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Preface

This thesis dissertation comprises the results of the research work carried out by the author
over three years and a few months at the Institut d’Electronique et des Technologies du
numéRique (IETR) as well as the contents deemed necessary to put them in perspective.
As such, the manuscript is largely based on prior dissemination (see List of Publications),
although substantial effort has been put into introducing and explaining in detail the methods
and techniques used.

The presented results constitute a novel research line at the Institute: the study of antennas
for continuous-wave photonic transmitters with enhanced performance at millimeter-waves
(mm-waves), more specifically, around 75-150 GHz. The fact that no prior guidelines existed
forced us to study the subject from different perspectives, and we have conducted our research
on those that offered the highest potential. To this end, we have accomplished various original
contributions. The first one is devoted to increasing the radiated power. Compared with
classical antenna architectures, our approach achieves more than a tenfold increase using
an antenna array efficiently matched to photodiodes. A second contribution is devoted to
providing beam steering capabilities to photonic transmitters. In particular, we have reported
one of the first leaky-wave antennas integrated with photodiodes for 1-D beam steering at
mm-wave frequencies. We have also developed the first-ever implementation, at the same
frequency range, of photonic beam switching for flexible communications, along with a
demonstration set-up. The last contribution is a theoretical model to calculate the scan
impedance in infinite phased arrays of dipoles.

Additionally, this novel research line has also entailed little previous knowledge of the
fabrication methods, as well as a a lack of a proper experimental platform to characterize
photonic transmitters. It has been therefore customary to rely on collaborations and to
develop in parallel an in-house set-up for experimental characterization. As a result, there are
a number of people whose direct or indirect assistance has favored the proper development
of the research work herein presented, and we are deeply grateful to them. Notably, the
collaboration with our partners at Universidad Carlos III de Madrid (UC3M) has allowed
photonic characterization of the transmitters as well as accessing the photodiode chips used
in the experimental part of this work. Also, collaborating with the Laboratory of Electronics
Antennas and Telecommunications (LEAT) has allowed the electronic characterization of the
prototypes. As for the set-up developed at IETR, even if it does not constitute per se original
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research work, we have devoted to it substantial economical and time effort. It will be also
described in the manuscript.

In our research group at the Institute, our expertise is in the field of antennas. This thesis
also places the focus on the antenna, and it has been written primarily for engineers familiar
with or carrying out research in this field. At least, it is expected that one knows in general terms
the contents presented in [1], an introductory text on antennas. Conversely, considerable
attention has been given to put into context photonic technologies for the generation of mm-
and THz waves. Hence, being familiar with mm-wave and THz science is, a priori, not required.
In this respect, the reader should find the text largely self-explanatory.

All in all, this dissertation should be of interest primarily to those seeking to improve the
capabilities of photonic transmitters from the antenna point of view. More broadly, this disser-
tation should also be of interest to those that conduct research on photonic technologies for
the generation of mm- and THz waves because the manners in which the antenna influences
the other elements that form a photonic transmitter are discussed too.

We hope to have provided a text with enough context and clarity so that the reader best
enjoys discovering this research work.

Rennes, April 2021 AJ P
D. G
R. S.
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Résumé

Cette thése constitue le résultat des premiers efforts menés a I'l[ETR pour consolider une ligne
de recherche sur les antennes a ondes millimétriques continues excitées par des photodiodes.
En un peu plus de trois ans, nous avons identifié les inconvénients de 'approche photonique,
proposé des solutions et démontré expérimentalement certaines d’entre elles. La nouveauté
du sujet a également nécessité un effort supplémentaire. En particulier, nous avons développé
en parallele une plateforme de caractérisation d’antennes (voir 'Annexe E).

Au cours des vingt dernieres années, les ondes millimétriques (mm) et THz ont fait I'objet
d'un grand nombre de publications et de projets de recherche. Ce contexte a favorisé des
progres significatifs des dispositifs utilisés pour générer et détecter de la puissance dans une
zone spectrale traditionnellement dénommeée "gap THz" (1a plage de fréquences comprise
entre 0,1 THz et 10 THz) [2]. En particulier, les technologies basées sur le photomixage
(photomixing) se sont positionnées comme I'un des principaux candidats pour la génération
de puissance dans les fréquences inférieures de cette région spectrale.

Parmi les applications des émetteurs photoniques a ondes continues mm et THz, on peut
identifier deux inconvénients : I’absence d’'un faisceau orientable associé a une antenne a
gain élevé et des niveaux de puissance émis réduits par rapport a leurs homologues électro-
niques. Surmonter ces limitations sera une étape cruciale pour la consolidation des émetteurs
photoniques aux ondes mm et THz, élargissant également leur gamme d’applications.

Les limitations susmentionnées constituent la cible principale des travaux de recherche
présentés dans cette these. Nous proposerons plusieurs architectures de réseaux d’antennes
pour améliorer les performances des émetteurs photoniques pour des applications en télé-
communication, spectroscopie et imagerie.

Plan de la These

Au Chapitre 1, nous introduisons le contexte de recherche de cette thése. Tout d’abord, nous
expliquons brievement les différentes méthodes de génération d’ondes mm et THz. Ensuite,
nous identifions plusieurs défis auxquels I'approche photonique est actuellement confrontée
et nos objectifs pour les relever. Enfin, nous concluons ce chapitre par un apercu du contenu
de cette these.

iii



Résumé

Au Chapitre 2, nous présentons un modele analytique pour dériver I'impédance de ba-
layage (scan impedance) de réseaux planaires phasés infinies de dipdles a une interface
diélectrique lorsque seul le mode de Floquet (0,0) se propage. Le modeéle proposé s’appuie
sur les conditions aux limites satisfaites par le mode fondamental de Floquet a I'interface
(continuité du champ électrique tangentiel) pour fournir une nouvelle dérivation du circuit
équivalent pour 'impédance de balayage. L'analyse est également étendue pour inclure I'effet
d’un plan de masse et des formules sont fournies pour calculer le rapport d’intensité rayonnée
vers chaque demi-espace d'un réseau interfacial. Dans un second temps, une approximation
asymptotique est dérivée pour la distribution du courant dans des réseaux de dipdles avec des
terminaisons de charge arbitraires, et la réactance d'un dip6le dans I’environnement du réseau
est liée a I'inductance d'une grille de fils. Ce modele constitue un outil utile pour identifier
clairement par des expressions simples et circuits équivalents le role des différentes variables
du réseau sur I'impédance de balayage, telles que les dimensions des dipdles, permittivité
relative du substrat, périodicité, terminaisons de charge aux extrémes des dipdles et angle de
balayage dans les plans principaux. Les prévisions du modele sont en bon accord avec les
simulations pleine onde et avec les travaux publiés antérieurement.

Le modele a émergé apres avoir étudié des réseaux phasés couplés comme méthode
pour améliorer I'efficacité d’adaptation d'impédance entre des photodiodes et un réseau
d’antennes. Pour plus de clarté, nous avons préféré placer le modele théorique au début pour
inclure ultérieurement tous les contenus liés aux émetteurs photoniques.

Au Chapitre 3, nous retrouvons la voie vers nos objectifs en discutant des applications
des ondes mm et THz. Celles-ci se retrouvent principalement dans les télécommunications,
I'imagerie et la spectroscopie. Tout d’abord, dans ce chapitre, nous détaillons les caracté-
ristiques pertinentes des ondes mm et THz dans le contexte des champs cités ci-dessus, et
mettons en évidence les domaines dans lesquels la génération photonique d’ondes continues
joue un role notable. Ensuite, nous soulignons les inconvénients : pour les télécommunica-
tions, nous identifions le besoin des émetteurs photoniques avec une orientabilité du faisceau
et un gain élevé. Un faisceau orientable peut permettre des liaisons reconfigurables ou faciliter
I'alignement, alors qu'un gain élevé est nécessaire pour compenser les pertes en espace libre
élevées. D’autre part, une puissance émise plus élevée est nécessaire pour réduire le temps
d’acquisition des mesures et rendre les systemes basés sur le photomixage en onde continue
plus compétitifs en spectroscopie et en imagerie.

Au Chapitre 4, nous commencons par expliquer les concepts nécessaires pour comprendre
un émetteur photonique a ondes mm ou THz. Tout d’abord, nous expliquons la technique
du photomixage. Ensuite, nous décrivons des photodiodes, en particulier le type UTC-PD
(uni-traveling-carrier). Enfin, nous détaillons les principaux types d’émetteurs photoniques a
ondes mm et THz. Ces bases fournissent a un lecteur peu familier avec la science des ondes
mm et THz suffisamment de contexte pour comprendre nos choix par la suite.

Au Chapitre 5, nous abordons le premier jalon: I'augmentation de la puissance émise.

iv



Résumé

En un mot, nous présentons un réseau d’antennes a ondes millimétriques sur puce avec un
réflecteur qui permet d’obtenir une adaptation d'impédance efficace avec un UTC-PD. Dans
I'hypothese du réseau infini, il est possible de décrire la cellule unitaire du réseau comme un
circuit équivalent, y compris également les pertes ohmiques. En particulier, I'utilisation d'un
réflecteur contribue de manieére inductive a I'impédance de ’antenne. Le reste des variables
du réseau aident en outre a annuler la capacité de la photodiode et a obtenir une adaptation
presque conjuguée. La cellule unitaire concue dans I'environnement de réseau infini est la
géométrie de départ pour optimiser un réseau 2 x 2 fini. Nous discutons également d’aspects
tels que 'éclairage efficace de la photodiode et 'assemblage de la structure. L'approche
adoptée permet de multiplier la puissance émise: grace a la combinaison de puissance de
plusieurs éléments et a 'amélioration de I'adaptation d'impédance. Nous obtenons une
amélioration d'un facteur de 2 a 4 de l'efficacité d’adaptation d'impédance en comparaison
avec d’autres méthodes dans la bibliographie tout en conservant une large bande passante
relative de 30% en puissance (—3dB). De plus, la puissance créte émise est supérieure a 11 dB
par rapport aux antennes auto-complémentaires.

Au Chapitre 6, nous rapportons le premier réseau d’antennes a ondes de fuite ou "leaky"
(LWA) intégré avec des photodiodes a des fréquences mm / sub-mm. Le réseau de LWA
concue est fabriqué dans la technologie des circuits imprimés (PCB) et fonctionne en bande
E (de 75 a 85 GHz). L'élément d’antenne consiste en une ligne de micro-rubans chargée
périodiquement de talons, et il a été concu en utilisant une approche hybride combinant des
simulations pleine onde et la théorie des lignes de transmission. Cette approche permet une
optimisation de la période lorsque la bande d’arrét ouverte du LIWA est largement atténuée
ou supprimée. L'antenne fournit un faisceau directif d’environ 18 dBi avec une plage de
balayage de 22° avec la fréquence, mais elle a été tronquée apres quatre périodes en raison de
contraintes expérimentales. Le LWA composé de 19 périodes présente une largeur de faisceau
a mi-puissance simulée de 4°. Premierement, le prototype fabriqué a été testé a l’aide d’'une
sonde coplanaire de type GSG (ground signal ground), les pertes de retour et les diagrammes
de rayonnement mesurés étaient en bon accord avec les simulations pleine onde. Ensuite,
le réseau LWA a été intégré avec une pouce des photodiodes. Les mesures de la puissance
rayonnée ont donné un maximum de 120 uW a 80,5 GHz pour un photocourant de 9,8 mA.
Enfin, I'antenne a été utilisée dans une liaison sans fil de 25 cm, obtenant un débit de données
sans erreur de 2,15 Gbps et démontrant la transmission en direct de la vidéo HD entre deux
écrans (1,5 Gbps).

Au Chapitre 7, nous présentons un réseau d’antennes photoniquement excité en bande
E pour la commutation de faisceau dans les liaisons sans fil. Dans un premier temps, nous
discutons des compromis entre la commutation de faisceau et la direction de faisceau avec un
réseau phasé pour les émetteurs photoniques a ondes mm. Ensuite, nous présentons ’antenne
concue ; elle se compose de deux sous-réseaux de patchs empilés, avec une photodiode
alimentant chaque sous-réseau. Pour valider le montage, des mesures du diagramme de
rayonnement et des pertes de retour sont effectuées sur un prototype excité avec une sonde
coplanaire GSG. Ensuite, le réseau est combiné avec une lentille pour augmenter la directivité
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globale a 27 dBi. En accord avec les simulations pleine onde, les mesures montrent que
I'excitation de I'un des deux sous-réseaux permet une commutation de faisceau entre +2,7°
avec un croisement de faisceau a —3dB. Enfin, nous testerons I'émetteur dans une liaison
sans fil d’environ 0,6 m. En fonction de la position du détecteur et du sous-réseau excité,
nous nous attendons a réaliser une transmission de données en direct sans erreur a plusieurs
Gbps. Le systéme constitue une premiere preuve de la commutation de faisceau assistée par
la photonique pour les émetteurs d’'onde mm permettant un fonctionnement a large bande
avec un faisceau directif et commutable.

Finalement, nous concluons la thése en résumant les contributions originales et en com-
mentant les travaux futurs. Notamment, sur la continuation des travaux présentés dans le
Chapitre 7.

Pour compléter les chapitres précédents, cinq annexes offrent plus de détails sur les
travaux de la these. En outre, les contributions originales ont donné lieu a plusieurs papiers
rapportés dans des revues et conférences renommeées (voir la liste des publications). Nous
tenons a mentionner que les articles soumis ou en préparation ciblent les revues a fort impact
(SRJ Q1). Enfin, nous tenons a mentionner aussi que nos travaux sur la formation de faisceaux
seront inclus dans un chapitre conjoint avec nos collegues de 'UC3M dans un livre édité par
des scientifiques de premier plan dans le domaine.
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Introduction

In the past twenty years, millimeter- (mm-) and THz waves have been the subject of a large
number of publications and research projects. This context has favored significant progress in
the devices used to generate and detect radiation in a spectral region traditionally denomi-
nated as the THz gap (the range of frequencies comprised between 0.1 THz and 10 THz) [2].
In particular, technologies based on photomixing have positioned themselves as one of the
principal candidates for the generation of radiation at the lower end of this spectral region.

In an overview of the applications of mm-wave and THz photonic transmitters for con-
tinuous wave (CW) operation, one can identify two main shortcomings: the lack of antennas
with simultaneously high-gain and a steerable beam, and the reduced levels of emitted power
compared to their electronic counterparts. Overcoming these limitations will be a crucial
milestone for the consolidation of photonic transmitters at mm- and THz waves, possibly
boosting as well the number of scenarios where photonic transmitters will be applied.

The aforementioned limitations constitute the primary target of the research work here-
after presented. We will propose several architectures of antenna arrays to enhance the
performance of photonic transmitters with application in telecommunications, spectroscopy,
and imaging. In this introductory chapter, we first broadly discuss CW photomixing within the
field of mm-wave/THz science. Then, we describe in more detail our goals and give a glimpse
of how we will try to accomplish them. Finally, we conclude this introductory chapter with the
outline of this document. Even if our antenna conceptions will be for the 75-150 GHz range,
we have preferred to introduce mm- and THz waves since both are often merged, sharing
technology, approaches, and applications.

1.1 Scientific Context

One of the principal causes that obstructed the advancements of mm-wave and THz science
in the past was the lack of efficient emitters [3]-[5]. Among the existing ones, one could
find sources as gyrotrons, klystrons or free-electron lasers [6], none of which are suited for
applications where small volumes or portable devices are required [2]. Table-top backward
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wave oscillators (BWO) can produce power in the range of mW at 1 THz to 100 mW at = 100 GHz
[2]. However, BWO require high voltages, have short lifetimes, and are not easily available [2].
As aresult, only a few niche applications used mm- and THz waves, mostly devoted to science
[7]. Consequently, this region of the spectrum did not develop the same level of sophistication
as microwaves up to = 60 GHz or optics. Indeed, mm-waves (30-300 GHz) and THz waves
(0.1-10 THz or 0.3-10 THz, depending on the author) lie at the frontier between traditional
electronics and optics. Neither of them offers a paradigm solution.

Nevertheless, over the last twenty years, the number of scientific works related to this
region of the spectrum has skyrocketed, as reported in [4], [8], [9]. For instance, from 2002 to
2019, around 23 surveys were published [9]. Such reviews have been necessarily a consequence
of improvements in mm-wave and THz technology. Indeed, nowadays a sufficient number of
generation and detection methods exist [10], and the term THz gap is now considered outdated
by some authors [2], [4], [11]. For instance, [12] provides a comprehensive comparison of
mm-wave and THz sources, they are illustrated in Fig. 1.1. Although the values of output power
are slightly outdated, the figure provides a good overview of the different sources. Below, we
comment on those most pertinent to our subject.

Traditionally, the oscillation period of mm-wave and THz frequencies was shorter than
the response time of semiconductor devices, so that their response was largely filtered out.
Ultra-fast electronics, with response times of a fraction of a nanosecond have been ever since
developed [9], [13]-[15]. The solutions existing nowadays work predominantly at the lower
region of the THz spectrum, up to 1-2 THz approximately. Among the sources (oscillators),
one can find Gunn diodes, resonant tunneling diodes (RTDs), or impact ionization avalanche
transit time (IMPATT) diodes [2]. Besides, the improvements in fabrication methods and
transistor scaling have led to the development of amplifiers based on heterojunction bipolar
transistors (HBT) and high electron mobility transistors (HEMT), with demonstrations fea-
turing cut-off frequencies around one THz [15], [16]. These developments have favored the
advancement of Monolithic Microwave Integrated Circuits (MMIC), where GaAs, InP, and GaN
are the usual workhorses, the latter for high-power applications [16]. Some implementations
of MMIC and applications in wireless communications can be found in [17]-[19]. Besides,
CMOS technology has progressed in device down-scaling, and it is attractive due to a low
manufacturing cost and a high level of integration, but at the expense of lower output powers.
In [9] the output power of some solid-state electronic devices is compared (RTD, MMIC, and
CMOS-based). It lies in the milliwatt range around 300 GHz.

