acteristics to meet the proposed design requirements. In [14], [15], a compact
polymer-filled cavity-backed patch antenna array is realized, showing a peak gain
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Figure 6.1: Polymer-enabled AFSIW technology for highly-efficient, broadband THz on-
chip antenna systems.

of 13 dBi and 10.4 dBi at 100 GHz and 135 GHz, respectively, with minimal back
radiation and mutual coupling levels below -28 dB. Nonetheless, the inherent nar-
row bandwidth of these antennas renders them ineffective for high data-rate wire-
less communication. These drawbacks are tackled in [16], where micromachining
techniques and Printed Circuit Board (PCB) technology are used to realize a hy-
brid on-chip antenna at 28.5 GHz. Here, mode-bifurcation and AFSIW technology
are leveraged to significantly enhance both the impedance bandwidth and radia-
tion efficiency to 3.7 GHz (13%) and over 90%, respectively, within an antenna
footprint of 0.49 A x 0.49 A. However, a modified AFSIW technology is required
to scale the design towards THz frequencies, as the fabrication tolerances in com-
mercial PCB manufacturing processes are too high. As such, a polymer-enabled
AFSIW technology for highly-efficient, broadband on-chip THz antenna systems is
proposed.

The proposed AFSIW technology is shown in Fig 6.1, showing the layer stack-up
and the topological properties. It is comprised of a silicon substrate that embeds
and supports a metallized air cavity and polymer superstrate, respectively. Metal
layer 1 (M1) covers the complete silicon substrate (following the contours of the
air cavities), thereby providing a stable Radio Frequency (RF) ground plane and
excellent shielding from the lossy silicon substrate. In contrast to [16], where a
high resistivity silicon substrate was required, the shielding provided in the pro-
posed AFSIW technology allows the use of standard low-cost silicon substrates. On
top of M1, a polymer superstrate with thickness h,,,, is deposited to support metal
layer 2 (M2), which contains both the antenna feeding section and the radiating
elements. The superstrate thickness is constrained by two main aspects: electro-
magnetic performance and mechanical stability. In order to prevent significant
losses associated with surface waves, hy,, is constrained by

< —, (6.3)
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with €, ,, the polymer dielectric constant [17]. Next, the deflection of the super-
strate spanning the air cavity oh,, should be minimized to less than hy,,/100.
This mitigates fabrication-tolerance-induced electromagnetic errors and guaran-
tees a mechanically rigid membrane that doesn’t collapse under its own weight.
To this end, an exact solution for the deflection of a clamped rectangular plate un-
der uniform load is found in [18]. The deflection in the center of the plate under
its own weight is given by

. 67TLcach?:1vpsupg(1 - vsup)
sup = Equph? ’

Sup”“sup

6h (6.4)

with L.,,, W,,, the air cavity length and width, respectively, g the acceleration
due to gravity, and py,,, Vs, and E,, being the specific mass, Poisson’s ratio and
Young’s modulus of the polymer superstrate, respectively. Taking (6.3) and (6.4)

into account, the following set of inequalities is compiled

0.34
houp < 37 [Eremp

n \3/600ﬂLcavW;vpsupg(l—vsuy)
sup =

(6.5)

E,

'sup

Considering a square cavity with dimensions %A X %A x0.1 A, the superstrate height
is constrained in terms of cavity dimensions as

(6.6)

E sup = 4,/ '
sup T o/ €rsup

Next, additional constraints are imposed on the thermal properties of the polymer
superstrate to minimize thermal stress o, on the air-suspended superstrate,
given by [19]

il 6007 LY, Poup8(L = V) _ 0.9Lcqy

Esup
O-th,sup = ? (asup - aSi) AT, (67)

sup
where a,, and ag; = 2.6ppm/K are the thermal expansion coefficients (CTE) of
the superstrate and the silicon substrate, respectively. As the temperature differ-
ence AT is not controllable in most cases, the difference in CTE should be mini-
mized. Additionally, a thermosetting polymer superstrate is preferred to facilitate
post-processing procedures at high temperature, as is required for some packaging
techniques.