Still pertaining to solid-state electronics, one also finds Schottky diodes [20]. Rather than
frequency generation or amplification, they allow frequency multiplication when used in
conjunction with oscillators such as Gunn or IMPATT diodes. Schottky multipliers generally
take the form of doublers or triplers where an input tone (typically < 150 GHz) is multiplied
by 2 or 3, respectively [2]. However, to obtain higher frequencies, they can be cascaded to
achieve, for instance, a x216 multiplication factor and 5 yW power at 2.7 THz [20]. Around
300 GHz, Schottky diodes reach output powers in the order of one milliwatt (broadband) or
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Figure 1.1 A general overview of the sources in the mm-wave and THz region. Reprinted from [23].

tens of milliwatts (narrowband)[2].

Conversely, approaches from optics include p-Ge, gas, and quantum cascade lasers (QCLs).
Even if there is no fundamental limit to operate QCLs at THz frequencies [21], the fact that the
photon energy (4.1 meV for 1 THz) is comparable to the thermal energy (kg T = 25.9 meV at
300 K) has obstructed room temperature operation. Carriers in excited levels relax thermally
instead of through stimulated emission of photons, as is required for laser operation. Therefore,
they must be cooled, regularly at cryogenic temperatures [2]. This is also the case for p-Ge
lasers [2]. Regarding THz gas lasers, they use the same concepts as typical lasers systems.
The active medium is composed of polar molecules featuring transitions in the THz range.
They are limited to operate at frequencies where appropriate transitions exist, for instance,
1.073 THz for NH3 or 2.52 THz for CH30H [22]. Usually, gas lasers are optically pumped by a
bulky C0, laser, but they feature output powers in range of tens of milliwatts [5], [22]. Generally,
optical sources dominate generation beyond approximately 2 THz [23], [24].

Frequency down-conversion is the last generation approach. It can be accomplished
through nonlinear optical processes such as optical rectification, difference-frequency gen-
eration (DFQG), or optical parametric oscillation [8]. All these methods have in common the
use of a nonlinear crystal (GaAs, ZnTe or LiNbOs, among others [8]) to down-convert optical
frequencies to the mm-wave/THz domain. The process can use, for instance, the second-
order electrical susceptibility, y®, as explained in [22] for DFG. Since they rely on nonlinear
effects, they are more efficient under high electric fields, where the nonlinear interaction is
stronger. Consequently, nonlinear methods are generally used under pulsed operation where

3
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the crystals are illuminated by nano/femtosecond pulsed lasers [2], [22]. They constitute
valuable sources for the generation of pulses spanning several THz [25] with peak powers of
several Watts [22] and have favored the development of THz-Time domain spectroscopy [26].

An alternative for frequency down-conversion is photomixing. Both CW and pulsed
operation modes are possible [2]. For CW operation, two optical wavelengths illuminate
a fast photodetector, such as a photoconductor or a photodiode [24], [27]. They are also
denominated as a photomixers. These devices output a photocurrent proportional to the
input optical power, such that I « |E|?. Since the output is quadratic with the electric field,
it contains a beat note equal to the frequency difference of the two optical wavelengths,
chosen to be in the mm-wave or THz range (we will explain this in more detail in a future
chapter). When the photomixer is coupled to a suitable system (like an antenna), the output
signal can be radiated. This constitutes the most basic realization of what we denote as
photonic transmitter. Nowadays, state of the art photodiodes feature an output power in the
range of tens to hundreds of uW at 300 GHz [3], [28], [29], and this figure is even lower for
photoconductors [3].

Compared to the rest of the generation methods, the output power in CW photomixing is
among the lowest [4], [23]. Even so, this approach is one of the preferred alternatives for CW
signal generation starting as low as tens of GHz, up to approximately 2 THz [2], [9], [30]-[33].
The reason is that photomixing features key advantages in some applications. The most
relevant ones are [2]:

* Most semiconductor lasers are tunable by several to tens of nanometers, so it is straight-
forward to tune a laser by 1 THz. It corresponds to a 0.5% tuning of the emission
frequency of a 1550 nm laser (or a wavelength offset of 8 nm). Therefore, the beat
note can span over a wide frequency range. For instance, the system of [34] provides a
tuning range between ~ DC to 1.1 THz using two temperature-controlled distributed
feedback (DFB) lasers and a broadband antenna. This aspect is particularly relevant for
spectroscopic applications.

* The lasers linewidth determines the radiation linewidth of a CW photomixer. Typical
values are a few MHz to a few tens of MHz for standard DFB lasers, and this suffices for
applications such as telecommunications with direct detection or standard-resolution
spectroscopy. Nevertheless, the use of long cavity lasers and stabilization techniques
can achieve linewidths as low as a few kHz [35]. Narrow laser linewidths are of utmost
importance when a signal with a long coherence length is required, and a relevant
example is the Atacama large millimeter array (ALMA) local oscillator [36].

¢ A photonic transmitter illuminated at 1.55 yum makes use of widely employed telecom-
munications equipment. In particular, it is possible to feed it remotely with an optical
fiber to reduce the free space propagation distance. It is also possible to use flexi-
ble modulation formats that has no electronic equivalent, or ultra-broadband optical
communication devices such as switches, amplifiers, or true-time delays [37].

4
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* Finally, photomixers are small footprint devices that operate at room temperature,
avoiding dedicated cooling equipment, and making them apt for widespread use [38].

1.2 Challenges

Nowadays, mm-wave and THz science offer some maturity; research advances carried out
over the previous decades have come into fruition, with the main concepts generally well
established. Certainly, one can find a variety of books on the subject where the principles,
applications, and research lines are in general coincident, e.g., [10], [39]-[41]. This is also the
case for CW photomixing, where photonic transmitters and its applications (to which we will
dedicate a whole chapter later) have been widely investigated.

Numerous examples of CW photomixing for spectroscopy can be found in the literature
[24], [42]-[44], and even a commercial system is already on the market [45]. CW photomixing
has been used as well in imaging [43], [46]-[49]. All the spectroscopy and imaging systems
in the bibliography use lock-in detection to reduce the noise that masks the detected signal.
Nevertheless, lock-in detection requires some integration time, with typical values between a
few to hundreds of ms per measurement point [45]. It is worth pointing out that, to achieve
99% of the measured signal value, one has to average over 5-7 T, with T the integration time
[50], as occurs similarly for an RC filter.

Therefore, data acquisition in these CW photomixing-based systems is slow, in the order
of several minutes [44]. The acquisition time becomes even longer for imaging when the
pixels are measured sequentially. This limitation stems from the low emitted power from
photomixing, as we have shown before (see Fig. 1.1). This is caused in part by the difficulty
from the circuit point of view to conjugate match an antenna to a source (photodiode) that
presents an input impedance mainly capacitive with a low value of the real part (= 3-15 Q)
[51], [52]. An improvement in the emitted power would lead to a lower measurement time.
In turn, a reduction of the measurement time would make photomixing compatible with
production time-scales, which could result in a more widespread use of CW photomixing
not only in research but also in industrial applications such as plastic or package inspection,
spectroscopic imaging, or humidity control, among others [10].

Wireless communications is probably the other application most widely targeted by
demonstrations of photonic transmitters. Successive mobile generations have used higher
and higher frequency bands that offer more bandwidth to accommodate the ever-increasing
amount of wireless data traffic [53]. 5G and beyond 5G (B5G) networks will include mm- and
THz frequencies where typical application scenarios include indoor communications, wireless
backhauling, and reconfigurable links in data centers, e.g., [9], [54], [55]. These frequencies,
however, generally require line-of-sight (LoS) links to overcome free-space propagation loss
[31]. At the same time, it is widely acknowledged that beam steering would be an attractive,
and even necessary feature for 5G and beyond [4], [31], [56]. Applications of beam steering in-
clude fine beam alignment in point-to-point links [19], the compensation of twist and sways of
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mounting structures [57], point to multipoint communications, and user tracking in last-mile
applications [54].

However, despite the previous demonstrations of photonic transmitters for wireless com-
munications [37], [58]-[60], to cite a few, beam steering has received little attention so far [61].
Indeed, examples of photonic transmitters with beam steering are relatively uncommon, and
they all make use of phased arrays [61]-[65]. The limited number of beam steering demonstra-
tions is caused by the challenging integration of an antenna array with several photodiodes
efficiently illuminated, where, besides, the amplitude and phase of the optical illumination
must be controlled. As a result, only arrays with a few active elements are reported (approxi-
mately between 2 to 4), and the performance of the transmitter needs to be improved. To the
best of our knowledge, a photonic transmitter with a directive (> 25 dBi), steerable beam has
not been demonstrated yet for wireless communications at mm-waves or THz frequencies.

1.3 Goals

To overcome the previous challenges, we have conducted two main lines of research. In
the first one, we propose an innovative antenna array concept featuring improved matching
efficiency with the goal of substantially increasing the emitted power. First, an array with
several elements increases the emitted power proportionally. Second, since the antenna array
presents improved impedance matching, most of the available power from the photodiode
is extracted (or radiated). In this way, we demonstrate more than a tenfold increase in the
radiated power with respect to classical antennas. Fig. 1.2 illustrates the concept.

Current Improved

Optical bea

S

—

 Radiation

Impedance Impedance

vv -
\ A 4 Radiation
mismatch match

Figure 1.2 Antenna array with improved matching efficiency and emitted power for applications in
spectroscopy and imaging.

Additionally, for telecommunications we have targeted novel photonically-excited arrays
to tackle the lack of transmitters with a directive and steerable beam. To that end, we have
proposed a leaky-wave antenna (LWA) array for 1-D beam steering in indoor reconfigurable

6
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links. Besides, we have demonstrated photonic beam switching as an alternative to a phased
array to obtain simultaneously a directive and steerable beam, while integrating a reduced
number of antenna elements. Fig. 1.3 illustrates both concepts.

. ¢ y Optical
f “ \ Switch

Lens
Optical beat
. %\ |
> / 4= i
LWA Antenna + | N -

Photodiode photodiode ~

Figure 1.3 For telecommunications we present an antenna architecture with a directive and steerable
beam using a LWA (left), and propose photonic beam switching (right).

1.4 Outline

In detail, we have organized this manuscript as follows: Chapter 2, together with Appendices A
and B, includes a theoretical model for the scan impedance in infinite phased arrays of dipoles.
We use equivalent circuits and a novel formulation to emphasize the aspects that affect the
dipole impedance in the array environment. The model came about after studying tightly
coupled phased arrays as a method to improve the matching efficiency between a photodiode
source and an antenna array. Such a matching method is explained in a subsequent chapter.
For clarity, we have preferred to place the theoretical model at the beginning to include later
all the contents related to photonic transmitters.

After, we recover the path towards our goals by discussing in Chapter 3 applications of CW
photonic transmitters at mm-wave and THz frequencies. We have emphasized those where
our contributions would favor the consolidation of photonic transmitters.

Next, and before describing the research results on photonic transmitters, Chapter 4
introduces the method of photomixing and the different constituents of a transmitter. Together
with Appendix C, these basics provide a reader not necessarily familiar with mm-wave and
THz science with enough context to understand our choices after.

Chapter 5 tackles the first milestone, namely, to increase the emitted power. It presents
a technique to increase the power emitted by an array of photodiodes efficiently coupled to
the antennas, using some of the results from the model on infinite phased arrays in Chapter 2.
Subsequently, we discuss a practical realization.

Finally, in Chapters 6 and 7, together with Appendices D and E, we address the second
hurdle: the development of beam steering with directive antennas. In particular, we describe
the design, assembly, measurements, and application of two novel photonic transmitters: a
leaky-wave antenna that allows scanning the beam in 1-D for reconfigurable wireless links

7
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(Chapter 6) and a patch array for beam switching in mm-wave wireless communications
(Chapter 7).

In general lines, the chapters with original contributions follow the same structure: preface
and summary, introduction, contents, and conclusions. As for the state-of-the-art on photonic
transmitters, we have judged more convenient to split it. A substantial part of it is found
in the chapter devoted to the basics (Chapter 4). The rest has been distributed among the
consecutive chapters.

The appendices include material that is relevant to the contents but would have otherwise
interrupted the lecture flow. They include extensions or detailed explanations of specific
subjects treated within the main text, and the reader is encouraged to review them too.

We have tried to make clear what was done directly by the author, or in collaboration
with colleagues during the experimental stages. This information is found at the conclusions
section of each chapter, if pertinent. In this section, one may find as well a summary of
the novel contributions. The novel contributions are again reviewed in broad terms in the
Concluding Remarks of the manuscript, together with future research lines.

Last but not least, we will finish this document expressing our gratitude to the many actors
that, directly or indirectly, helped us sail through the sea of the unknown to make this work
possible.



An Asymptotic Approach to Analyze the
Scan Impedance in Infinite Phased Arrays
of Dipoles

The first contribution of this thesis deals with a theoretical model for infinite phased arrays
of dipoles. The contents of the chapter, completed by appendices A and B, constitute an
extension of [ii] from the List of Publications. Phased arrays are an important part of this
thesis, since integration with photodiodes allows one to increase the total radiated power
and to steer the beam. In the analysis and design of phased arrays, one can resort to the
infinite array approach because it enables the study of the array elements as an equivalent
network, more prone for interpretation with simple mathematical expressions, hence the
importance of this chapter for subsequent analysis. In Chapter 5, we use some of the results
obtained here to design the unit-cell of an array with improved matching efficiency between
the photodiode source and the antenna. For convenience, approaches to design antenna
arrays fed by photodiodes are introduced in Chapter 5 in order to cover here array theory only.

To some extent, the contents of this chapter are not in line with the main research objective
of this thesis: to develop photonic transmitters with enhanced performance at mm-waves.
Hence, we have opted for a succinct introduction to infinite phased array theory that suffices
to put into context the model. We will not cover introductory contents that would deviate
the focus from our main target. Furthermore, the model builds on fundamental concepts
such as the radiation pattern of a Hertzian dipole or transmission line theory, so that little
prior knowledge on antenna arrays is required. In addition, to provide a better perspective, we
have put special emphasis on highlighting the novelties with respect to other works on infinite
phased arrays. We hope that even the experienced antenna array designer will appreciate
this chapter, where we work out novel perspectives, formulas, and developments for infinite
phased arrays of dipoles.

In summary, the original contribution of this chapter consists in an analytic model to
derive the scan impedance of planar infinite phased arrays of dipoles at a dielectric interface
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when only the (0,0) Floquet mode propagates. The proposed model builds on the boundary
conditions satisfied by the fundamental Floquet mode at the interface to provide a novel
derivation of the equivalent circuit for the scan impedance. The analysis is also extended to
include the effect of a sufficiently thick grounded substrate that does not affect the elements
current distribution and does not interact with the evanescent fields. Next, formulas for the
ratio of intensity radiated towards each half-space for an interfacial array are provided. In
a consecutive step, an asymptotic approximation is derived for the current distribution in
arrays of dipoles with arbitrary load terminations, and the reactance of a dipole in the array
environment is related to the inductance of a grid of wires. This model constitutes a useful
tool to clearly identify the role of the different array variables (dipole dimensions, relative
permittivity of the substrate, periodicity, end-load, and scan angle in the principal planes) on
the scan impedance by simple expressions and equivalent circuits. The model predictions are
in good agreement with full-wave simulations and with previously published works.

2.1 Introduction

Phased arrays represent a broad class of antennas to which extensive research efforts have
been dedicated [66]-[68]. In particular, planar phased arrays of printed elements, such as
dipoles or slots, have received most of the attention. The substrate in which the elements
are printed offers a relatively simple, low-cost, and low-profile framework for monolithic or
hybrid integration with active elements. Wide-band, dual-linear, and wide-scan performance
have been reported for connected or tightly coupled arrays of dipoles [69]-[71].

As the number of elements in the array increases for a fixed element spacing, the central
elements behave like those within an infinite array [72], [66, Ch. 7]. Thus, the infinite array
approach is an analysis method suitable for large arrays where edge elements and edge-related
effects do not substantially affect the overall performance.

Previous studies on infinite phased arrays of dipoles are numerous. Indeed, the periodicity
of the array enables the expansion of the fields in a discrete set of plane waves or Floquet modes
(spectral approach). This approach generally leads to simplified mathematical expressions
that can be readily evaluated numerically or even analytically in some cases. In [73], the
current sheet model was presented as the simplest infinite phased array in the limiting case of
closely spaced Hertzian dipoles. This model led to simple expressions for the scan resistance,
and the concept was later extended in [74] for printed elements on a semi-infinite dielectric
interface. Arrays of disconnected dipoles in free space were considered either assuming a
current distribution [75], [76], [77, Ch. 3], or by an integral equation technique [78]. Later on,
the study was extended to solve disconnected dipoles printed on semi-infinite substrates or
on a grounded dielectric slab using a Method of Moments (MoM) [79]. Since then, extensive
numerical studies, implementations, and theoretical modeling of connected or tightly coupled
arrays have been carried out, for instance in [80]-[86].

Of special relevance are the works by Munk and collaborators [87], [88], in which capaci-
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tive coupling among colinear dipoles was introduced to increase the impedance bandwidth.
In [87], a periodic MoM approach was used to determine expressions for the dipole scan
impedance; the summation in the spectral domain of the magnetic vector potential from a
Hertzian dipole was combined with a mutual impedance approach. However, in the aforemen-
tioned studies, the arrays in multilayered media were always embedded in a homogeneous
region, and never at the interfaces, as it is usually the case in practical realizations.