Finally, a polymer needs to be selected that minimizes (6.4) and (6.7). An overview
of the most prominent low-loss polymers for mmWave and THz applications is
provided in Table 6.1, displaying their relevant thermal, mechanical and electrical
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Table 6.1: Summary of material properties (at 200 GHz) for common polymers in THz
applications.

| Material | a[ppm/K] | p [kg/m’] | v [ E[GPa] | e, | tand |

SU-8 52 1190 0.22 4.0 2.73 | 0.025
Parylene-C 35 1289 0.40 2.8 2.95 | 0.0056
Parylene-N 69 1100 0.40 2.4 2.63 | 0.0056
Polystyrene 65 1052 0.35 3.25 2.59 | 0.0067

SUEX 63 * * 3.9 2.86 | 0.0200

Polyimide 40 1420 0.34 2.5 3.43 | 0.0035

COC 60 1020 0.37 3.0 2.35 | 0.0009

BCB 42 956 0.34 2.9 2.45 | 0.007

characteristics [20]-[24]. Although several materials exhibit promising properties,
polyimide and BCB are the only thermosetting polymers in the list. When analyzing
the material characteristics in Table 6.1, BCB displays the most favorable qualities
and, as such, it is selected to implement the superstrate in the polymer-enabled
AFSIW technology.

Now that the polymer-enabled AFSIW technology and its constraints have been
defined, a suitable antenna topology needs to be chosen that fulfills the imposed
design requirements. Note that, as M2 is the only metal layer to contain radiat-
ing elements, the stacked-patch configuration in [16] is not feasible. However, in
[25], a cavity-backed slot antenna is realized in AFSIW technology, exhibiting an
impedance bandwidth of 29.4% by leveraging mode-bifurcation between two cou-
pled half-mode rectangular cavities. These distinct half-mode cavities are created
by inserting a slot in the top metal layer of a rectangular cavity. Consequently,
as depicted in Fig 6.2, realizing the air-filled cavity in the silicon substrate and
the slot in M2, a cavity-backed slot antenna is realized in the proposed AFSIW
technology. Furthermore, the antenna is fed by a tapered Grounded Co-Planar
Waveguide (GCPW) to compensate for the slanted sidewalls of the cavity and, as
such, ensure broad impedance matching.

6.2.3 Design strategy and operation principle

Now that the antenna technology is defined and a suitable topology is selected, the
proposed design can be tailored to meet the specified requirements. The cavity-
backed slot antenna with linearly tapered GCPW, depicted in Fig. 6.2, is selected as
a starting point for the design process. Similar to [25], this design leverages mode-
bifurcation to obtain ultra-wideband operation by judiciously coupling two half-
mode cavities, half-mode cavity A and B, with distinct resonant frequencies f;,,
and f1;4 5, respectively. The impedance bandwidth is then optimized by controlling
the amount of coupling, determined by the slot dimensions (L;,, and Wy,,), and
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Figure 6.2: Topology: cavity-backed slot on-chip antenna in AFSIW technology.

setting the TE,;, half-mode cavity resonant frequencies, defined by [26]

1 €rsup — 1 h ¢ n 2 ﬂ.' ’ (6.8)
= o B — + > *
fllO,l ( 2 (hcav + hBCB) BCB) 27T (Wcav ) 2Lcav,i

with ¢ the speed of light, €, ;,,, the dielectric constant of the BCB superstrate, Ly,
W,,, and h.,, the half-mode cavity length, width and height, respectively, and
hgcp the superstrate height, as depicted in Fig. 6.2. The superstrate height is
fixed at 10 pm for fabrication ease and to enable measurements with a 25 pm-
pitch Ground-Signal-Ground (GSG) probe, thereby complying with the imposed
superstrate constraints defined by (6.6), implying 6.5 um < hy,,, < 21.6 um. The
dimensions after optimization of the initial rectangular slot antenna with linearly
tapered GCPW feed are provided in Table 6.2, resulting in f,, , = 281 GHz and
fres,p = 363 GHz. The resulting simulation results are depicted in Fig. 6.3(d) and
(e), showing an impedance bandwidth of 102 GHz centered around 299 GHz. Al-
though this design comfortably covers the targeted frequency band, its antenna
footprint should be reduced, as it exceeds %)L X %A =615 um x 615 um.

Reducing the cavity size

In order to scale down the antenna footprint, it is critical to reduce both the half-
mode cavity dimensions, thereby increasing their respective resonant frequencies,
and the slot dimensions. Although impedance matching can be obtained in the
targeted frequency band with reduced cavity lengths, reducing the rectangular
slot width and, hence, the cavity width results in a significant loss in impedance
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Table 6.2: Dimensions after optimization of the initial rectangular slot antenna with linearly
tapered GCPW feed.

Dimension | Value [pm] | Dimension | Value [pm] |

W, 670 Leava 260
Vvslot 650 Lcav,b 390
Wiap 360 Lot 80
Woap.b 50 Liap 280
Wreed 28 Leapa 15
heay 100 hgcs 10

bandwidth. Therefore, as described in [27], the rectangular slot is replaced by
an H-shaped slot to arrive at a miniaturized antenna footprint. The dimensions
after optimization of the H-slot antenna with linearly tapered GCPW feed are pro-
vided in Fig. 6.3(b), with a cavity height of 90 pm and half-mode cavity resonance
frequencies f,; , = 375 GHz and f,,, , = 418 GHz, according to (6.8). The result-
ing simulation results are depicted in Fig. 6.3(d) and (e), showing an impedance
bandwidth of 140 GHz centered around 325 GHz. As seen on the smith chart in
Fig. 6.3(e), the implementation of the H-shaped slot did not only reduce the cavity
size, it also decreased the coupling between both half-mode cavities. This reduc-
tion in coupling is required to compensate for the increased resonance frequencies
of the half-mode cavities, ensuring that the reflection coefficient remains below
-10 dB in the targeted frequency band.

Unfortunately, the H-slot antenna with linearly tapered GCPW feed fails to cover
the lower frequencies of the 802.15.3d-2017 standard and, thus, a third optimiza-
tion step is performed to lower its frequency band of operation. Because of the
slanted cavity sidewalls, the cavity height (and thus the stack-up of BCB and air)
varies as a function of the taper length. Furthermore, the reduction in taper length
compared to the design represented in Fig. 6.2, changes the input impedance of
the antenna, thereby requiring additional matching in the feed section. Thereto,
the linearly tapered GCPW feed is replaced by a tapered spline GCPW feed, which
provides more degrees of freedom during the optimization process and allows to in-
corporate the required impedance matching in the antenna feed. The dimensions
after optimization of the tapered spline GCPW feed are provided in Fig. 6.3(c),
where W,, W, , and L, determine the position of the third control point of the sec-
ond degree splines that define the tapered spline GCPW. The resulting simulation
results are depicted in Fig. 6.3(d) and (e), showing an impedance bandwidth of
135 GHz centered around 315 GHz. Further analysis of the smith chart, depicted
in Fig. 6.3(e), shows that the impedance transformation in the feed network does
not alter the coupling or impedance bandwidth, but it shifts the input impedance
such that the reflection coefficient for the lower frequencies is below -10 dB.
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Improving the impedance matching

Finally, as seen in Fig.6.4(c), the H-shaped slot antenna with tapered spline GCPW
feed covers the IEEE 802.15.3d-2017 frequency band, but the antenna does not
fully comply with the imposed design requirements. As such, a final optimiza-
tion step is required to improve the impedance matching in the complete targeted
frequency band, as such, ensuring sufficient robustness against manufacturing tol-
erances. As shown in [28], the amount of coupling between the two half-mode
cavities impacts the bandwidth and the amplitude of the reflection coefficient.
Fig. 6.4(c) and Fig. 6.4(d) show that stronger coupling results in a larger sep-
aration between the two resonances and a higher reflection coefficient between
them. Hence, the amount of coupling should be reduced by increasing the slot
length where the coupling is strongest to improve the impedance matching. To
prevent the lower resonance frequency of the antenna to increase, the slot shape
is further modified by tapering the slot inward when approaching the H-section of
the slot. This taper, along with the additional inductive stubs at the top and bottom
parts on both sides of the H-section, increase the current path of the slot and sig-
nificantly improve the impedance matching, especially at lower frequencies [29].
The final design after optimization of the modified slot is shown in Fig. 6.4(b).
The resulting simulation results are depicted in Fig. 6.4(c) and (d), showing an
impedance bandwidth of 108 GHz centered around 301 GHz. When analyzing the
smith chart in Fig. 6.4(d), the modified slot shifts the loop area of the resonance is
decreased, indicating a lower amount of coupling. Furthermore, the effect of the
inductive stubs in the slot can be seen as it shifts the antenna impedance more to-
wards the origin of the smith chart, thereby significantly improving the impedance
matching.

6.2.4 Final antenna dimensions

An annotated representation of the on-chip cavity-backed slot antenna in polymer-
enabled AFSIW technology, optimized using CST Microwave Studio, is provided in
Fig. 6.5 and its dimensions are listed in Table 6.3.

6.3 Fabrication Process

The cavity-backed slot antenna in AFSIW technology is fabricated in nine steps,
depicted in Fig. 6.6, using standard micromachining techniques. The complete
fabrication process is performed in the clean room of Ghent University.