Despite the extensive efforts devoted in the past to the analysis of infinite phased arrays
of dipoles, to date, there is no model to readily interpret the impact of the array variables
on the scan impedance, especially on the reactance. The numerical methods such as those
in [79], [87], [89] or the description in [84], are rigorous and computationally powerful but
mask the fundamental impedance features of the array. Therefore, one is forced to carry
out exhaustive computation and parametric sweeps to gain physical insight into the array
operation for different configurations. For instance, the spectral expansion approach by [87]
yields a double infinite sum to calculate the scan reactance. From this, general conclusions
can be hardly inferred. However, an approximate analytic method is more appropriate to
evaluate in a simple manner how the different phenomena affect the scan impedance for
diverse array configurations. We provide in this chapter a novel and insightful circuit approach
that readily shows the role of the main variables of a phased array of dipoles on the scan
impedance as defined in [66, Ch. 1]. These variables include the dipole dimensions and type
of end-load, the array periodicity, the relative permittivity of the substrate for a printed array,
and the scan angle in the principal planes. Although the Green’s function approach was used
in [83] to derive equivalent circuits for interfacial arrays of connected dipoles, the circuits and
expressions in this work stem instead from the boundary conditions met by the fundamental
Floquet mode and an asymptotic approximation of the current, which can handle arbitrary
loads.

The remainder of the chapter is organized as follows: In Section 2.2, we exploit the far-
field plane wave expansion of a dipole array on an interface to obtain boundary conditions
at the interface for the radiated fundamental Floquet mode. In Section 2.3, the boundary
conditions are used to obtain equivalent networks and expressions for the scan resistance
when the array lies at a dielectric interface. The ratio of intensity radiated towards each
half-space is also derived. In Section 2.4, the analysis is extended to cases where a ground
plane backs the interfacial array. We assume a thick substrate so that the ground plane does
not affect the elements current distribution and it does not interact with the evanescent
fields. Such assumptions are fulfilled by a typical substrate thickness of 1/4. Section 2.5 is
devoted to the derivation of the current along the dipole and an equivalent network for the
scan reactance at broadside. The results obtained with the proposed model are compared
to full-wave simulations in Section 2.6, followed by the results for the principal scan planes
in Section 2.7. We conclude the analysis with remarks on the scan impedance and general
conclusions in Sections 2.8 and 2.9, respectively.

11
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(a) (b)
Figure 2.1 (a) Hertzian dipole printed on the interface between two lossless dielectrics. Medium 1
(z > 0) is characterized by n = 1 and medium 2 (z < 0) is characterized by n = 1. (b) Cut of the infinite
interfacial array of dipoles in a rectangular lattice, relevant geometrical parameters, and the respective
coordinate system for each half-space.

2.2 Plane Wave Expansion on the Radiated Fields

In order to derive the electric field radiated by an infinite phased array of dipoles lying on a
dielectric interface, first we add the individual contributions of interfacial Hertzian dipoles.
Then, this sum is written in the spectral domain as a discrete set of plane waves or Floquet
modes. We will show that the tangential electric field is equal at both sides of the interface
for the fundamental Floquet mode. This result will constitute the basis of the subsequent
discussion.

The electric field of a Hertzian dipole in a homogeneous medium admits a closed-form
expression both in the near- and far-field regions. This is not the case for a dipole placed
parallel, and at the interface between two different dielectrics. This hurdle, however, can
be conveniently overcome using the far-field of the interfacial Hertzian dipole in [90]. The
Hertzian dipole is of length Al, its current I, and the interface is composed of two lossless
dielectrics as shown in Fig. 2.1a. The upper dielectric is characterized by n; = 1 and the lower
one by ny = n= 1. That is, the ratio of dielectric index is n. For a harmonic time dependence
el“!, the expression is written as

]n,kor

dEY? = Z £ 0,)°

A
]—kOZ’ ! @.1)

where i denotes the medium, and 7 is the impedance of a TEM wave in free-space. Expres-
sion (2.1) is valid when kyr — oo and 0 < 8 < 7/2 in medium 1, and when nkyr — oo and
7 —0; <6 <min medium 2. The angle 8, is obtained from sinf, = 1/n, and it will be the
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maximum scan angle allowed in medium 2. The pattern functions in (2.1) are defined as

9 — { cos* —sin®0 cosO cosf — (n® —sin®6)""* }cosc/) (2.2a)
1 cosO + (n2 —sin?0)1/2 n2cos + (n2 —sin?0)1/2 '
o cosfsin¢g
=— 2.2b
5 cos0 + (n? —sin?)1/2 (2.20)
22 p1/2 2
0 . 9 (1-n°sin“0)"'“+ ncosf cos-6 }
=< sin“6fcosf - cos 2.2¢
Iz { n(l-n2sin?20)1/2 —cos® (1-n2sin?6)1/2 — ncosO ¢ (2.2¢)

cosfsin¢

¢ _ 2.2d
A a (2.2d)

—n2sin®0)!/2 — ncosh’
where the subscript and superscript in f refer to the corresponding medium and polarization,
respectively.

The Hertzian element is now replicated to form a double infinite array of dipoles in a
rectangular lattice. The element periodicity is given by p, and p,, as shown in Fig.2.1b. The
dipoles of length [ and width w are center-fed by ideal §-gap generators with uniform current
amplitude and linear phase progression, defined for the (g, s) element as I ;s = Ipge JadaeisAp,
Iy is the current of the (0,0) element, located at the origin of coordinates, and the phase
progression is defined (recall n; = 1):

Aa = pyk;sinfcos¢ = pykosy, (2.3a)
AP = pykisinfsin¢g = pkosy. (2.3b)

The electric far-field of the array is obtained by summation of all individual contributions of
the Hertzian elements and double application of Poisson’s sum formula. Following a procedure
similar to that in [87, Ch. 4], we have
+00 +00 A . . A
Ei _ ZO Z Z fl(g;(/)) eilkizszeijkox(sx+u(p72))

pxpy U=—00 V=—00 Sz

oTovfsrro(5)) f " e ) g, (2.4)
=1/2

\/ Sx AV (S i |\
S S OO o5
n; Px n; Py

The steps to obtain (2.4) from (2.1) have been described in detail in Appendix A. In (2.4), z< 0,
and the sign in the exponential is taken accordingly for propagation away from the interface.

with

The polarization superscripts in E and in the pattern functions have been omitted, and we
have assumed that the current flows along the longitudinal axis of the dipole.

Equation (2.4) is the electric field resultant from the addition of the far-fields of Hertzian
dipoles. It yields a discrete sum of plane waves or Floquet modes with wavevector components
at a discrete set of directions in space. For s real, the (i, v) mode propagates and decays
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Figure 2.2 Reciprocal plane diagram to determine the presence of grating lobes, for px = py, = A¢/2.
The crosses indicate the modes when the dipoles radiate in phase, whereas the solid circles represent
the modes for (s, = 1/v2, sy = 0). For the circles there is only one mode falling within the circle of
radius 1 but there are two modes within the circle of radius 2.

exponentially otherwise. Note the total electric field is weighed by the dipole pattern function,
according to the principle of pattern multiplication.

2.2.1 The (0, 0) Floquet Mode

For a single propagating term in (2.4), or equivalently, for no grating lobes, the following

condition is to be fulfilled:
202 0\\?
(sx+ u(—o)) +(sy+ v(—o)) >n§ (2.6)
Px Py

for all (i, v) modes except for the (0,0). The (0,0) mode always propagates if the scan angle
0 is limited below 90° in medium 1 (s2 + si < 1). Equation (2.6) is best interpreted on the
basis of Fig.2.2: in the reciprocal plane, the (u, v) vectors representing the modes constitute
points arranged in a regular grid with a periodicity given by Ao/ py and Ao/ py for u and v
directions, respectively. The points are displaced (s, sy) from the broadside positions (marked
with crosses), which corresponds to (s, = 1/V2, sy = 0) in the example shown. In particular,
one can note that the excitation, as defined in (2.3), determines the wavevector components,
(sx, sy) of the (0,0) Floquet mode. For a mode to decay, it must fulfill the condition that its
distance to the origin is > n;, therefore, the points other than the (0,0) falling within the
circle of radius n;, represent other modes that contribute to radiation (grating lobes). For a
given phase progression that determines (s, sy), it evidently suffices with the examination
of medium 2 to determine the presence of grating lobes. Besides, it can happen that a mode
propagates in medium 2 but not in 1, as shown in the example for the (—1,0) mode. Finally,
for a homogeneous medium, both circles in Fig.2.2 would collapse into a single one and the
diagram would be equivalent to that widely discussed in classic antenna texts, such as [77].
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2.2.2 The Boundary Conditions

In the absence of grating lobes, the (0,0) term in (2.4) corresponds to the electric field of the
radiated plane wave, and is the only term contributing to the scan resistance. The remainder
of terms represent the contribution of the Hertzian dipole far-field to the scan reactance in
the array environment. At this point, it is convenient to use a different reference system for
each half-space, as shown in Fig. 2.1b, to obtain a simpler expression for the radiated field. To
that end, we apply the following transformations: 6, =8, ¢; = ¢ in medium 1, and 6, =7 -0,
¢2 = —¢ in medium 2. The angles of propagation of the (0,0) mode in each medium are related
by ¢, = —¢p; and nsinf, = sinf;. In view of the previous discussion, the radiated electric field
in each half-space is expressed as

ZO e—jl_c.f‘Fi 112
i(0:,0))
pxpyfl n o

E;= 1(x)e*oX'sx gy 2.7)

cosB; J-112

where 7; is the observation point in each coordinate system, k1 = ko (s, sy,cos61), and k> =
ko(sx, —sy, ncosB>). At broadside, it is not difficult to see that E; = E; at the interface plane
(z; — 07). Similarly, comparing in (2.7) for both media, after some algebra, one finds the
following relations

Elg C0891 = Ezg COoS 92, Elgb = _EZ([)- (2.8)

The relations are valid for any scan angle (recall 0 < 6, < 6., or equivalently, 0 <8, < n/2).
Therefore, the tangential component of the electric field is equal at both sides of the interface
for the fundamental Floquet mode, analogously to the classical boundary condition. We will
also refer to (2.8) as boundary condition even if this expression is true in the far-field. In
general, (2.8) is valid for any two loss-less dielectrics characterized by n; and n, = n;, with
0, and 6 related by the Snell’s law. The minus sign for E in (2.8) appears given that ¢; are
reversed as measured from system of reference 2 with respect to system of reference 1.

Equation (2.8) will be used in the next section to derive expressions and equivalent net-
works for the scan resistance of dipoles in an infinite phased array, and also to calculate the
intensity radiated towards each half-space.

The boundary conditions in (2.8) have been derived for the fundamental mode that
concerns our present study. However, it is not difficult to demonstrate that the continuity
of the tangential component of the electric field across the interface is fulfilled by all modes
individually, except for a —j factor if the mode decays in medium 1 but not in 2. This stems
from the fact that the plane wave decomposition results in the fields being expressed as a sum
of propagating or evanescent plane waves fulfilling the classical boundary condition. Indeed,
the boundary conditions will be used in Appendix B to examine the scan resistance when a
second mode propagates.
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Figure 2.3 The power dissipated in the scan resistance of the dipole (a), corresponds to the power
carried away by the radiated mode in the apparent area allocated for the element (b).

2.3 Array on a Dielectric Interface

In this section, the structure depicted in Fig. 2.1b is studied. The generators excite the ar-
ray impressing a fixed voltage, or current, at the dipole input terminals. Ohmic losses are
neglected, and the dielectric half-spaces are generally characterized by n; and n, = n;. The
corresponding impedances for a TEM wave are Z; and Z,. The periodicity is such that grating
lobes are precluded, and the allocated area for each element is pypy.

2.3.1 Scan Resistance at Broadside

The scan resistance at broadside can be derived through (2.8). For the radiated plane wave,
we have E1g = Epg = E. Let V be the voltage drop in the scan resistance of a reference dipole,
R,, as in the Thevenin equivalent of Fig.2.3a. The power dissipated in the resistance equals
the total Poynting vector times the element allocated area (Fig.2.3b for 8; = 0). Omitting the
factor 1/2 from time average, we have

V2 1 |E|> |E)?
= — 4+ —

. (2.9)
Ry pxpy 41 L

For an emitted plane wave, the electric field is related to the voltage at the dipole terminals
by V = P¢E [87, eq. 4.45], where E is the electric field parallel to the dipole (X-directed). Since
the tangential component is continuous across the interface, there is no ambiguity in the
choice of E. Py is defined as

Ps= L f " e sy, (2.10)
1(0) J-112

Bear in mind that k; appears in the expression above because medium 1 is chosen to define
the phase progression (in turn defining s,). The integral is performed over any element of the
array, with 1(0) the current at the feed point. Relating E and V in (2.9) gives

|Prl?
Ry = (4 || Z)

(2.11)
PxPy
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Figure 2.4 Equivalent network for the scan impedance of an infinite interfacial phased array of
dipoles.

2.3.2 Scan Resistance for Principal Scan Planes

Let us now examine how the scan resistance varies at the principal scan planes. As explained
above, the power delivered to R, in the Thevenin equivalent equals the total Poynting vector
times the apparent or projected area allocated for the element. Thus we have

|Pf|? Zo ,
Ry = 7 —— = N*(Z; cosb) || Zy cosb), (2.12a)
pxpy L, T2
cosf; cos6,
|PsI? Z VA Z
Ry=—1 - =N2( : ) ) (2.12b)
PxPy n1cosb + ny costs cosf; cosby

where (2.12a) and (2.12b) stand for E- and H-plane scan respectively. Arbitrary scan angles
shall be treated similarly, and noting that E19/E14 = fi1g/ f14, which is known analytically. The
shunt impedance in (2.11) indicates that the scan resistance can be expressed in terms of an
equivalent network composed of two shunt infinite transmission lines (TLs), while the factor
|P f|2/ PxPy = N? is accounted for by a transformer. At broadside, the scan impedance, Z,,
corresponds to the equivalent network of Fig.2.4, and by transforming Z; — Z; cos6;, Z; —
Z;l cos@;, analog networks follow for E- and H-plane scan respectively. For a homogeneous
medium, this is in agreement with the results from [77], [87]. Xj in the equivalent network
accounts for the scan reactance, and depends in general on n; and n,, the array geometry, the
scan angle, and the frequency. Note that the current distribution is also required to calculate
P¢ and in turn the scan resistance. These two aspects will be studied in Section 2.5. Finally, the
analysis is extended in Appendix B for the case when a second propagating mode is present.

2.3.3 The Intensity Radiated Toward Each Half-Space

Let us now examine the ratio of intensity (S) radiated toward each half space. For H-plane
scan, using (2.8) one can easily obtain S; = nllEl(/,Iz/ZO, and S, = n2|E1¢|2/ZO. Hence:

S n

22 (2.13)
St m

In this plane, the ratio is constant with the scan angle. For an air-dielectric interface, it equals

1/2

€,'“, with €, the relative permittivity of the dielectric. For E-plane scan, S; = n; |E1pl?/ Zy, and
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Figure 2.5 Ratio of Poynting vector modulus in the principal planes for the mode radiated by an
infinite phased array of dipoles. We consider two different air-dielectric interfaces: Duroid (¢, = 2.55)
and GaAs (e, = 12.8). Full-wave simulations with ANSYS HFSS [91] (solid lines), present model (squares),
and numerical calculation from [79] (circles). The dimensions are py = p), = 0.2184A¢, [ = 0.1821,,
w = 0.01A,.

Sy = n2|E2g|2/Z(). Then, using (2.8):

S, nycos?l
2227 (2.14)
S1  njcos?B,

The ratio of intensity is in general different from that of a single dipole, which equals €3/2 at

broadside for an air-dielectric interface, as can be inferred from (2.1)-(2.2), and also noted in
[79]. Fig. 2.5 shows the intensity ratio calculated by (2.13)-(2.14) for two different air-dielectric
interfaces. Results practically overlap with full-wave simulations and are in good agreement
with those calculated in [79, Fig. 9]. The power ratio would be obtained by multiplying S
times the projected area allocated for each element in the direction of the scan angle. In
particular, at broadside both projected areas coincide and the power ratio also equals ¢}/
for an air-dielectric interface. Since at broadside E; = E», the ratio must be the same for any

planar antenna regardless of its current distribution, even if the antenna is not linear.

2.4 Array on a Dielectric Interface Backed by a Ground Plane

Since the initial radiated fields are known by the boundary conditions, it is possible to account
for the effect of a ground plane reflector by computing the multiple reflections. Calculation of
the real and complex power leads to expressions for the scan impedance for broadside and for
the principal scan planes. It is assumed that the reflector is placed at a distance d from the
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Figure 2.6 Longitudinal cut of the infinite dipole array backed by a groundplane at a distance d. (a)
Broadside emission (top-bottom): evanescent fields in z-direction do not interact with the groundplane,
initially radiated fields, resultant electric field from the partially standing wave, and sum formula for
multiple reflections. (b) E- or H-scan (top-bottom): emerging field at the interface plane after multiple
reflections, initially radiated fields, and directions of propagation.

interface in any medium, say medium 2, such that the evanescent modes do not interact with
it and that its presence does not alter the current distribution of the elements. For the sake of
simplicity, the broadside case is treated first and the expressions for E- and H-plane scan are
derived next by analogy. Under the previous assumptions, the scan impedance is written as
the sum of three terms: Xp, the initial reactive part, R?P , a term related to the amplitude of
the plane wave emerging from the structure and, X", related to the reactive energy stored
due to the presence of the ground plane:

Zyg =R +iX°P +jX,. (2.15)

2.4.1 ScanImpedance at Broadside

The situation where the array radiates at broadside is depicted in Fig. 2.6a.