1. Cavity etching: A 600 nm Si;N, hard mask is deposited on both sides of a
500pm-thick, polished, undoped (100) silicon substrate using Plasma En-
hanced Chemical Vapor Deposition (PECVD). Next, the Suss Microtech MA6
mask aligner is used to pattern a soft mask on the silicon samples, which
is followed by a Reactive Ion Etching (RIE) process to transfer the cavity
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Table 6.3: Final antenna dimensions in pm.

| Dimension | Value | Dimension | Value | Dimension | Value |

Woo 500.0 Loay 500.0 L eed 60.0
Wiora | 200.0 Leava 2225 Liap 101.2
Wy | 280.0 Leavs 277.5 Lg; 700.0

Wy 80.8 Leave 372.7 dyia 15.0
W, eed 28.0 Lot 82.5 Voia 44.6

Weap 380.0 Lo 37.5 Reay 90.0
Weapa 15.0 Lot 137.6 Rpcs 10.0
Weaps 73.1 Ly 158.8 ™ 1.0
W, 13.4 L. 50.0 W, 38.0

W, 21.0

[ Silicon substrate 1 Uncured BCB (10 um) [l AZ 125nTX (20 um)
[ Gold (500 nm) ] Cured BCB (10 um) I TI 35E (3.5 um)
—— Silicon Nitride (10 nm) [l InP wafer

Figure 6.6: Fabrication steps for the polymer-enabled AFSIW technology for highly-
efficient, broadband on-chip THz antenna systems.
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Figure 6.7: Microscopic view of the samples after (a) fabrication step 3, (b) fabrication step
7 and (c) fabrication step 8.

pattern onto the hard mask. Subsequently, a 95 pnm-deep cavity is etched
in a 20% KOH solution, heated up to 86 C° (resulting in an etch rate of
1.6 pm/min), for 56 min. Finally, the remaining Si;N, is removed using a
44% HF solution.

2. Metallization I: The top side of the silicon sample (containing the cavity)
is metallized by means of sputtering, depositing a 500 nm gold (Au) layer.
Note that a 10 nm titanium (Ti) layer is predeposited to promote adhesion
between silicon and gold.

3. Adhesion promotor: As stated in [30], BCB does not adhere well to gold, or
other noble metals. Furthermore, because gold does not form a surface ox-
ide, an adhesion promoter such as AP3000 won’t provide the required bond-
ing strength between gold and BCB. To this end, a 10 nm SizN, adhesion
promoter layer is deposited using PECVD. A microscopic view of the fabri-
cated metallized cavity with adhesion promotor is depicted in Fig. 6.7(a).

4. BCB film preparation: To create a 10 pm-thick BCB superstrate, BCB resin
(Cyclotene 3022-57 [31]) is spun onto a sacrificial indium phosphide (InP)
wafer at 1600 rpm. After the spin coating process, the BCB film is placed
on a hotplate at 150 C°, which is ramped up to 180 C°, for 30 min. This
removes solvents and avoids material flow during the next processing step.

5. BCB hard cure: As no alignment is required for the bonding process, the
uncured BCB film is pushed on the metallized sample to hermetically seal
the air cavity underneath. Next, the sample is placed between two glass
substrates and placed inside the Suss Microtech CB6L Substrate Bonder. To
minimize oxidation of and voids in the BCB superstrate, the bonding cham-
ber is placed under high vacuum. Furthermore, a bonding force of 2 kN is
applied, corresponding to a bonding pressure of 2.5 bar. Finally, a hard cure
is achieved with the curing profile displayed in Fig 6.8.
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Figure 6.8: Curing profile for a hard cure of Cyclotene 3022-57.

6. InP removal: The sacrificial InP wafer is removed by submerging the sample

in HCl for 30 min. While the silicon is unaffected by the HCL, the InP slowly
dissolves, leading to the required air-suspended BCB superstrate.

7. Via definition: To fabricate the vias into the BCB superstrate, a SFs/O,

plasma anisotropic dry etch is performed in an Inductively Coupled Plasma
(ICP) etcher. To transfer the via pattern, both a Si;N, hard mask and a
soft mask can be used. A hard mask would result in high aspect-ratio cylin-
ders, whereas the soft mask creates an exponentially tapered sidewall profile
[31]. To enhance the via metallization, a 20 pm-thick AZ 125nXT-10 [32]
soft mask is applied, especially suited for high aspect-ratio features in thick
layers. A microscopic view of the fabricated vias in the BCB superstrate is
depicted in Fig. 6.7(b).

. Lift-off preparation: Once the dry etching step is complete, the AZ 125nXT-

10 resin is removed and the sample is cleaned. Next, a 3.5 pm-thick TI
35E [33] layer is applied and patterned using the SUSS Microtech MAG6.
The inverse slanted sidewalls of the developed TI 35E layer are required to
facilitate lift-off. A microscopic view of the sample with TI 35E layer on top
of the BCB superstrate is depicted in Fig. 6.7(c).

. Metallization II: The top side of the sample is metallized by means of sput-

tering, depositing a 500 nm Au layer. Next, a lift-off procedure is performed
by dissolving the TI 35E layer in acetone, thereby removing the gold layer on
top of that layer and patterning the Au on the BCB superstrate. Note that,
a 10 nm titanium (Ti) layer is predeposited to promote adhesion between
BCB and gold.
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Figure 6.9: Simulated reflection coefficient |S;,| w.r.t. 50 (2. The gray traces represent the
parameter sweep results and the gray rectangles represent the optimization criteria.

6.4 Simulation Results

The simulation results for a standalone unit element and a 1x4 linear array are
discussed below. All simulations are performed using the frequency domain solver
in CST Microwave Studio.

6.4.1 Unit element

The simulated reflection coefficient of the unit antenna element w.r.t. 50 2, de-
picted in Fig. 6.9, shows impedance matching below -10 dB and -15 dB in the
[248.0 —355.0] GHz and [260.0 —290.0] GHz frequency band, respectively. As
such, any performance degradation due to fabrication tolerances, represented by
the gray traces in Fig. 6.9, or mutual coupling in array configurations is mitigated
within the IEEE 802.15.3d-2017 frequency band. Furthermore, besides a facilitat-
ing a large fractional bandwidth, the effect of the polymer-enabled AFSIW tech-
nology is clear as the total antenna efficiency, depicted in Fig. 6.10, remains above
88% for all frequencies of interest. Moreover, a FTBR above 14.4 dB is obtained
for all frequencies of interest, as can be seen in Fig. 6.10.

The simulated co-polarized and cross-polarized antenna gain at 252.72 GHz, 287.28 GHz
and 321.84 GHz are depicted in Fig. 6.11. The maximum co-polarized gain for
the azimuth plane (yz-plane), depicted on the left plot of Fig. 6.11, is 4.87 dBi,
5.69 dBi and 5.79 dBi at 252.72 GHz, 287.28 GHz and 321.84 GHz, respectively.
The simulated HPBW in the yz-plane equals 81.3°, 77.1° and 75.1° at 252.72 GHz,
287.28 GHz and 321.84 GHz, respectively. In the xz-plane, depicted in the right
plot of Fig. 6.11, a maximum co-polarized gain of 5.32 dBi (at 6 = 20°), 5.81 dBi
(at & =9°) and 5.81 dBi (at 6 = 3°) is obtained at 252.72 GHz, 287.28 GHz and
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Figure 6.11: Simulated co-polarized (black) and cross-polarized (red) antenna gain at
252.72 GHz, 287.28 GHz and 321.84 GHz. (left) yz-plane, (right) xz-plane.
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Figure 6.12: Annotated representation of the 1x4 linear on-chip cavity-backed slot antenna
array in polymer-enabled AFSIW technology.

321.84 GHz, respectively. The HPBW in the xz-plane equals 111.9°, 104.4° and
92.3° at 252.72 GHz, 287.28 GHz and 321.84 GHz, respectively.

6.4.2 1x4 linear array

To demonstrate the beamsteering capabilities of the designed antenna, a 1x4 linear
antenna array is designed in polymer-enabled AFSIW technology and simulated.
To enable beam steering up to £30° without grating lobes, the inter-element spac-
ing cannot exceed 615 pm. However, the mutual coupling remains below -15 dB
up to an inter-element spacing of 560 nm (0.6 1), resulting in the array depicted
in Fig. 6.12. The excitation at each antenna element, indicated by P;, is defined by

A=1 (6.9
a; =(1.5—1)Aa, (6.10)

where A; and a; are the excitation amplitude and phase, respectively, and Aa
is the progressive phase shift throughout the array. To assess the beam steering
capabilities, the beam is steered to 8 = 0° and 6 = 30° by exciting the array with
a Aa=0° and Aa = 100°, respectively.