Real Power and Resistance

The resultant electric field emerging from the structure at the interface plane, after considera-
tion of the multiple reflections, is given by

1-— e—ijzd
) (2.16)

Frowat = (W
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where I is the Fresnel’s reflection coefficient from medium 2 to 1 for normal incidence:

np—m

T (2.17)
2tm
The power radiated per allocated element area is
. 2
HOP pop_ JEP| 1-eR (2.18)
pxpy | Zi |1+Te-kd '

The power delivered to each element per allocated area when there is no ground plane is given
by

11(0)? |E|?
= , (2.19)
PxPy Z | 2,
combining (2.18) and (2.19), one obtains
/n;+1
RSP = g, 2/ _ (2.20)
np
+ —_—
(nltan(kzd))

For a homogeneous medium, (2.20) reduces to PrGP = 2R, sin?(k,d). Examination of (2.20)
indicates that for ko d = m, with m = 0,1, 2..., the ground plane short-circuits the array and the
scan resistance equals 0. The positions of maximum scan resistance occur at kod = (2m+1)7/2
and yield RS® = R, (1 + np/ny). Finally, for tan?(kod) = np/n;, the ground plane leaves the
scan resistance of the array untouched, R,GP = R;. The first position occurs at d = 1/8 for a
homogeneous medium (radiated field to the left and reflected add in quadrature), but the
position deviates when the array is at an interface.

Complex Power and Reactance

To calculate the reactive part associated with the presence of the ground plane, first, the
resulting fields inside the structure are computed:

Erotal = (e‘jkzz —eked e"’”(z“”) , 2.21a)

Hiotal = , (e_JkZZ + e_szdeJkZ(z_d)) , (2.21b)
R, (1+Te2iked)

where 0 < z < d. The calculation of the reactive power, Py, per allocated area yields

Py o5 W - Wy dx) B B

vy = 5 =) i TeBkdp sin(2kyd). (2.22)
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<« 7 Z,
[

Figure 2.7 Equivalent network for the scan impedance of an infinite interfacial phased array of dipoles
backed by a ground plane.

W, and W,, are, respectively, the electric and magnetic energy densities. Comparing the
reactive power delivered to the reactance X°" by the ideal current generator and the power
delivered to the scan resistance when there is no reflector (2.19), yields

ny +ny
2

nt o,
2 ngcosz(kgd)+—n sin® (k> d)
2

XOP =R, sinkyd). (2.23)

When the initially radiated field adds in phase with the reflections, the scan resistance is
maximum and XS equals 0. X© takes this value again when the ground plane short-circuits
the antenna; then the zeros of XSP occur for kod = mn/2. XCF takes extreme values larger
than £ R, when Z, < Z; and lower otherwise. For a homogeneous medium, (2.23) reduces to
XCP = R, sin(2kyd), and X takes values between +R,. In particular, when RS? equals R;, so
does | XCP|.

Finally, it can be seen that (2.15), where R? is given by (2.20), and X®" is given by (2.23),
corresponds to the input impedance of the equivalent network of Fig.2.7.

2.4.2 Scan Impedance for Principal Scan Planes

Let the array now scan in a principal plane that corresponds to an angle 6; in medium 1.

Real Power and Resistance

The resultant electric field emerging from the structure at the interface plane, after addition of
the multiple reflections (see Fig.2.6b) is

Eiotal = E1

1+1"Hle—2jk2dcos(92 (2.24)

1 _ e*ijdeOS@g )

where the relation '} — T, =TI'j — T} cos0;/cosf, = —1 has been used to compute the sum,
with T being the electric field transmission coefficient from medium 2 to 1. The subscripts
1, |l denote TE and TM polarization for the H- and E-plane respectively. In turn, the Fresnel
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reflection coefficients are given by

ny, cosfr — ny cosb,
= )
ny cosfr + ny cosb,

(2.25a)

_ np/cosfr —ny/cost (2.25b)

ry= .
I ny/cosB, + ny/ cosf;

By substituting d — d cos6y, Z; — Z;cos8; (E-plane), Z; — Z;/ cos6; (H-plane) in (2.16) and
(2.17), one retrieves (2.24) and (2.25a). Then, applying these transformations in (2.20) suffices
to obtain RS in the principal scan planes.

Complex Power and Reactance

The electric field within the structure can be written as

E;
1+ 1'*” le—zjkzdcosez

Etotal — (e—jk2z00592 ﬂ+ _ e—jkz(z—d) cosB, ejkz(z—d) cosf, ﬂ_) , (2.26)
where iy = jcosO, F 2sinf,, and @i, = X for E- and H-plane scan respectively. In turn, the
reactive power per allocated element area is given by

P E»|? cosO
X o |Bz|" cos 0, sin(2k,d cos65). (2.27)

j : 2
PxPy = Zp|1+T) e 2kedcosty|

After comparing (2.27) with (2.22) and the Fresnel’s reflection coefficients, it is found that
XOP in the principal scan planes can be also obtained applying in (2.23) the transformations:
d — dcos0,, Z; — Z;cosO; (E-plane), Z; — Z;/cosf; (H-plane). Since both the real and
imaginary parts transform the same for either E- or H-plane scan, the equivalent networks
and conclusions are analog to those drawn for the broadside case in Section 2.4.1.

Although we have treated here the case of an array backed by a ground plane reflector,
a similar treatment can be developed for other structures (i.e. grids [92] or an arbitrary
impedance sheet) where the reflection coefficients are known for TE and TM polarization.
In particular, one can observe that the radiated plane wave propagates across the layers of
the structure much like a TEM wave does in a TL with different segments and loads. Then,
it is possible to extend the equivalent networks presented here to multilayered structures
as long as their equivalent network is known in terms of plane wave propagation with the
corresponding polarization.

Finally, note that a grounded dielectric slab may introduce additional solutions of prop-
agation in the form of surface waves, potentially causing scan blindness [93]. A condition
for this to occur is that the k-vector component of a radiated mode along the interface, k;,
matches the propagation constant of the surface wave, Bsw. Nevertheless, the scan angle in
the medium 1 (recall n; < ny) is limited below 90°, so k; < k; for the fundamental Floquet
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Figure 2.8 Derivation of the current distribution: (a) whole row, (b) solution by superposition. (c)
and (d) derivation of the current along the dipole by superposition of the generator g and the load
equivalent generator.

mode, with k; < Bsw. Hence, it cannot excite a surface wave and it is necessary that at least a
grating lobe exists. The assumption that only the (0,0) Floquet mode propagates precludes
the appearance of this phenomenon.

2.5 Asymptotic Current Approximation

The plane wave expansion in (2.7) has enabled the derivation of expressions and equivalent
networks for the scan resistance and the reactance term due to a ground plane, if present.
To compute them, however, the dipole current distribution must be known, so that it can be
inserted in (2.10). In addition, only the far-field from the Hertzian dipole has been accounted
for in the plane wave expansion. Hence, the decaying terms in the sum of (2.4) do not represent
the total evanescent fields, and the Poynting theorem [75] cannot be used to calculate Xj. This
section is devoted to the analysis of the scan reactance in an alternative way, and to derive the
current distribution along the dipoles.

Let us start by examining the current distribution along one row of the array presented
in Fig. 2.1b. In the most general case, the dipoles can be connected through lumped loads
of impedance Z;. The load can be an open circuit (disconnected arms with moderate gap),
a short-circuit (connected arms) or an interdigitated capacitor [94]. For convenience, we
assume the g element centered at the origin of coordinates as shown in Fig.2.8a.

In the source-free regions of a linear antenna, it was demonstrated in [95, Ch. 8] that
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the current satisfies ordinary TL equations when the dipole width w — 0, and the effect of
radiation resistance on the current is neglected. Under these assumptions, hereinafter referred
to as asymptotic approximation, one can write

d?I4(x)
dx?

+B4I,(x) =0. (2.28)

I4(x) denotes the current along the row due to the g generator, with all others disconnected,
and S is the propagation constant in the medium in which the array is located [95, Ch. 8]. The
interface can be simply treated as an homogeneous medium of effective dielectric constant
[79] €eff = (€1 + €2) /2. We define the source-free domain as Q := x € R—{ml}, m € Z. That s,
the length of the row except the points where the sources are located. The corresponding
boundary consists of the positions of the generators (x = ml).

To solve for the total current along the row, I(x), it suffices to solve (2.28) and later ap-
ply superposition with the proper phased excitation, as shown schematically in Fig. 2.8b.
Equation (2.28) is a homogeneous Helmholtz equation which general solution is well known.
To solve it we apply Dirichlet boundary conditions such that Vx € 0Q2 — {0}, I;(x) = 0 and
I;0)=1 (0)e 1922 We also enforce the continuity of the current. It is not difficult to see that
I4(x) =0 for |x| = [. In addition, by symmetry, I;(x) = I;(—x), so actually we only need to solve
for 0 < x < [, as in Fig. 2.8c. This region corresponds to the right arm of dipole g and left arm of
dipole g + 1.

To determine I;(x) in 0 < x < [, we also substitute the load by an equivalent generator
whose value is the current in the load when only the g generator is connected, I7. Then, I4(x)
in this region is given by the superposition of currents from the generator g, denoted as I ;;‘, and
the load equivalent generator, denoted as 1B, both fulfilling (2.28). Thus, I4(x) = I, ;;‘(x) +1 ff (x)
as schematically shown in Fig.2.8d. They are expressed as

1(0)e7J9he :
A _ L_.ﬁl(e_lﬁx—e]ﬁ(x_l)), 0<x<l/2
I;(x)=4 1-¢7) (2.29)
0, l12<x<I.
q e_jﬁx — ejﬁx l
— O=sx<l/2
By=] Febli2_eblr (2.30)
q g &P=D _e7Ifx=D ’
L o Pl —gpliz I12=x=<1l
To determine IZ we use the telegrapher’s equation for the current derivative:
dr dr
(d_" - d—q =jwCI}z;, (2.31)
X i2- * iz
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where I/ Z; = (Vjjo- - Vij2+). Combining (2.29)-(2.31):

10 _ 1(0)e7J9he
L™ (z+ 1elbli2 — (z; —1)e-iBlI2’

(2.32)

we have defined z; = Z;/(2Z;), and wC = B/Z; has been used. Z, is the characteristic
impedance of the wire. The current along the row due to generator ¢ is then given by (2.29),
(2.30) and (2.32), and it vanishes for |x| = /.

Let us solve now for the total current I, along the g element: the contributions to the right
B

g+1°
also the current due to the g +1 generator takes the same form, only centered around x’' = x ¥ I.

arm are given by I, A g ,and I Similarly, for the left arm ;;‘, 1 g ,and I 5_1 contribute. Note

Hence, the current along the dipole g reads

il — gif-D 14T, o-iBlxl _ giflal
1_e bl 2 (€112 T e IP112) iPUI2 _ gipl/2

I(x) = I(0)e 1942 (1+e929) |, (2.33)

The minus sign in the exponential of (2.33) corresponds to the right arm and the plus sign
to the left arm. Analogously to a transmission line, we have defined the current-wave reflection
coefficient in the load as I'; = (1 - z1)/ (1 + z1). Note that, by superposition, I(x) is also solution
of (2.28). The current is quasi-periodic, forced by the excitation, and it is symmetric if Aa = 0,
as expected.

For an array composed of infinite rows, we will assume that the current along the row
maintains the same shape. Coupling among the rows will be taken into account through 7,
determined after. Under this assumption, it is clear that for H-plane scan the current along
the row is the same as for broadside.

2.5.1 Special Cases

There are several important cases where I(x) adopts a simple form. The first is broadside
emission, where the current is symmetric. We can write (q = 0 element)

elfUI2=1xD) 4 ' o=iB(l/2=1x])

[ = 10— 57 T e ibl2

(2.34)

Then, at broadside (or H-plane scan), the asymptotic current distribution along the dipoles
is that of a TL. In particular, for a disconnected array, assuming I'; = —1, it takes the familiar
form I(x) = I(0)sinB(l/2 —|x|)/sin(Bl/2). For a connected array I'; = 1, and it takes the
form I(x) = I(0) cos B(1/2 —|x|)/ cos(B/2). In addition, for a disconnected array the current
distribution is also independent of E-plane scan as it can be seen from (2.34). This is not the
case for connected arrays, where the current takes the form:

1(0)

Qiplxl (e—iﬂl - eiiM) +e Al (eiiA“ — ! ) ] : (2.35)
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Figure 2.9 Current distribution for an infinite phased array of connected dipoles in free-space scan-
ning in E-plane at 40°. p, = p,, == A/5, and w = 1/1000.

The solid line in Fig. 2.9 shows the current distribution obtained from (2.35) for an array of
connected dipoles scanning in the E-plane at 40°. The total phase change along the dipole
equals Aa, forced by the excitation, and can be easily noted in (2.34). For comparison, full-
wave simulation results obtained for the same configuration by CST Studio Suite [96] are also
plotted. As it can be seen, both curves are in good agreement. Near the dipole feed, where
the current is minimum, the effect of the radiation resistance causes some discrepancy in the
phase as discussed in Section 2.8. Finally, the results shown are also in agreement with the
MoM analysis in [97].

2.5.2 The Asymptotic Equivalent Network at Broadside

In (2.34) we have seen that at broadside the current along the dipole is analogous to that of a
TL. Therefore, Xy can be retrieved from the network shown in Fig.2.10a. It is composed of a TL
of length [/2 (as the dipole arm) terminated in Z;. However, the characteristic impedance of

the TL remains unknown.

Assuming TEM wave propagation, Z; can be calculated from the inductance per unit
length of the structure, L, using Z; = Lc//€cfr. The value of L is retrieved as follows: let a
grid of vertical and parallel strips of width w and period p, be illuminated by a plane wave
at normal incidence, such that a uniform current distribution is excited along the strips, the
electric field being parallel to the strips. The impedance of this structure has been studied in
e.g., [92], [98], [99]. In particular, as discussed in [100], the inductance of the grid per strip and

26



Chapter 2. Asymptotic Approach for the Scan Impedance in Infinite Phased Arrays of Dipoles

G

| |
|
C,
7R L, 'R

(a) (b)
Figure 2.10 (a) Equivalent network representing the scan reactance. (b) Equivalent lossy lumped
element circuit that represents the scan impedance.

per unit length is given by

L=—In|—F——]. (2.36)

For the interface case, it is assumed that u = yg for both dielectrics, so L remains unaltered
[92]. Finally, to account for the two arms of the dipole, the characteristic impedance of the
network is given by 27, twice that of the wire. This definition is also in agreement with the
definition of z; for I'; above.

Once the characteristic impedance of the TL is determined, it is worth mentioning that
Xp calculated with the equivalent network of Fig. 2.10a takes automatically into account the
dipole end load, including disconnected dipoles (Z; — o0).

Now, it is possible to calculate the impedance for broadside emission (principal scan
planes will be dealt with in Section 2.7). The current distribution for broadside given by (2.34)
can be inserted in (2.10) to obtain the transformer relation, N, in the equivalent networks
of Fig. 2.4 (interface) or Fig. 2.7 (interface and backing ground plane). Besides, X, can be
obtained from the network of Fig.2.10a, where the inductance per unit length in (2.36) is used
to calculate 2Z,.

Nevertheless, the asymptotic current approximation is only valid when w approaches 0 so
that the scan impedance is mainly dominated by a reactance and the effect of the radiation
resistance on the current distribution can be neglected. This approximation gives in general
accurate results for thin dipoles except in the regions where the current at the dipole feed
approaches zero (anti-resonance). In the latter case, (2.34) diverges at all times, independently
of the dipole width, which is clearly wrong. To overcome this issue, and for more precise
calculations, we have derived a lumped element circuit that accounts for variations in the
stored energy and finite radiation losses in the impedance curves, as shown in Fig. 2.10b,
whereas we can rely on the simple networks to extract qualitative conclusions. For simplicity,
we will restrict the analysis of the scan impedance when there is no ground plane in the cases
of connected and disconnected dipoles.

To derive the lumped element circuit one can reason as follows: when losses are absent, it
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Table 2.1 Lumped Element Circuit Parameters.

Parameter Connected Disconnected

L Ll (Crw3)™!

G co (3/16)InZ/ (Lc?)
Ca (Liw5) ™! C1/3

R Rip—o (16/9)R;, r—o
WAR wel (negel) 2mc/ (negl)
wR 0 el (negrl)

follows the curve of Xj given by the network of Fig.2.10a. L; and C; determine the resonance
frequency as predicted by the TL (X, = 0). Besides, L;, C;, and C, determine anti-resonance
(Xo — #00). The third condition is to guarantee that the circuit yields the input reactance of
the network model at low frequencies. Last, losses are included in the circuit by a lumped
resistor R; so that the input resistance of the lumped element circuit is that of the network
model when f — 0. The values relating the different lumped elements with the network model
are summarized in Table 2.1 for connected and disconnected dipoles. This circuit equivalent
is valid up to, approximately, anti-resonance. An alternative circuit was developed in [101]
but it utilizes the dipole auto-inductance. Furthermore, it is only valid for tightly coupled and
connected arrays, and does not arise from a physical explanation of the scan impedance.

2.6 Results for Broadside Emission

To test the validity of the proposed model, it is compared with full-wave simulations carried
out with ANSYS HFSS [91]. The geometry of the unit-cell used for the simulations is shown
in Fig. 2.11. For a central frequency of f = 1 cycle per unit-time that determines A, the
nominal parameters are: py = py = Aceff/2, | = 1.0py (connected) or 0.9p, (disconnected),
w = At/ 1000, and feed port length A ¢/100. The array is freestanding or lies on a vacuum-
dielectric interface. In the following, results are presented for a variation of one nominal
parameter at a time. The calculated curves in Figs. 2.12-2.14 have been obtained using the
lumped element circuit in Fig.2.10b explained in the preceding section.