The simulated embedded S-parameters, depicted in Fig. 6.13, show that the re-
flection coefficient at each port remains below -10 dB within the frequency band
of operation. Furthermore, it can be seen that the mutual coupling levels remain
below -15 dB in the complete targeted frequency band. The active reflection coef-
ficients, represented by the active S-parameters and depicted in Fig. 6.14, remain
below -10 dB in the complete frequency band of operation, for the progressive
phase shifts Aa = 0° and Aa = 100°, guaranteeing that the efficiency does not
deteriorate when steering the beam to 6 = +30°.
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Figure 6.13: Simulated S-parameters w.r.t. 50 2 for the 1x4 linear array with an inter-
element spacing of 560 pm.
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Figure 6.14: Simulated active S-parameters w.r.t. 50 2 for the 1x4 linear array with an
inter-element spacing of 560 pm.
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Figure 6.15: Simulated co-polarized boresight antenna array gain at 252.72, 287.28 and
321.84 GHz in the yz-plane. (left) Aa = 0°, steering to 6 = 0°, (right) Aa = 100°, steering
to 6 =30°.

Fig. 6.15 shows the simulated array gain in the plane defined by rotating the yz-
plane around the x-axis by 40°, thereby including the boresight gain in the plot.
The maximum co-polarized gain when steering the beam to 6 = 0°, depicted on the
left plot of Fig. 6.11, equals 11.75 dBi, 12.02 dBi and 11.54 dBi (corresponding to
a total antenna efficiency of 92%, 94% and 93%) for 252.72 GHz, 287.28 GHz
and 321.84 GHz, respectively. Remark that the reduced inter-element spacing
of 560 pm results in a reduced sidelobe level, generated by grating lobes. The
simulated HPBW equals 26.2°, 23.6° and 21.7° at 252.72 GHz, 287.28 GHz and
321.84 GHz, respectively. Furthermore, a FTBR above 16.8 dB is obtained for all
frequencies of interest. The maximum co-polarized gain when steering the beam
to 8 = 30°, depicted on the right plot of Fig. 6.11, amounts to 11.26 dBi, 12.09 dBi
and 11.60 dBi (corresponding to a total antenna efficiency of 90%, 90% and 93%)
at 252.72 GHz, 287.28 GHz and 321.84 GHz, respectively.

6.5 Conclusion

This chapter proposed a novel polymer-enabled AFSIW technology for cost-effective,
highly-efficient, broadband on-chip THz multi-antenna systems. To validate the
technology, a cavity-backed slot antenna with exponentially tapered feed and mod-
ified slot was designed in both a stand-alone and 1x4 linear array configuration,
optimized for compliance with the IEEE 802.15.3d-2017 standard.

By suspending a thin, low-loss polymer superstrate, containing both the radiat-
ing elements and antenna feed, on top of a metallized AFSIW cavity inside a bulk
silicon substrate, a low-cost fabrication technology is obtained for highly efficient
Ultra-Wideband (UWB) THz antennas. In addition to frequency-domain charac-
terization, both a mechanical and a thermal analysis were performed to guarantee
robust antenna operation. A detailed fabrication procedure, based on bulk sili-
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con micromachining techniques, was discussed to facilitate the easy realization of
different antenna designs in a clean room environment.

Next, a cavity-backed slot antenna with exponentially tapered feed and modified
slot was designed in AFSIW technology in both a stand-alone and a 1x4 linear
array configuration, for operation in the [252.72 —321.84] GHz frequency band
of the IEEE 802.15.3d-2017 standard. Initially, a conventional cavity-backed slot
antenna is reduced in size, to fit within an antenna footprint of 615 um x 615 um,
obtained by altering the rectangular slot to a modified H-shaped slot. Next, the
impedance bandwidth is improved by changing the linearly tapered GCPW feed
in the initial design to an exponentially tapered GCPW feed. As a result, the final
unit antenna element exhibited very high radiation efficiency over the complete
targeted frequency band of operation. This unit antenna element is integrated into
a 1x4 linear array configuration, demonstrating grating-lobe free beam-steering
capabilities up to 30°.
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Conclusions and future work

7.1 Conclusions

Similar to each industrial revolution throughout history, Industry 4.0 is expected
to transform the factory of the future, ushering in an era of affordable hyper-
personalization because of improved production transparency, productivity and
efficiency. The combination of Internet-of-Things (IoT), Cyber-Physical System
(CPS) and big data analytics are vital to the acceleration of this paradigm shift,
facilitating high levels of virtualization, automation and production agility. In this
context, next-generation wireless systems are considered key enablers for the smart
factory, not only providing reconfigurable, low-latency, high-data-rate communica-
tion channels, but also highly accurate and robust location information. The use of
Impulse Radio Ultra-Wideband (IR-UWB) Real-Time Locating System (RTLS) tech-
nology enables access to precise and reliable location data, while exhibiting high
immunity to multipath effects and interference, commonly found in harsh Indus-
try 4.0 environments. (Beyond) 5G multi-antenna systems are another key enabler
for Industry 4.0, providing the reliable, low-latency and high capacity communi-
cation channels required for massive Machine-to-Machine (M2M) communication
and interaction with large networks of CPS.