2.6.1 Varying End Load

The resonant behavior of dipole arrays is highly dependent on the load and can be simply
examined by inspection of the input reactance in the equivalent network of Fig. 2.10a. For
connected dipoles Xy = 2Z tan(fB1/2), therefore resonances occur at /A = n with n a natu-
ral number, whereas anti-resonances occur at //A = n+ 1/2. In the latter, the open circuit
condition is effectively achieved and I(0) = 0, consequently, R, will diverge too. Conversely,
for disconnected arrays of dipoles, Xy = —2Z./tan(8//2) and the resonant/anti-resonant
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Y X

Figure 2.11 Schematic of the unit-cell used to simulate the infinite array of dipoles. The top and
bottom surfaces are considered as radiation boundaries, whereas for the four lateral sides periodic
boundary conditions are used. The dipole is centered-fed by a lumped port (depicted in red), and two
perfect electric conductor (PEC) sheets depicted in dark yellow constitute the dipole arms.

frequencies will be swapped with respect to connected dipoles of the same length (see for
instance Fig.2.12). This fundamental difference between connected and disconnected dipoles
stems from the fact that in the former the maximum current occurs at the dipole end (I'; = 1)
whereas, for disconnected dipoles, the current at the edge is always minimum (I'; = —1). The #
phase difference in the reflection coefficient is responsible for the A/2 shift of the resonances.
In the usual case of capacitively loaded dipoles, the phase of the reflection coefficient for the
current-wave lies between the previous cases, then the resonances lie between the aforemen-
tioned limiting cases. Furthermore, the fact that connected dipoles show resonant response at
low frequencies makes them amenable to array design with large scan angles. In this case, the
lattice can be kept < A1/2, whereas for disconnected dipoles p, > A1/2 limited by the resonant
length of the dipole. This is even more evident for a dielectric interface, where the required
spacing to avoid grating lobes is A/(2n,) but the dipole length scales down only as 7.

2.6.2 Varyinge,

Practical array designs require printing the antennas on an interface, for mechanical support
or to diminish the effect of a ground plane. In the latter case, it is more convenient to position
the ground plane in the medium with lower dielectric index for a broadband design, since it
renders the impedance less dependent on frequency. Also, it is to be observed that the short-
circuit will occur at DC and certain frequencies regardless of the interface, hence, imposing a
fundamental limit in the absolute impedance bandwidth of the array.

As shown in the previous subsection, X is proportional to Z; and in turn to 1/,/€ef for
connected or disconnected dipoles. Thus, a high permittivity dielectric substrate flattens
the dipole reactance. Fig.2.12 shows the variation of the simulated and calculated broadside
impedance with €, for connected (a), and disconnected (b) dipoles. €, corresponds to the
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relative permittivity of the substrate when the array is printed in an air-dielectric interface as
shown in Fig. 2.1b. It is important to note that py, and p, are scaled by A, e and so the dipole
electrical length remains fixed as seen in Fig.2.12.
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Figure 2.12 Real and imaginary parts of the broadside impedance: simulated (solid lines), and
calculated (squares) for three different relative permittivities of the substrate. (a) connected dipoles, (b)
disconnected dipoles.

2.6.3 Varying Dipole Width

Fig.2.13 shows the simulated and calculated broadside impedance for different dipole widths
for connected (a), and disconnected (b) dipoles. If we calculated the scan resistance from
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the asymptotic current approximation in (2.34), where I'; does not depend on w, it would
yield a result also independent on w. In practice, this is true only for regions far away from
anti-resonance. As w increases, the resonance quality factor decreases, and the impedance
curves are affected. The lossy lumped element circuit predicts this behavior reasonably well
for connected dipoles, as shown in Fig.2.13a. However, for disconnected dipoles the model
loses validity. In particular, variations of effective dipole length with dipole width are not taken
into account. We will discuss it in more detail in Section 2.8. Finally, note a wider dipole yields
a flatter reactance, as can be inferred from (2.36).

2.6.4 Varying Lattice (py, py)

The dipole length has been defined as 100% or 90% of p,, therefore, variations in p, will scale
the curves accordingly. Conversely, variations in p, influence the coupling among neighboring
rows, and can be used to modify the impedance.

From the network model we can observe that the factor N? is inversely proportional
to py. Since within this approximation the current distribution does not change with p,
for connected or disconnected dipoles, R, scales inversely proportional to p,. Besides, from
(2.36), L decreases with py, so narrower spacing decreases Xy and flattens the dipole reactance.
Coupling, as is clear from the network model, can be used to obtain broadband arrays. Fig.2.14
shows the broadside impedance for a connected array and different values of p,, relative to
px- The latter is maintained to the nominal value of A./2. When p, < py, R, becomes too
large and the lossy lumped element circuit is no longer accurate. However, this is not a case of
general importance.
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Figure 2.13 Real and imaginary parts of the broadside impedance: simulated (solid lines), and
calculated (squares) for three different dipole widths. (a) connected dipoles.
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Figure 2.13 (Cont.) Real and imaginary parts of the broadside impedance: simulated (solid lines),
and calculated (squares) for three different dipole widths. (b) disconnected dipoles.
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Figure 2.14 Real and imaginary parts of the broadside impedance: simulated (solid lines), and
calculated (squares) for a connected array of dipoles and different values of p,.

2.7 Extension for Principal Scan Planes

In section 2.5, we have seen that at broadside emission the current distribution along the
dipole in asymptotic approximation is that of a transmission line. Therefore, it was possible
to identify X, with the equivalent network of Fig. 2.10a, and ultimately compute the scan
impedance at broadside using a lossy lumped element circuit. For scan in the principal planes,
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we need to examine the variations of the inductance per unit length on the equivalent TL and
of the current distribution, if any.

The inductance of a grid of strips for a plane wave in oblique incidence with the tangent
electric field parallel to the wires was calculated in [99, Ch. 4]. We can express the grid
inductance per unit length as

Z 1
L=21In| —— | (1-cos?¢sin?6). (2.37)

27cC . (M)
sin| 3,

For H-plane scan, ¢ = 90°, and L does not change. Also, according to our model, the
current is the same as for broadside. Therefore, it is still possible to compute the impedance
with the lossy lumped element circuit and extract conclusions from the network model. Results
calculated using the lossy lumped element circuit for an array of connected dipoles are shown
in Fig. 2.15a for different scan angles and nominal array parameters. As radiation losses
increase while L is maintained, anti-resonance becomes wider and flatter, and this behavior is
well captured. Conversely, the equivalent network would predict that X is maintained and R,
is scaled by 1/ cos6 because it does not capture the consequences of a lower quality factor in
the resonance. This is specially clear at large scan angles. Finally, for scan at 80° near f =1 a.u.
the curve deviates from simulation as the onset of a grating lobe is approached.

For E-plane scan, we need to distinguish between connected and disconnected dipoles. In
the latter case, the current in (2.33) is the same as for broadside emission, so X remains the
same and R, scales with cos6. Note that, even if in (2.37) L varies, this is for a plane wave in
oblique incidence that generates a linear phase progression along the wires of the grid. For
the array of disconnected dipoles, there is no linear phase progression, and the expression for
L at broadside has to be used.

Nevertheless, for connected dipoles, the scan impedance can be obtained as follows: the
current at the dipole feed is 1(0), whereas the voltage is the superposition of the voltages
impressed by all generators in x = 0. As we have seen before, for the g element, only g -1, g,
g + 1 contribute to the current. When only the g generator is active, we use the fact that the
current along the dipole is that of an open-ended transmission line of length /. The dipole self-
reactance is then Z; 4 = V4(0)/1(0) = —j2Z./ tan(B1). When only one of the g + 1 generators is
on, the voltage at the dipole feed corresponds to that of the open-ended transmission line of
length [ at the position of the load, s0 Zg41,4 = VIl (x = 0)/1(0) = jZ.e***/sin(BI). Thus, the
scan reactance is given by the sum of the three terms:

cosAa 1
Xo=2Z7

“\sin(Bl) _tan(,Bl) ) (2.38)

It is interesting to note that (2.38) reduces to 2Z,tan(f1/2) when Aa = 0 and is an alter-
native way to calculate the scan reactance based on mutual impedances. Fig.2.15b shows
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the results for an array of connected dipoles and nominal array configuration. Calculations
are performed inserting the current distribution given by (2.35) in (2.10) to calculate R, from
the network of Fig.2.4. X is calculated using (2.38). In this case, the current distribution no
longer follows that of a TL, and it is not possible to map the impedance curves with the lossy
lumped element circuit used before, causing the model to deviate close to anti-resonance.
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Figure 2.15 Real and imaginary parts of the scan impedance: simulated (solid lines), and calculated
(squares) for a connected array of dipoles at different scan angles in (a) H-plane, and (b) E-plane.
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2.8 Model Limitations

As already mentioned, the asymptotic current approximation neglects the effect on the current
due to the radiation resistance. It constitutes a term in quadrature with the current impressed
by the generator and the distribution is that of a reflecting antenna, as noted by [95]. Since
R, #0, this term is present even when w — 0 and it dominates the current at the dipole input
terminals at anti-resonance when the asymptotic current distribution approaches zero and
the impedance takes a maximum value. Thus, in this region, the TL model loses validity. This
limitation can be overcome for the interfacial array by using a lossy lumped element except
for E-plane scan with connected dipoles. In general, multilayered media or a ground plane
will affect R, and so, the associated term in the current distribution. In addition, following the
discussion of [95], the asymptotic current distribution stems from a TEM wave that propagates
along a linear antenna. When discontinuities exist, such as at the ends of disconnected dipoles,
a TEM wave cannot match the boundary conditions and higher-order waves must exist. They
will have an impact on the current distribution. In particular, it results in the model being
more accurate for connected dipoles than for disconnected ones. Similarly, it is known that
as a grating lobe is close to its onset, it affects the scan impedance [66, Ch. 7], then, in this
case, some deviation from the model should be expected. Last, the expression for L becomes
invalid if the spacing is comparable to the wavelength [92]. In this case, it is invalid when
grating lobes appear and the inductance of the grid can no longer be expressed by a single
lumped element.

Finally, to validate the assumption that the ground plane does not interact with the evanes-
cent modes and that it does not modify the elements current distribution, we have compared
the network model (Figs. 2.4 and 2.7) with full-wave simulations. When there is no ground
plane, the model gives Z; = 55.7 —j109.4 Q versus Z; = 59.7 —j91.0 Q for the full-wave solver.
When a ground plane is presentatd = A/4, Z; =111.4-j109.4 Q and Z; = 118.6 —j98.6 Q for
the model and full-wave solver, respectively. The values correspond to an array of nominal
parameters (as detailed in Section 2.6), f = 1, and disconnected dipoles, and they indicate
that the model is in this case still approximately valid.

2.9 Conclusions of the Chapter

A model has been presented to determine the scan impedance of infinite phased arrays
of dipoles at a dielectric interface. First, equivalent circuits and expressions for the scan
resistance in the principal scan planes are derived using the boundary conditions for the
fundamental Floquet mode. This derivation provides a straightforward interpretation of the
role played on the scan impedance by the pattern of the Hertzian dipole, apparent allocated
area, or partially stationary waves formed by the presence of a ground plane or interface.
Using such boundary conditions, closed-form expressions have also been derived for the ratio
of intensity radiated towards each half-space of the interfacial array. Second, an asymptotic
approximation is introduced to determine the current along the array. Besides, the scan
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reactance has been related to the inductance per unit length of an inductive grid of strips. To
perform the calculations of the scan impedance, a lossy lumped element circuit is generally
preferred because it conveniently removes the divergence of the impedance at anti-resonance
of the asymptotic approximation, and it also accounts for variations in the impedance curves
associated with the quality factor of the resonance. The model shows how fundamental
differences in the current distribution between connected and disconnected dipoles relate
to different impedance curves at broadside and in the principal scan planes. Indeed, the
derivation of a model based on physical grounds has permitted us to illustrate with equivalent
circuits and simple expressions how the principal array variables affect the scan impedance.
In the next chapter, we will make use of some of the obtained results to develop a method for
enhanced matching efficiency between photodiodes (sources) and the antenna array.

Original Contribution

The contribution of this chapter consists in the model itself as well as the approach to derive
it. Although the scan impedance of infinite phased arrays of dipoles can be investigated by
numerical methods (e.g., the MoM in [79]) or just with a full-wave simulator, the originality
of the proposed approach lies in an insightful analysis of the scan impedance by means of
a novel formulation and equivalent circuits that can be readily interpreted and related to
the different array parameters. The analytic expressions provided for the intensity radiated
towards each half-space in (2.13) and (2.14), for the current distribution in (2.33) (which
accounts for arbitrary dipole end load and scan angle in the principal planes), or for the scan
reactance in E-plane for connected dipoles in (2.38), to cite a few, are original and throw some
new light on the understanding of this important class of antenna.
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Applications of CW Photonic Transmit-
ters at Mm- and THz Frequencies

Mm- and THz waves have found application in telecommunications, imaging, and spec-
troscopy. It is the case, for instance, of time-of-flight techniques in imaging, time-domain
systems in spectroscopy, or ultra-high data rates in wireless communications. Although mm-
wave and THz technology often share concepts and methods used in other regions of the
spectrum, the uniqueness of this spectral region requires a different hardware approach for
the generation and detection of radiation. The short wavelength, diffraction and interference
effects, and the propagation and absorption properties with several media confer mm- and
THz waves unique features. In this chapter, we detail relevant characteristics of mm- and THz
waves in the context of the fields cited above, highlighting where continuous-wave photonic
transmitters at room temperature play a notable role.

3.1 Applications in Telecommunications

Telecommunications is probably the application of mm- and THz waves receiving most of the
attention nowadays. This interest is driven by an ever-increasing amount of data exchange in
the ongoing digital revolution. On average, 1.5 review papers on the status of THz communi-
cations have been published yearly since 2010 [9]. Only under the European program Horizon
2020, eight projects have been funded. Mm-wave and THz wireless communications also con-
stitute a quite heterogeneous field, since it involves standardization, hardware development,
system demonstrations, and novel approaches to accommodate more and more demanding
needs. In this section, we focus on the needs and solutions proposed for the physical layer in
5G and beyond 5G (B5G) communications systems. We also discuss the characteristics of a
link budget at these frequencies to illustrate the need for high-gain antennas. Next, we present
different application scenarios of THz and mm-waves, detailing two cases where photonic
Tx play a particularly important role. Although all-electronic approaches are also a relevant
hardware option for mm-wave and THz communications, for the sake of brevity, we will refer
to [10] and to the figures provided in Chapter 1. To conclude the section, the need for directive
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and beam-steerable antennas is justified. Finally, regarding wireless link demonstrations
and architectures at mm-wave and THz frequencies, the reader is referred to the numerous
works compared in [102]. In Chapters 6 and 7, and Appendix E, we will also provide a detailed
explanation of the wireless link developed in this thesis to test the Tx performance.

3.1.1 Next Generation Wireless Communications

The global amount of data traffic exchanged by mobile users experienced an eightfold increase
from 2014 to 2018, and a x6 increase has been forecast during the 2018-2024 period [103].
This data growth will be driven by many emerging applications, like intelligent transportation
systems and autonomous vehicles, connected utilities and amenities in smart cities, 4K and 8K
video resolution for entertainment, education or medical applications, or industrial automa-
tion [104]. It is generally accepted that 5G and B5G networks will constitute a paradigm shift
[56]. On the one hand, B5G networks are expected to handle massive connectivity motivated
by the rise of the Internet of Things (IoT) and, on the other hand, to offer enhanced quality
services such as 8K video.

The previous applications will impose stringent requirements on B5G networks: robust-
ness to interference, low latency, massive multiple access, ultra-reliability, low energy con-
sumption per link for greener networks [56], and fast and flexible spectrum reallocation with
high data rates available to the user. All these demands do not have to be met simultaneously
through the network, and some of them may be relaxed under particular circumstances.

Tackling these necessities will require considering many different solutions. Device to
device communication or non-orthogonal multiple access deal with massive access [59].
Software-defined networks improve efficient resource management and energy efficiency.
Multiple-input multiple-output techniques increase spectral efficiency and reliability. Besides,
the use of carriers at frequencies higher than those used in traditional sub-6 GHz bands
offers larger bandwidths. Finally, the trend of network densification with frequency reuse in
nano/picocells, covering areas of a tenth of a km?, has been identified as the largest contributor
to the increase of wireless capacity over the past three decades [56], [104], [105].

3.1.2 Frequency Bands at Mm- and THz Waves

It is estimated that wireless backhaul links will soon require a capacity > 10 Gbps [105], and
even 100 Gbps [9]. Assuming a realistic spectral efficiency of ~ 5bps/Hz, the bandwidths
required to fulfill such demands exist only at mm-waves and beyond. IR and optical fre-
quencies could provide the required bandwidths. However, they interfere with ambient light,
are susceptible to scintillation (as shown in Appendix C), require extremely low alignment
tolerances, and are more attenuated in adverse atmospheric conditions (fog, dust) than mm-
and THz waves [9]. Therefore, the latter are preferred for wireless communications. Table 3.1
summarizes the frequency ranges with an available bandwidth larger than 5 GHz.
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Frequency range (GHz) Bandwidth (GHz) Range (km) Licensing Example

60 7 <1 No [106]

71-76 and 81-86 2x5 >1 Light [107]

120 18 >1 Reg.inJapan  [108]

252-325 40 =1 No [109]

325 <f< 1000 Several windows <1 No [110]
25t0 110

Table 3.1 Relevant frequency bands for 5G and B5G wireless systems. Exact figures depend upon
author or geographical location.

The 60 GHz band is characterized by a high oxygen absorption peak, so it is appropriate
only for frequency reuse in small communication cells and secure communications [111]. For
instance, this band has been used in the Terragraph project [112]. It uses a high density of
nodes (spaced 200-250 m) for high-speed internet in urban areas. The E-band (71-76 GHz
and 81-86 GHz), which is the one selected to develop our photonic Tx in Chapters 6 and
7, benefits from worldwide allocation of two 5 GHz windows generally light licensed [113].
Light licensing is associated with cheaper and faster deployment. Furthermore, the E-band is
already in use for wireless backhauling [107]. Similar to the E-band, the 120 GHz band offers
a moderate bandwidth and free space loss (see Appendix C) and it is intended for tens of
Gbps links at km-distances. Following the successful live retransmission of the 2008 Olympic
Games in Beijing (10 Gbps for a 1 km distance ), it was regulated in Japan in 2014 for wireless
broadcasting [19], [114].

The 300 GHz band is currently under study, but it can offer higher data rates than the afore-
mentioned bands for shorter distances. Recently, a 100 Gbps point-to-point communication
standard has been developed (IEEE Std 802.15.3d-2017), and transmission of 56 Gbps at 1 km
has been demonstrated [115]. Finally, bands beyond 325 GHz are still at an early experimental
investigation stage. They can potentially provide enough bandwidth for > 100 Gbps, but the
current low powers emitted have made it possible to only demonstrate data rates of tens of
Gbps at link distances of around 1m [37].

3.1.3 Link Budget

Fig.3.1 shows the architecture of a photonic Tx in a wireless link. The optical signal travels
through the fiber until it reaches the photodiode, where it is converted to the RF domain and
is subsequently radiated. To illustrate the data capacity and antenna gain requirements of
a mm-/THz wave link, we provide a simplified link budget calculation summarized in[116].
Table 3.2 lists the link parameters used in the calculation.

The received power (Prec), is calculated as a function of the antenna gain (G) from a
modified Friis equation that accounts for atmospheric attenuation, as given by (C.4). For

39



Chapter 3. Applications of CW Photonic Transmitters at Mm- and THz Frequencies
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Figure 3.1 Schematic of a photonic transmitter in a wireless link.

Optical Amplifier Antenna , Lens

A

Parameter Value
Power transmitted, Py 0 dBm
Carrier frequency, f; 300 GHz
Link distance, r 5m
Atmospheric Attenuation, @ 0.01 dB/m @f;
Noise spectral density, Ny -174 dBm/Hz
Spectral efficiency, n 1 bps/Hz
Noise bandwidth, B Data rate xn
Rx total noise figure, NF 15dB
System margin, M 10dB

Table 3.2 Parameters for the link budget calculation.

simplicity, Grx = G1x = G is assumed. The signal-to-noise ratio (SNR) can be expressed in dB
as [116]

SNR = Prec — (Np + 1010g,(B) + NF + M). (3.1)

Nj is the noise spectral density, NF is the detector total noise figure, M is the system
margin, and B is the system bandwidth, which we assume equal to the link capacity (spectral
efficiency equals 1 bps/Hz). First, we obtain P (G) from (C.4). Next, we insert Prec(G) into
(3.1), and for a given value of SNR, we obtain B (or link capacity). For Shannon’s maximum
transmission capacity, when the bandwidth equals the capacity, the value of SNR corresponds
to 1. For ASK and BPSK modulation formats, the values of SNR correspond to 13.54dB and
16.54 dB, respectively for a bit-error-rate (BER) of 1 x 10~® (assuming shot noise). Fig.3.2a
shows the curves of data capacity as a function of G.

Besides, to highlight the necessity of LoS links and the stringent alighment requirements,
Fig. 3.2b shows the half-power beamwidth (HPBW) versus antenna gain for a uniformly
illuminated circular aperture [117]. The vertical error bars indicate the alignment tolerance
for a 3 dB loss.
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Figure 3.2 (a) Link capacity versus antenna gain, and (b) HPBW versus antenna gain. The error bars
correspond to the alignment tolerance for a 3 dB misalignment loss.

3.1.4 Application Scenarios

Applications of mm- and THz waves include indoor communications (wireless local and
personal area networks), near-field communications (kiosk downloading and chip- to-chip),
vehicular communications, last-mile access, reconfigurable wireless interconnections in data
centers, and wireless backhauling [9], [55], [109], [118]. Photonic solutions are in general more
costly than MMIC or CMOS technology. However, they are well suited for data centers and
backhauling due to the compatibility with the fiber optic network. Hence, we will limit the
discussion to potential uses of photonic Tx in these two applications.

Keeping up with the demanded capacities will lead to a massive deployment of base
stations. Backhauling in such high density networks implies a clear trade-off between network
performance and installation costs. Macro-cells widely use fiber links [105], but it is estimated
that most of the smaller cells in 5G and B5G networks will be connected wirelessly. Fig.3.3a
illustrates this scenario. Compared to a fiber link, a wireless link reduces deployment costs
while offering > 10 Gbps data rates [105]. The advantages of photonic Tx with respect electronic
ones include antenna remoting, seamless integration with the fiber link, and ability to handle
multi-carrier and multi-format channels, which to date has no equivalent in electronics-based
solutions [37], [108].

In another potential scenario, we discuss a mm-wave photonic Tx for beam alighment in
wireless data centers. The application of wireless links in data centers has been considered by
several authors [55], [118], [119]. It could provide scalability and reconfigurability, difficult to
achieve by fiber interconnected nodes as the number of servers increases. These are critical
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Figure 3.3 Application scenarios of mm-waves: (a) Wireless backhauling in high-density network
with nano/picocells, (b) reconfigurable wireless links in data centers.

aspects of modular data centers [119]. Mm-wave links at 60 GHz, based on the IEEE 802.15.3c
wireless standard or E-band frequencies, suited for tens of Gbps data rates, could provide
a flexible alternative to fiber. Fig.3.3b depicts a simplified data center structure with server
racks distributed in a hexagonal lattice. The servers form subgroups interconnected by fiber,
whereas the wireless links provide flexible interconnection between them, forming a hybrid
architecture. Further details on hybrid architectures can be found in [119].

3.1.5 The Need for Beam-Steering

Beam-steerable antennas are required for reconfigurable links, such as in wireless connections
in data centers. Similarly, beamsteering has been widely identified as a necessity to ease
alignment during link set-up and to correct twists and sways of posts [19], [37], [107], [108],
[120]. Current antennas for backhaul links are installed in large telecommunication towers,
but a massive deployment of base stations will force the use of structures with a low visual
impact that fit to the space available in rooftops and urban furniture. These structures will
be more susceptible to misalignment [57]. For instance, we refer to the conclusions of one
of the most successful demonstrations of a mm-wave wireless link at Beijing Olympics [19]:
"On the technical side, we will accelerate development of automatic antenna-axis alignment
technology to help reduce the time required for equipment positioning, which was one of the
problems identified by broadcast technicians in the trial."

Therefore, antennas featuring a directive, steerable beam are required even in the use cases
featuring point-to-point links. However, as the review of the SotA in the incoming chapters
will reveal, this is still technologically challenging for photonic Tx. The research results in

42



Chapter 3. Applications of CW Photonic Transmitters at Mm- and THz Frequencies

Chapter 6 and 7, are intended to develop photomixing antennas with beamsteering to fulfill
the previous needs.

3.2 Applications in Spectroscopy

A large number of chemical compounds feature absorption at mm-wave and THz frequencies.
Examples include gas molecules (Ammonia, CO,, water vapor, O»), where the energy between
quantized rotational states of the molecules correspond to photons in the microwave to THz
regions [121]. For instance, the absorption spectrum due to atmospheric gases is shown
in Figure C.1. Non-polar solids such as explosives (e.g., RDX), or organic solids (e.g., a-
lactose monohydrate), also feature absorption at THz frequencies, which is associated with
molecular vibrational modes or with interaction among molecules [122]. Numerous examples
of molecular absorption can be found in the HITRAN database [123].

Similar to atoms, each molecular species presents a unique set of energy levels, enabling
unambiguous identification [121]. Furthermore, mm- and THz waves are not absorbed by
some materials that are otherwise opaque to visible light. The most relevant ones are plastics,
clothing materials, or semiconductors [124], [125] (Table C.3 lists absorption properties for
general media).

The unique spectral signatures of different molecules and chemical compounds, and the
ability to penetrate certain materials, make mm-wave and THz spectroscopy well suited for
a diverse range of applications. Examples include the assessment of water content in leaves
for biological studies [126], determination of the refractive index of semiconductors [127],
and remote sensing for monitoring the ozone depletion zone in Antarctica [121], or fire
detection [128]. A comprehensive review of industrial applications for mm-wave and THz
sensing can be found in [129]. Space observations also rely on spectral measurements for
molecule detection (H,0, O, CO, Ny, etc.). A dated but interesting review on THz waves for
space science is found in [7].

Aside from passive spectroscopic systems, such as in space applications, spectroscopic
systems can use also active illumination by mm- and THz waves. Depending to the type
of excitation, we can distinguish between two types: time-domain (TD), working in pulsed
operation, and frequency-domain (FD), working in CW operation. A TD system based on
photomixing employs an ultra-short pulsed laser (ps-fs) to illuminate two photoconductive
antennas, one acting as a transmitter and the other as a receiver. A pulse covering mm-wave
and THz frequencies is generated in the transmitter. After passing through a sample, it is
mapped on the receiver using a delayed optical pulse. Details on the operation principle can
be found in [26]. On an FD system based on photomixing, the outputs of two single-mode laser
diodes whose frequency difference equals the desired THz frequency are first combined. Then,
similar to a TD system, the signal is divided to illuminate two photomixing antennas, one
acting as a transmitter, and one as a receiver. The principle of photomixing will be described
in detail in the next chapter. In both cases, coherent detection is possible. Initially, FD and
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TD systems based on photomixing used Ti:Sapphire lasers (A = 800 nm). Nowadays, more
compact and lower cost fiber lasers (for pulsed operation) or laser diodes (for CW operation)
are available, and spectroscopic systems based on photomixing at 1.55 ym are offered by
several vendors [32], [130], [131]. It is worth mentioning that commercialization has been only
possible about ten years ago, after intensive research efforts and the challenging development
of fast photoconductors for 1.55 pm illumination [44], [132].

Even if TD spectroscopy is more widely used, FD systems are better suited to high-
resolution measurements, resolving spectral features as narrow as a few MHz, as in [42],
[129]. Among FD system sources, one finds backward-wave oscillators, gyrotrons or free-
electron lasers, classical microwave sources such as Gunn, Impatt, or resonant tunneling
diodes, as well as photonic-based: QCL or through generation in non-linear crystals [133].
Several devices can be used as detectors: bolometers, Golay cells, pyroelectric detectors, or
Schottky barrier diodes [134]. The first three detect power, and the latter can be used in either
direct or coherent detection. Finally, one also finds FD systems based on photomixing. The
main advantages concerning other approaches are a decade-spanning bandwidth, a compact
and relatively cheaper set-up, coherent detection, and room temperature operation without
the need for bulky cooling equipment. The previous makes photomixing especially well suited
for widespread use in FD spectroscopy outside a laboratory environment. In [24], no less than
half a dozen references of spectroscopy with CW photomixers are provided.

To illustrate their performance, we compare a TD and FD commercial systems based
on photomixing [32]. The TD system benefits from a bandwidth spanning around 5 THz,
whereas the FD system offers a 2.7 THz bandwidth. Alternatively, a CW system enables a better
resolution, < 10 MHz, compared to the 1-10 GHz achieved in pulsed operation. For instance,
in [42], in a window of 96.1 MHz around 312.5 GHz, five gas resonances were resolved using
arelatively simple laser stabilization scheme in an FD system. Finally, regarding the set-up,
the TD system requires a pulsed laser and a mechanical delay line with free-space optics or
another synchronized pulsed laser [32]. The FD equivalent is less complex and less expensive,
because it uses simpler CW laser diodes and does not require any mechanical delay [129].

Figure 3.4 shows a typical FD spectroscopy system using photomixing. The tones of two
single-mode laser diodes offset by frr are combined and split on a 2 x 2 coupler. After, the split
signals are fed to the Tx and Rx photomixing antennas. It suffices with two lasers to achieve
frr between DC to 1.1 THz, and it can be extended to 2.7 THz using a third laser [135]. At
telecommunication wavelengths, the transmitter uses a photodiode (PD). For the receiver,
even if it is still possible to use a PD [122], photoconductors are preferred. The reason for this is
that, unlike PDs, photoconductors do not present a built-in electric field. Thus, in the absence
of a detected voltage, the current in a photoconductor will be zero even under illumination.

It can be shown that the photocurrent at the Rx of Fig. 3.4 after averaging variations at
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Figure 3.4 CW mm- and THz wave spectroscopy set-up based on photomixing. Adapted from [32].

1/ frr timescales is [122]:

I o< |Egplcos (27 frrLic). 3.2)

|Erp| is the amplitude of an incoming electric field captured in the receiving antenna. L is
the additional optical path followed by the transmitted signal, and it includes mismatches in
the optical fiber lengths, the quasi-optical propagation, and the sample.

This current is in the order of pA-nA [136], so it can be amplified and measured. In the
set-up, the Tx bias is modulated (which modulates the amplitude of the emitted electric field),
and lock-in detection is used. The same RF frequency is used to transmit and receive, being
an example of homodyne detection. If L is constant in a short frequency interval, from (3.2)
the current will oscillate with a period c/L as frr is swept. For instance, for L = 30cm, the
period is 1 GHz. Typical traces of photocurrent versus fpr with and without sample can be
found in [129, Figure 3a]. In (3.2), the envelope gives information of amplitude transmission,
whereas the zero-crossing positions provide phase information. Sub-period resolution is still
possible [137], but sufficient points to retrieve data reliably are required, so frr is swept in
small frequency steps of around several to tens of MHz. Finally, the retrieved data is compared
by a measurement without a sample to remove the system contribution.

Overall, the main advantage of a CW spectroscopy system based on photomixing is a
relatively simple, cheap, and compact set-up that enables high resolution and broadband
measurements with both phase and amplitude information. Nevertheless, such a resolution
results in a large density of data points, with a subsequent increase in the measurement
time. Typical measurement times range from 30 s to even 3 h depending on the frequency
window and lock-in integration time, which is around tens to hundreds of ms [132]. For faster
measurements, integration times in the order of a single-ms are required [122], indicating a
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need to improve the transmitted power or the photoconductor sensitivity.

3.3 Applications in Imaging

Mm- or THz waves feature a relatively small wavelength, which enable an imaging resolution
in the mm range [46]. Also, mm- and THz waves enable non-destructive and non-ionizing
testing with very low or even non-existent exposure health risks [138] (the photon energy
equals 4 meV at 1 THz, much lower than the 4 eV for UV-A radiation). They can penetrate
non-polar and non-metallic materials, such as paper, textiles, and other common packaging
materials [139], whereas they are reflected by metals and absorbed by water.

The ability to penetrate materials that are otherwise opaque to visible light has resulted
in the application of mm- and THz waves for inspection in industrial applications, including
plastic composites [140] or sealed packages [139]. Penetration on clothing materials plus a
stark contrast characteristic of metallic objects is also advantageous in imaging for security
screening [124]. Likewise, in the framework of security, the characteristic spectral fingerprint
featured by numerous chemical compounds makes mm- and THz waves attractive for spec-
troscopic imaging [141] to detect concealed explosives or chemical or biological agents [139],
[142]. Spectroscopic imaging has also been proposed for chemical mapping in the pharma-
ceutical industry [141]. Finally, other applications in imaging benefit from non-hazardous
radiation as well as being highly absorbed by water. This makes mm- and THz waves well
suited to imaging in agricultural or biomedical studies (see references 20 to 24 in [143]).

The first 2-D image in the THz range was demonstrated in 1995 in [144] using a TD
spectroscopy system with photoconductive antennas to transmit and receive. The image was
raster-scanned using a two-axis motorized stage, as schematically shown in Figure 3.5a. Since
then, imaging in this frequency range has become a truly heterogeneous field. Currently, there
is not a single technology or technique fitting all problem requirements: spatial resolution,
image acquisition time, system size and cost, among others [143]. For the sake of briefness, we
will limit ourselves to cover the application of CW photonic Tx in imaging and refer to [124],
[138], [143], [145] for comprehensive reviews on techniques and methods of imaging in the
mm- and THz wave ranges.

Examples of the application of photonic Tx in imaging can be found in [43], [46]-[49]. In
particular, [46], [48], [49] employ a UTC-PD in the transmitter illuminated at 1.55 um, whereas
the rest use a photoconductor illuminated at 800 nm. They all benefit from room temperature
operation and are actively illuminated. In all cases, the image is pixel-by-pixel raster-scanned
in transmission, and lock-in detection is employed. The typical set-up is similar to that used
in spectroscopy, except that the QO system focuses the radiation onto the sample, as shown in
Figure 3.5b. As for the receiver, a photoconductive antenna or an SBD are used. In principle,
both enable phase and amplitude spectroscopic imaging (the SBD requiring an additional
local oscillator) [48], [49], but often there is no need for complete sample information, and
direct detection is used [43], [46].
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Figure 3.5 (a) Schematic of raster imaging in transmission. Adapted from [139]. (b) Typical imaging
set-up employing a CW photomixer.

In contrast to THz cameras that produce real-time images at tens of frames per sec-
ond [143], CW imaging systems based on photomixing are slow and not compatible with
production timescales [133]. The development of a camera sensor based on an array of pho-
tomixers with hundreds of pixels is ruled out due to the optical power that would be necessary
to illuminate the array, being currently tens of mW for a single device. For instance, [43] reports
a 450 x 173 pixel image where the sample is mounted on a motorized XY translation stage.
The pixel size is 0.3mm x 0.3mm, and it is captured at 450 GHz with a lock-in integration
time of 300 ms. The image is taken on an overnight measurement, and the speed limits arise
from the translation stage and lock-in detection time. The authors of [43] estimate that for a
continuously moving stage together with lock-in integration times of 1 ms, the measurement
would take around 10 s. CW photomixing imaging systems offer a compact and simple set-up
for room temperature operation with dynamic ranges above 50 dB at around 350 GHz [46],
(48], [49]. This is comparable to the fastest TD systems: 50 dB in < 1 ms and 80 dB in 1s [45],
albeit the latter provide a faster image acquisition.