This Ph.D. dissertation focused on the development of highly efficient, Ultra-Wideband
(UWB), Air-Filled Substrate-Integrated-Waveguide (AFSIW) antenna technology
for robust and accurate IR-UWB RTLSs and high-data-rate (beyond) 5G appli-
cations. First, a modular and system-oriented full-wave/circuit co-optimization
framework was proposed and validated with the development of highly-efficient
and robust IR-UWB antennas, optimized for minimal orientation specific pulse dis-
tortion and ranging bias in realistic Industry 4.0 deployment scenarios. Second,
highly-efficient and robust on-chip antenna technologies for (beyond) 5G multi-
antenna systems were investigated, providing unprecedented efficiencies (> 90%)
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over a large impedance bandwidth within a compact antenna footprint.

In the first part of this dissertation, a novel approach was presented to develop
low-cost, highly efficient IR-UWB antennas, optimized for precision indoor lo-
calization in Industry 4.0 environments. Leveraging a modular full-wave/circuit
co-optimization framework, AFSIW technology and mode-bifurcation of resonant
structures, resulted in robust IR-UWB antennas, exhibiting high antenna efficien-
cies over a large impedance bandwidth, a high System Fidelity Factor (SFF) and a
minimized Distance Estimation Error (DEE). To demonstrate the potential of this
approach, two novel antenna designs were proposed for indoor RTLS applications.
First, a coupled half-mode cavity-backed slot AFSIW antenna was proposed, op-
timized for minimal pulse distortion within its Half-Power Beamwidth (HPBW).
This design was fabricated using low-cost fabrication techniques, while providing
robust and highly efficient antenna performance. Furthermore, a rigorous com-
parison was carried out to elucidate the advantages of AFSIW technology over
Dielectric-Filled Substrate-Integrated-Waveguide (DFSIW) technology, both in the
frequency and time-domain. Next, a coupled Planar Inverted-F Antenna (PIFA)
topology was proposed as a novel sector antenna, optimized for minimal orienta-
tion specific ranging bias within its HPBW. The use of low-cost fabrication tech-
niques and materials, while guaranteeing optimal antenna performance, demon-
strates the enormous potential towards mass-deployment in Industry 4.0 applica-
tions.

In the second part, a novel AFSIW fabrication technology was proposed for low-
cost, compact and highly-efficient UWB on-chip multi-antenna systems at Milimeter-
Wave (mmWave) and Terahertz (THz) frequencies. Initially, a hybrid integration
strategy was proposed, combining the merits of both Antenna-on-Chip (AoC) and
Antenna-in-Package (AiP) technologies while mitigating their major drawbacks,
being high substrate and interconnect losses, respectively. A cavity-backed stacked-
patch antenna was realized on chip by suspending the stacked-patch elements, im-
plemented on a high-frequency RO4350B® laminate, above a metalized air-filled
cavity, which is micromachined into the bulk silicon substrate. In this approach,
AFSIW technology and mode-bifurcation are leveraged to obtain highly efficient
UWB operation within a compact footprint, especially suited for 5G multi-antenna
systems. Furthermore, the microstrip feed on the antenna backside, exciting the
patches through an aperture in the cavity, facilitates integration of active electron-
ics on the chip to form a highly-integrated System-on-Chip (SoC). Next, the hybrid
integration strategy was adapted to provide AFSIW technology at THz frequencies.
A polymer-enabled AFSIW technology was proposed for highly-efficient, broad-
band on-chip THz multi-antenna systems. A thin, low-loss polymer superstrate,
containing both the radiating elements and antenna feed, is suspended on top of an
AFSIW cavity, similar to cavities in the mmWave design. This enables the realiza-
tion of low-cost, yet highly-efficient UWB THz antennas. To demonstrate its excep-
tional performance, a cavity-backed slot antenna with exponentially tapered feed
and modified slot was designed in both a stand-alone and 1x4 linear array config-
uration. Ultimately, the unit antenna element exhibited a significantly larger UWB
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antenna efficiency than the state-of-the-art and grating-lobe free beam-steering ca-
pabilities up to 30° were demonstrated by the array. Furthermore, a mechanical
and thermal analysis were performed to guarantee robust antenna operation.