From the previous discussion, it is clear that CW systems based on photomixing for
imaging must decrease integration time. Their performance in terms of dynamic range is com-
parable to TD systems, but the latter can be faster. In particular, and similarly to spectroscopy,
research improvements in the emitted power would make them more competitive with other
technologies.

3.4 Conclusions of the Chapter

In this chapter, we have shown the challenges of photonic Tx at mm- and THz waves. For
telecommunications, we have seen the need for photonic Tx featuring beamsteering and a
high gain. Beam steering can enable reconfigurable links and/or ease alighment, whereas
a high gain is needed to compensate for the high FSL. Besides, a higher emitted power is
required to reduce measurement acquisition time and make CW photomixing-based systems
more competitive in spectroscopy and imaging. In the next chapter, we will provide the
introductory contents necessary to understand CW photonic Tx. After, in Chapters 5 to 7, we
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will show our research results.
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Basic Concepts for Photonic Transmitters

In this introductory chapter, we review the concepts required to understand a mm-/THz
wave photonic Tx. First, we explain the photomixing technique. Next, we describe pin-based
photodiodes used in photomixing, particularly uni-traveling-carrier photodiodes (UTC-PDs).
Finally, we detail the main types of photonic Tx for the emission of mm- and THz waves.

4.1 Generation of Continuous-Wave Radiation by Photomixing

Photomixing is sometimes denoted as optical heterodyne down-conversion. In its most basic
realization, a detector, with an output current proportional to the incident optical power,
is illuminated by two optical tones producing a beat signal equal to the tones’ difference
frequency. Broadly speaking, photoconductors and photodiodes are used for photomixing.
Their operation principle, materials, and structure are explained in the next section after the
photomixing technique is introduced.

4.1.1 Operation Principle

Let us assume two monochromatic optical beams of frequencies f; and f; with the same
polarization and spatially superimposed to maximize interference between the two electric
fields. Under these assumptions, a scalar treatment of photomixing can be developed. The
schematic is shown in Fig.4.1, and the resultant electric field reads

E=E;cos@mfit)+ Excosmfot+¢), 4.1)

where E; is the amplitude of the electric field incoming from beam i, and ¢ is the phase of
the oscillation of beam 2 referenced to that of beam 1. Let us assume now that the two beams
are combined in a photomixer that generates a current proportional to the optical power. The
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Figure 4.1 Schematic of the photomixing process.
photomixer response time is > 1/ f1,1/ f,. The photocurrent reads as

I= %(P1+P2 +2y/PrPycos 2 frrt + ). 4.2)

fre=1fi—fol, fre < fi, fo (i = fo =v), and e/ (hv) is the conversion factor from optical
power to electrical current assuming each photon generates an e-h pair. The term RF denotes
aradio-frequency. In our case, frr is a frequency located in the mm-wave or THz range. If the
power of both optical sources is equal, P, = P» = Py/2, the oscillation term is maximized and
is expressed as:

I= eh—lz?(1+cos(2nfRFt+(,b)), (4.3)

with Py the incident average optical power. From (4.3), it is clear that the mixing process
of the two optical tones yields a DC term plus an AC term at the frequency difference frr. For
radiation purposes, one is interested in the AC term.

If the tones feature a non-zero linewidth, the beat note will exhibit a non-zero linewidth
too. Laser emission linewidth is associated with variations in amplitude or phase produced
by noise and with broadening effects between the levels of the gain medium (e. g., Doppler
or time-energy uncertainty). In particular, the emission linewidth in semiconductor lasers
is usually mostly affected by phase noise, and they present a Lorentzian intensity spectrum
[146]. Assuming two free-running semiconductor lasers with equal linewidth and uncorrelated
phase noise, the beat note features a linewidth twice that of one laser when combined in a
photomixer [147].

Another relevant aspect in photomixing is the frequency stability of the optical source. It
is associated with effects that determine the emission frequency in a much longer timescale
(um — ms), such as a temperature change in the laser cavity. Therefore, the quality of the beat
note of photomixing depends on the optical sources, which are explained in the following
section.
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4.1.2 Optical Sources

The two main wavelength ranges used to illuminate photomixers for CW (sub-)THz genera-
tion are around 800 nm and 1550 nm. These wavelengths correspond to the first and third
optical communication windows, respectively, and benefit from the re-use of cost-effective
and reliable optical communication devices (amplifiers, laser diodes, splitters, optical delays,
etc.). The absorption layer for the first range is made of GaAs-based materials (1g =~ 870nm,
where A is the semiconductor cutoff wavelength), whereas for the second range In,Ga;—As,
x ~ 0.5 based materials are used (14 ~ 1580nm) [2]. Due to the earlier development of low
temperature grown GaAs (LT-GaAs) photoconductors, 800 nm laser sources were employed
first, such as Ti:Sapphire lasers. Nowadays, CW photomixers based on photodiodes illumi-
nated at 1550 nm feature more than an order of magnitude higher output power compared to
photoconductors illuminated at 800 nm [45], and they are prevalent in telecommunications
applications.

The most straightforward photomixing configuration uses two independent free-running
distributed feedback (DFB) laser diodes. Each laser integrates a thermo-electric cooler to
tune the emission wavelength thermally [27]. They are compact, inexpensive, and care-free.
Table 4.1 shows the main characteristics of the lasers used in this work.

Specification Value
Output power > 30 mW combined
Tuning coefficient ~12 GHz/K
Tuning range DCto~1.1THz
(Up to 2.7 THz with three lasers)
Tuning speed ~ 0.5 K/s/laser
Up to 100 GHz/s
Beat linewidth 1 MHz
Frequency precision < 10 MHz (relative)
Frequency stability 20 MHz RMS (5h)

Table 4.1 Relevant laser parameters for photomixing, from [45], [135].

The characteristics listed in Table 4.1 suffice for many applications including spectroscopic
experiments [148] and wireless communications links with direct detection [149]. Other ap-
plications are more demanding, such as coherent wireless links, more sensitive to phase
fluctuations in the carrier frequency [110]. Indeed, phase and frequency stabilization are im-
perative for error-free transmission with coherent detection [110]. More details on the optical
sources for photomixing used in coherent wireless links are given in [31], [102]. Noteworthy
are the advances in laser integration to reduce the phase noise associated with fluctuations in
the optical path length difference between both lasers [150].
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Figure 4.2 Band structure and schematic of a pin-PD.

4.2 Photomixers

In this section, we describe the photomixer devices and detail the type used in this thesis:
a pin-based photodiode (in particular, a UTC-PD). As discussed before, photodiodes are
preferred over photoconductors for CW mm-wave generation under 1.5 ym illumination.

There are two types of photomixers for mm- or THz wave generation: pin-based photo-
diodes, such as a UTC-PD, and photoconductive mixers. A photoconductive mixer is based
on photoconductivity, where a semiconductor material increases its conductivity due to the
generation of e-h pairs by absorbed light. The e-h pairs can be collected by electrodes under
an external bias, creating a photocurrent. Conversely, an ultra-fast photodiode is based on
a pin structure [2], as shown in Fig. 4.2 (in the example, it is top illuminated). It consists of
three semiconductor regions: p-doped, intrinsic, and n-doped. The p-n junction produces
a built-in electric field in the intrinsic layer (seen as a tilt in the band structure), where pho-
togenerated e and h are accelerated towards the n and p regions respectively, producing a
photocurrent. In the field-free n and p regions, the slow carrier contribution due to diffusion is
avoided using materials with a bandgap exceeding the photon energy. In general, an external
bias up to 3 -5V further assists in carrier transport, increasing the responsivity. Photodiodes
are reverse biased to enhance the built-in electric field in the depleted intrinsic region and
to operate in a regime where the current is proportional to the incident optical power. In a
pin-based photodiode, the intrinsic region also decreases the device capacitance, which is
approximately given by that of the parallel-plate capacitor:

A
C=eper—, (4.4)
di

where €, d; are the relative permittivity and thickness of the intrinsic material, respectively,
and A is the device cross-sectional area.
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4.2.1 Photodiode Metrics and Design Trade-Offs

The performance of a photodiode (and in general of a photomixer) is evaluated attending the
maximum available power and the effects limiting its efficiency.

The maximum available power is related to the maximum optical power tolerated by the
photodiode, with Joule heating of lesser importance [2]. The calculation carried out in [2] for a
UTC-PD with typical dimensions showed that current saturation limits the optical power to
=~ 70mW, whereas thermal constraints limit the maximum optical power to about 70-100 mW.
The previous is in good agreement with typical values reported in the bibliography [151], [152].

For the efficiency, it is necessary to consider the responsivity, R, defined as the ratio of
photocurrent to incident optical power, and effects limiting the bandwidth. We will deal with
the responsivity first. When an optical beam illuminates the photodiode, as shown in Fig. 4.2,
part of the light will be reflected at the interface. Besides, due to the finite thickness of d;, only
a fraction of light will be absorbed. For instance, for a monochromatic plane-wave in normal
incidence from air (n = 1) to InP (n = 3.2), 27% of the power is reflected, but anti-reflection
coatings [153] or structures with enhanced optical transmission [29] can mitigate the reflection.
Taking the previous into account, one can write

I:(l—R)[l—exp(—adi)]Z—izﬂ?P. (4.5)

R is the fraction of optical power reflected, « is the absorption coefficient in the absorption
region, P is the incident optical power, and v is the light frequency. The maximum responsivity
is given by e/ (hv) and equals 1.25 A/W for 1.55 pm illumination. Sometimes, the term external
quantum efficiency is used instead of R, and it is defined as follows

epP hv
I:nqmznq:%?. (4.6)
Both terms are interchangeable, 17, is dimensionless and denotes an efficiency. When it
equals 1, every photogenerated e-h pair contributes to the current and R is maximum. In
general, in addition to reflection, misalignment in the illumination, or a larger light spot than
the active area of the photodiode also influence the fraction of power absorbed. These effects

are incorporated through R. Including ® in the photomixing equation given by (4.3), one gets

I=RPy(1+cos2n frrt+d)). 4.7

Since frr < fi1, f2, A1 = A2 and the effects determining the responsivity are considered
equal for both optical wavelengths. Since the average value of the AC term is zero, i can be
extracted from a DC measurement.
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Figure 4.3 (a) Equivalent circuit of a reverse-biased photodiode, (b) simplified circuit, and (c) simpli-
fied circuit loaded with a real impedance.

In addition, one finds effects that impact the PD bandwidth. They are the RC and transit
time roll-offs. To understand the RC roll-off, it is necessary to examine first the equivalent
circuit of a reverse-biased photodiode, as in Fig. 4.3a. A more accurate representation is
discussed in [52]. The circuit consists of a current source, in parallel with the resistance across
the intrinsic layer, R4, and with the parallel-plate capacitance created by the p-n regions,
C. The expression for C is given by (4.4). For a photodiode with a circular cross-section of
64 umz, d; =300nm, and €, = 13 [2], C = 24.6fF. Since the intrinsic region is depleted, values
of R, are expected high, typically in the range of hundreds of kQ [52]. R; denotes a series
resistance, arising from the finite conductivity of the p, n regions, as well as the ohmic contact
with the metal connection. Its value is usually of a few Q [51], [154]. Finally, L, and C,, denote
a parasitic inductor and capacitor, respectively, introduced by the metallic contacts between
the photodiode and the external structure. The circuit in Fig.4.3a may be simplified to that
shown in Fig.4.3b. When the photodiode is connected to a real load, R, as in Fig.4.3c, the AC
current trough the load (/1) reads

1 1
Ihp=—— X = | Ik = | rr| . (4.8)
1+jwrr (RL+Rs) C V1+ (wgrr(RL+Ry) C)?
Igr is given by the AC term of (4.7). We define the RC roll-off as:
1
NRrC = > (4.9)
1+ (fre! fre)

with fpc =1/ (27 (Rs + Ry) C) denoting a cutoff frequency. The RC roll-off is equivalent to
that of an RC filter. The average RF power dissipated in the load is:

1 2 1
L= |Ike|” R = EénngniCRL. (4.10)

For f = frc, the power dissipated on the load drops —3 dB with respect to a sufficiently
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low frequency (f = 0.1 frc). For an antenna with a real impedance of 72 Q, R; < Ry, and the
capacitance value computed before (24.6 {F), the cutoff frequency is 90 GHz.

The RC roll-off is a simplification valid for real loads. It is commonly used with broadband
self-complementary antennas developed on GaAs or InP substrates whose impedance is
real and approximately equal to 72 Q. In Chapter 5, we will discuss more generally the RF
power delivered to an arbitrary load where the RC roll-off will be substituted by the matching
efficiency.

Similar to the RC roll-off, a finite transit time of the carriers, 74, limits the photodiode
maximum operating frequency. Assuming all carriers are instantly accelerated and undergo
the same transit time, it can be demonstrated that it modifies the RF photocurrent term
approximately as [2]

| IrF
Ihpl = — 4.11)

1+ (]CRF/fl‘r)2

where f; = 1/(274) denotes the transit time cutoff frequency. For Ing53Gag 47As under
optimum electric field, the electron velocity is v ~ 4 x 107 cm/s, whereas for holes, v ~ 5 x
105cm/s [155]. Assuming the carriers are instantly accelerated to v, for a 300nm transport
length, the e and h contributions to the photocurrent feature a cutoff of f; = 670 GHz and
fi = 84GHz, respectively. The exact value of f; is more complicated to determine than frc
and is often derived from experimental measurements or Monte Carlo simulations [2].

When the photodiode roll-offs are taken into account in photomixing, the photocurrent
reads as

I =RPo (1 + 1R OS2 frpt + ). (4.12)

To be completely rigorous, ¢ includes now, in addition to the optical tones phase difference,
the effects of transit time and RC roll-offs in the phase. Optimization of the photodiode
bandwidth requires the optimization of both roll-offs simultaneously. Since both have the
same functional form, optimum bandwidth occurs when frc = fi;. In practice, values are
similar since the responsivity and maximum available power must also be taken into account
for optimization. For instance, frc = 210GHz, and f;; = 170 GHz were reported in [153]. These
roll-offs produce a 40 dB/decade (12 dB/octave) decrease in the RF output power. Hence,
extending the photodiode bandwidth, even at the cost of lower R or maximum output power
at lower frequencies, is essential for ultra-fast operation.

The very distinct transit time cutoff frequencies for e and £ in the highly simplified example
above indicates that the photodiode performance can be improved by enhancing contribution
of electrons to the photocurrent compared to that of holes. This is exactly what the design of a
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UTC-PD pursues. A closer look at the semiconductor properties of Ing 53Gag 47As allows one
to better understand the benefits of electron transport in a UTC-PD.

4.2.2 Material Characteristics of Ing 53Gag 47As

Ing 53Gag 47As is the material primarily used in the absorption region of pin-based photodiodes
for 1.55 um illumination. Attractive characteristics include a direct bandgap (required for
efficient absorption of photons) and a cutoff wavelength of 1.68 yum. Among other semiconduc-
tors with energy bandgap Eg > 0.5€V, it features the highest electron mobility and the largest
absorption coefficient [156]. It can be grown on InP because they are lattice-matched. Since
InP features larger E¢ and thermal conductivity, it is used as substrate to grow Ing 53Gag 47As,
and for the p — n regions of the photodiode. Table 4.2 summarizes relevant semiconductor
characteristics of both materials.

Specification Ing 53Gag 47As InP

Eg 0.75eV 1.34eV
Cutoff wavelength 1.68 um 0.96 pm
Lattice constant 5.87 A 5.87A
Thermal conductivity 0.05 Wem™1K™! 0.68 Wem™ 1K1
h mobility 250 cm?V~1s7! -

e mobility 10* cm?v-1s7! -

Absorption at band edge 0.8 x 10*cm™! -
Er_r 0.46 eV 0.59eV

Table 4.2 Semiconductor properties of Ing 53Gag 47As and InP at room temperature (2], [157].

4.2.3 Band Structure and Operation Principle of a UTC-PD

Fig. 4.4 shows the band structure of a UTC-PD. It was initially proposed around 1997 by
researchers at Nippon Telegraph and Telephone (NTT) to extend the bandwidth of pin-PDs
[158]. The band structure is similar to that of a pin-PD with p-, n- contacts, and an absorption
layer, including additional blocking and collection layers.

In a UTC-PD, absorption occurs on a thin layer (p-doped Ing 53Gag 47As, typical thickness
120-200 nm [52], [155]), where p-doping causes holes being the majority carrier. As a conse-
quence, photogenerated holes relax quickly with a relaxation time as low as 33 fs for sufficiently
high doping [52]. Thus, holes do not drift towards the p-contact, and their contribution to the
photocurrent is removed [155]. Diffusion of photogenerated electrons towards the p-contact
is obstructed by the block layer, so they diffuse towards the transport layer (also called the
collection layer). In the field-free absorption region, electrons move by diffusion, which is
slower than drift. It is then necessary to maintain this region as thin as possible. A thin layer
also helps to tolerate higher optical powers since the thermal conductivity of Ing 53Gag 47As
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Figure 4.4 Band structure of a UTC-PD (C. B.= Conduction Band, V. B.= Valence Band).

is x13 smaller than that of InP (see Table 4.2). Once the electrons enter the collection layer
(intrinsic or slightly n-doped InP with a thickness around 300 nm [52], [155]), they drift towards
the n-contact due to the electric field. Maintaining the collection layer is necessary to reduce
the parallel-plate capacitance of the PD. Finally, to avoid the step in the conduction band of
the InP-InGaAs heterointerface, which could produce current blocking, a stepped transition
of InGaAsP with different weights of GaAs and P is grown [155].