7.2 Future work

Although the research presented in this dissertation shows great promise, many
improvements and further developments can be made.

7.2.1 Robust and Highly-Efficient Antenna Systems for IR-UWB
Localization in Industry 4.0 Applications

Significant advancements were generated in the field of IR-UWB antenna systems,
relevant for both academia and industry. In particular, with the widespread in-
dustrial adoption of IR-UWB RTLSs, novel emerging technological concepts are
being explored to enhance RTLS accuracy. In this context, multi-antenna IR-UWB
systems are becoming an increasingly interesting research domain, providing op-
portunities to extract both location and angle-of-arrival information to further
enhance localization accuracy or reduce IR-UWB RTLS infrastructure complexity.
Furthermore, the application of beam-steering in multi-antenna IR-UWB systems
proves promising, as it facilitates physical layer encryption to mitigate malicious
sniffing attacks.

Additionally, Distributed Antenna Systems (DASs) can provide the required ex-
treme high reliability of wireless links for automated and efficient decision making
in the context of Industry 4.0. Hence, the possibility of IR-UWB DASs shows great
promise in different application scenarios. Different deployment strategies can be
explored, ranging from integration of DAS in mobile robotic platforms that require
continuous real-time location information, to deploying a DAS in a certain sector,
guaranteeing highly reliable service by a single Access Point (AP). However, the
general trend to move IR-UWB RTLSs towards higher frequencies challenges the
potential of the second deployment strategy as increased distribution losses limit
the RTLS performance. Here, the emerging technology of IR-UWB over fiber shows
great promise as optical fiber attenuation typically is in the order of magnitude of
1 dB/km. To this end, the concept of opto-electrical IR-UWB antennas deserves
significant research attention.

7.2.2 Highly Efficient On-Chip Antenna Technology for 5G and
beyond 5G Wireless Systems

In the context of 5G and beyond 5G, highly integrated SoC solutions provide an
all-in-one solution that will accelerate the adoption of next-generation wireless
systems. In this dissertation, the groundwork was laid out for a highly efficient
SoC at both mmWave and THz frequencies. Further development of the hybrid
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on-chip antenna is suggested, to include active electronics or photonic integrated
circuits on the chip backside to create an active unit antenna element. Next, an
active antenna array is to be developed, exhibiting beam-steering capabilities and
demonstrating a high-data-rate wireless link in a lab environment.

In beyond 5G wireless systems, at THz frequencies, the developed polymer-enabled
AFSIW technology for highly-efficient, broadband on-chip THz antenna systems
shows immense potential. However, several improvements are still required to
unlock its full capacity. First, the fabrication technology still requires slight op-
timization to enhance mechanical robustness and to facilitate three metal layers.
To this end, different low-loss superstrate polymers, such as polyimide, can be ex-
plored to increase resilience against mechanical failure as a result of vibrations.
Furthermore, different deposition techniques can be utilized to suspend the poly-
mer superstrate above the AFSIW cavity. For example, developing the polymer
superstrate on a glass substrate - instead of an InP wafer - would allow depositing
metallic structures on one side of the superstrate while still facilitating accurate
alignment with the chip. In this way, an extra metallic layer is obtained, thereby
significantly increasing design flexibility.

Next, the development of efficient Uni-Traveling-Carrier Photodiodes (UTC-PDs) at
THz frequencies has suddenly paved the way for high performance opto-electrical
THz SoC solutions. Yet, a long road is ahead to realize a fully integrated SoC with
beam-steering capabilities. To this end, the development of an opto-electrical on-
chip antenna element, based on the research presented in Chapter 6, could be a
potential break-through in the field of opto-electrical THz SoCs. In a first step,
a discrete UTC-PD could be integrated on the standalone antenna, providing in-
terconnection through carefully placed wirebonds. In a next step, the need for
interconnects can be eliminated by directly integrating the UTC-PD onto the poly-
mer superstrate by means of transfer printing.

Finally, this unit element can be used to construct an opto-electrical on-chip multi-
antenna front-end, integrating an optical distribution network, UTC-PDs and opti-
cal true time delay units to demonstrate its beam-steering capabilities. Addition-
ally, the system-level performance can be evaluated, pushing data rates above 100
Gbps.
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