The band structure depicted in Fig. 4.4 implies that electrons are the only carriers con-
tributing to the photocurrent. For collection and absorption regions of similar thickness,
the electron traveling time in the absorption region dominates because diffusion velocity is
smaller than drift velocity with a sufficiently high electric field [155]. To compensate for this,
bandgap or doping grading the absorption region create a quasi-field (seen as a slight tilt in
the absorption layer of Fig.4.4), which is highly effective in reducing electron transit time. As
discussed in [52], a quasi-field equivalent to 50 mV can extend the transit time 3 dB bandwidth
from 160 GHz to almost 400 GHz for 120 nm thick absorption and collection layers.

Another significant feature in a UTC-PD is electron velocity overshoot in the collection
layer [155]. The effect is explained in [2]. For a high electric field in the transport layer,
electrons will scatter early to other valleys in the conduction band, and they will move at
saturation velocity vg ~ 107 cm/s. However, a low electric field will cause reduced acceleration
and will increase transit time. For an intermediate field, electrons benefit from a velocity
overshoot (0os) where the average velocity is higher, v,s ~ 4 x 107 cm/s. The effect depends
on the thickness of the transport layer, in practice hundreds of nm thick. For thicker layers,
the electrons would travel most of the time at saturation velocity, and overshoot would be
unnoticed. Nevertheless, in GaAs devices Ery, = 0.3eV [2] (lower than Er; = 0.59¢€V for InP),
and they benefit less from velocity overshoot. Therefore, UTC-PD realizations are developed
for 1.55 um, with few exceptions at 800 nm [159].

As the input optical power increases, photogenerated carriers accumulate in the collection
layer of the PD. This charge buildup (space charge effect) causes the band to bend so that the
zone close to the absorption layer becomes more horizontal [3]. Then, it decreases the built-in
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Figure 4.5 Output power of pin- and UTC-PDs, reprinted from [160].

electric field in the intrinsic region, increasing transit time. This can only be moderately
relieved by an external bias (where an external field increases carrier velocity and avoids
charge accumulation). The space charge effect arises in both pin- and UTC-PDs, but the
effect is different between them [155]. In a UTC-PD, e benefit from velocity overshoot, which
is much higher than the drift velocity of holes in a pin-PD. Therefore, carriers in a UTC-PD
tend to accumulate less, and saturation occurs at higher current densities than in a pin-PD.
Overall, one can obtain a saturation current density ~ 3 times higher in a UTC-PD than in a
pin-PD [155]. Detailed analysis as in [155] requires an in-depth examination of the photodiode
properties, which is beyond the scope of this introduction. Since UTC-PDs saturate at higher
current densities, they also feature higher RF power. Fig.4.5 shows a comparison between the
output power of UTC-PDs and pin-PDs.

It is worth mentioning a recent paper that compares the output power of a pin-PD and a
UTC-PD for the same optical power [28]. This is a fair comparison when the optical power is
limited or is a relevant parameter, as in telecommunications. In the comparison, it is shown
that the pin-PD outperforms the UTC-PD in terms of output power up to approximately
200 GHz, and after, both devices provide a comparable output power. The reason for this
behavior is that i = 0.35A/W in the pin-PD whereas it is around half this value (0.18 A/W) for
the UTC-PD. Of course, at higher optical powers, the UTC-PD features a higher RF output
power than the pin-PD, in line with the improved saturation characteristics commented

before.

We have seen how a narrow absorption region in a UTC-PD helps reduce the electron
transit time with respect to a pin-PD. It must be around 200 nm so that the slow diffusion of
electrons does not rise transit time substantially (for a thick absorption region of 400 nm and
100 mV equivalent quasi-field, the transit time surpasses that of a pin-PD! [155]). However, for
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Figure 4.6 Structure of a waveguide-fed, evanescently coupled photodiode.

a 200 nm-thick Ing 53Gag 47As absorption layer, absorption is 15% only, not even accounting
for reflection at the interface. The light not absorbed in the UTC-PD does not contribute to
device heating. One can use higher optical powers to compensate, but the efficiency decreases.
For instance, in [153], an absorption layer of 100 nm is used, and they measure R = 0.03A/W
(2.5% of the maximum).

Despite the simpler structure of a top-illuminated PD, designs often employ alternative
configurations where the PD is illuminated from the edge to improve R. In this case, light
absorption and layer thickness are decoupled to some extent, enabling optimization of both
responsivity and transit time. Fig.4.6 shows one instance of a waveguide-fed, evanescently
coupled structure illuminated from the edge. This is also the structure of the UTC-PD used
in this thesis [161]. Light evanescently penetrates the absorption layer through a dielectric
waveguide grown on the substrate. For instance, in [162], the PD length is 15 um to absorb
90% of the incident optical power. Its width is reduced to about 3 um to obtain an RC cutoff
frequency at 350 GHz (for a 50 Q load), with a transit-time cutoff frequency of 340 GHz. A
R = 0.2A/W is achieved (the authors do not include the optical loss between the optical
fiber and the PD chip, estimated at 40%). Other similar edge-illumined structures have been
reported in [163].

The UTC-PD explained in the section is a common type of PD used for ultra-fast operation,
but not the only one. Some alternatives include UTC variations such as the modified UTC
(MUTC) or the triple transit region photodiode (TTR-PD). One also finds variations of the pin
diode, e.g., the nip-nip PD. Their discussion is beyond the scope of this chapter, and we refer
the interested reader to [2] for an overview.

4.3 Photonic Transmitters

In the context of this work, a photonic transmitter comprises a photomixer, optical means to
couple light, a DC connection to bias the device, and an antenna to radiate. It is sometimes
directly denoted as a photomixer, but we have preferred to use different terms.

Fig.4.7 shows the commercial versions of the two main types of photonic transmitters [34],
[164]. We will provide more examples later when we discuss the state-of-the-art in Chapters 5
to 7. In Fig. 4.7a-b, the photomixer is developed on a semiconductor substrate (in green)
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Figure 4.7 Two commercial types of photonic transmitters: (a) and (b) on-chip antenna with silicon
lens from TOPTICA [34]. (c) and(d) waveguide module from NTT [164]. Artist views from [38], [167].

together with the antenna, and it is located at the antenna feed point. We will denote this
type as the on-chip antenna transmitter. In the example shown, the antenna corresponds
to a self-complementary bow-tie. The radiation from the antenna, directed mainly towards
the semiconductor substrate [165], is coupled to free space by a high-resistivity silicon lens,
depicted in blue and not to scale. The high dielectric index of the semiconductor substrate
(nmp = 3.2 at 1.55um) requires in practice the use of the substrate lens. In Fig. 4.7b, the
packaged device is shown. It corresponds to a CAN-type package [166], where the optical
fiber (in blue) illuminates the photomixer, and the black cable serves to bias it. The package
aperture occupied the silicon lens is about 10 mm in diameter.

Differently, Fig.4.7c-d correspond to a photonic transmitter with a waveguide output. We
will refer to it as the waveguide type photonic transmitter. Similar to the other type, a fiber plus
lens system focuses light into a photomixer, a UTC-PD in this case. The PD output is coupled
to a quartz substrate that eventually radiates into the waveguide, using, for instance, a tapered
slot antenna (TSA) printed on the quartz. Details of the interconnection are given in [168]. It
is worth mentioning that to extend the operation bandwidth, the coupling structure can be
designed to suppress higher-order modes in the output waveguide [169]. The packaged device
is shown in Fig.4.7d, where a horn antenna has been connected to radiate the generated power.
The output waveguide dimensions can be adapted to cover different frequency bands, and the
concept has been proved from frequencies ranging from W-band (75 to 110 GHz) to beyond
600 GHz [169].

For on-chip antenna transmitters, broadband self-complementary antennas are generally
used. Due to the large bandwidth of self-complementary antennas, they are more appropriate
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for spectroscopy to cover large frequency windows. Besides, the modular characteristic of the
waveguide output type is advantageous for telecommunications. For instance, the module
can be combined with a horn and a dielectric lens to achieve a high gain of 37 dBi or 52 dBi
[168] and compensate for propagation loss in wireless links.

4.3.1 Photomixer Illumination

The mode field area of a standard single-mode fiber (SMF-28) is around 78 um?, and it diverges
on a cleaved facet. Conversely, the active area of photodiodes reported in the literature ranges
approximately between 9 — 60 umz [29], [64], [170]. For evanescently coupled photodiodes
illuminated by an optical waveguide, the input dimensions are < 4 um in width and ~ 300nm
in height [154]. Therefore, some additional optical means are in general required for PD
illumination. Since the RF power scales as R2 (see (4.10)), efficient photomixer illumination is
a critical assembly aspect.

For single device illumination, a lensed fiber can be used, either adding a focusing/col-
limating lens system (see Fig.4.7c) or tapering the fiber tip for a spot diameter of 2.5 -5um
[171]. For two PDs, it is also possible to integrate the fibers as reported in [172], [173].

Multiple device illumination requires microlens arrays or fiber bundles (either 1-D or
2-D) [64], [174]. The former solution uses an expanded, collimated beam to illuminate the
microlenses, which in turn focus the light onto the photomixers. Consequently, a fraction
of optical power is lost. Furthermore, the diffraction-limited spot diameter is tens of ym
[175], so it does not represent an efficient illumination option. As for fiber bundles, they have
been used in [63], [64]. They require careful alignment and can lead to an uneven coupling
efficiency due to alignment errors and pitch mismatch between the photomixer array and the
fiber array [63]. The difficulty to illuminate efficiently simultaneously several photodiodes
(> 4) will be more evident when examples of photonic Tx with antenna arrays are reviewed in
the following chapters.

4.4 Conclusions of the Chapter

In this chapter, we have explained the fundamentals of photomixing for CW generation and
the impact of the optical sources on the generated RF signal. Next, we have described relevant
metrics and the structure of pin- and UTC-PDs, the preferred sources for CW generation of
mm- and THz waves under 1.55 ym illumination. Finally, we have reviewed the main types of
mm-wave and THz photonic transmitters and the optical means to illuminate them.

We have tried to provide a brief but complete overview of the required concepts to under-
stand a mm-wave or THz photonic Tx for CW operation, especially the aspects more related to
photonics. Once the applications, operation principles, and limitations of photonic Tx have
been clarified, in the rest of the chapters of this thesis, we will present the antenna conceptions
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aiming at improving the performance of such Tx.
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A Method for On-Chip Antenna Arrays
Efficiently Matched to UTC-PD

In this chapter, we address one of the main drawbacks of photonic transmitters: the low values
of emitted power. As we have pointed out in Chapter 3, the available power is a crucial aspect
for applications such as spectroscopy or imaging. To overcome this issue, we have designed
an array of antennas efficiently matched to UTC-PDs. We note that henceforward we will
simply denote the scan impedance as impedance. It is clear from Chapter 2 that we refer to the
antenna impedance when all of the array elements are excited with the same amplitude with a
linear phase progression. The material presented here constitutes an extension of reference
[iv] from the List of Publications.

In a nutshell, we present a mm-wave array of on-chip antennas with a backing reflector
that allows one to obtain efficient impedance matching to a UTC-PD. In the infinite array limit,
itis possible to describe the array unit-cell as an equivalent circuit, including also ohmic losses.
In particular, the use of a backing reflector contributes inductively to the antenna impedance.
The rest of the array variables further help to cancel out the photodiode capacitance and to
obtain near conjugate matching. The unit-cell designed in the infinite array environment is
the starting geometry to optimize a finite 2 x 2 array. We also discuss aspects such as efficient
photodiode illumination and the assembly of the structure. The adopted approach provides a
twofold increase in the emitted power: through power combining of several elements, and
through the improvement of the impedance match. We obtain a 2-4 enhancement in the
matching efficiency concerning other matching methods in the bibliography while preserving
a wide —3dB power relative bandwidth of 30%. Furthermore, the peak increase in the emitted
power is larger than 11 dB compared to the power radiated by a self-complementary antenna
with the same UTC-PD source.
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5.1 Introduction

Photodiode-fed antenna designs have become more and more common due to the advent
of photonic solutions for the generation of mm- and THz waves. The relatively low radiated
power is one of the main drawbacks of photonic generation. Therefore, solutions to increase
the radiated power are actively sought. The limitation in the emitted power arises from the
maximum optical power admitted by the photodiode before breakdown. From (4.10), it is
clear that the higher the optical power, the higher the photocurrent and the power dissipated
on a load. This aspect solely depends on the PD design if the transmitter enables efficient
illumination and good heat dissipation. Another limitation concerns how well the power is
extracted from the PD, and eventually radiated. The latter aspect involves the design of the
transmitter, and is related to the impedance matching efficiency between the antenna and the
PD and other losses in the transmitter.

In general, there are two strategies to increase the emitted power in photonic transmitters.
The first strategy consists in power combining using antenna arrays fed by multiple PDs.
However, we will see that practical limitations preclude the use of more than, approximately,
four active elements. The second strategy relies in increasing the matching efficiency using
matching networks or resonant antennas. We will detail these two approaches after.

The solution proposed in this chapter combines the two strategies above. It makes use of an
antenna array integrated with PDs and efficiently illuminated. Besides, the array geometry is
optimized so that the antennas feature increased impedance matching to the PD over a relative
bandwidth broader than that provided by resonant antennas (= 15%). Equally important,
we take into account aspects such as ohmic losses and manufacturing considerations. It is
important to note that, even if the method is used for photodiodes, it could also be used
to enhance the matching efficiency (and in turn the detected power) in an antenna array
integrated with Schottky Barrier Diode (SBD) detectors. The reason is because, similar to a
photodiode, an SBD features a capacitive impedance with low values for the real part [176].

The remainder of the chapter is organized as follows: in the rest of the introduction, we
analyze the metrics used to evaluate the output power in a photonic transmitter. Subsequently,
we study relevant realizations in the bibliography. In Section 5.2, we present the infinite
array approach that allows us to analyze the antenna impedance using an equivalent circuit
approach. Next, we optimize a preliminary layout using the equivalent circuit. In Section 5.3,
we study a finite 2 x 2 array and proceed with a full-wave optimization. In Section 5.4, we
discuss manufacturing considerations. Finally, Section 5.5 includes the concluding remarks of
the chapter.

5.1.1 Power and Efficiency Considerations

The most relevant metrics of photonic transmitters include the output power and the fraction
of optical power converted to RF power. The latter is referred to in some contexts as optical-to-
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Figure 5.1 (a) Photodiode equivalent circuit from [51], (b) computed impedance, and (c) equivalent
circuit of the photonic transmitter at the RF frequency.

terahertz conversion efficiency. Let us examine next the different aspects that come into play
to calculate the radiated power in photonic transmitters:

In Section 4.2, we have seen the processes that reduce the photocurrent and depend only
on the photodiode. When the responsivity (R) and transit-time roll-off () are considered,
the photodiode generates a current given by I = RP (1 + 1 cos27 frrt + ). P is the average
optical power, fgr and ¢ are the differences in frequency and phase, respectively, of the two
optical tones used for photomixing.

Another factor that determines the overall efficiency is the impedance matching efficiency,
1. It accounts for the fraction of the available power dissipated in the load. In turn, the
available power corresponds to the power dissipated in the load under conjugate match. In
addition, the radiation efficiency (ng) defined in [1, Ch. 2], accounts for the fraction of power
delivered to the load that is radiated by the antenna.

There are other factors that impact the radiated power. For instance, how well the radiated
pattern fits a Gaussian beam (Gaussian efficiency), losses due to a substrate lens, or the
fraction of power emitted with a particular polarization (polarization efficiency). However,
these aspects are more important at the system level, such as during the design of a quasi-
optical link, and will not be considered for the time being.

Let us now provide a mathematical framework for the systematic analysis of the different
efficiencies. In particular, we will focus on 1,4, which is best examined using the circuit
equivalents for the photodiode and the load in Fig.5.1. The equivalent circuit of the photodiode
presented in [51] is shown in Fig. 5.1a, and Fig. 5.1b shows the computed impedance. For
other photodiode realizations, similar values are obtained too [52]. Fig.5.1c shows the Norton
equivalent of the photodiode connected to a load. From the circuit, the power dissipated in
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the load reads as

2 2
Rpp+ Xpp R
(Rpp+ Rp)? + (Xpp + X1)?

where Iy is the Norton current, and it depends only on I and on the photodiode impedance,

(5.1)

1
PL:§|IN|2

Zpp = Rpp +jXpp. The load is represented by Z; = R, +jX1.. Under conjugate matching (M),
the power dissipated in the load is:

1, o R:, +X53
e e ——_ (5.2)
2 4Rpp

For an arbitrary load we can define ny; = Pr/ PM which results in:

B 4RppRy
(Rpp + R1)? + (Xpp + X1)?’

MM (5.3)

where 0 < 17 < 1. Obviously, conjugate matching yields s = 1. It this case, the power
dissipated in Ry is maximized and is equal to the power dissipated in Rpp. Equation (5.1) may
be written as a function of 77 as

1 o Rep+ X5

First, the equation above tells us that the power on the load, and eventually the power radi-
ated, scales with |Iy|?. Hence, increasing the maximum current withstood by the photodiode
is a critical aspect in the design of the device. One of the main advantages of the UTC-PD is
that it saturates at higher current densities than a pin-PD, ultimately resulting in higher output
power [155], [177]. Second, for fixed photodiode parameters, the power dissipated in the load
depends exclusively on the matching efficiency. For instance, using (5.3) and the values of
Fig.5.1b at 100 GHz for Zpp, the matching efficiency for Z; =72 Q and Z; =50 Q is:

Ny =6.1% (72 Q),
Ny =5.6% (50 Q).

The first case represents the impedance of a self-complementary antenna printed on an
InP substrate (¢, = 12.5 [52]). It is calculated from Mushikae’s relation Z = Z/2 [178], with
Zeott = Zo/v/(1+12.5)/2. The second case corresponds to the characteristic impedance of
common transmission lines. Approaches to improve matching efficiency include matching
circuits [51] or resonant antennas [179], and will be discussed later in this chapter.

From the previous values, it is evident that there is room for improvement in the matching
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efficiency to enhance the emitted power. Since the PD resistance is only a few Q, exact
conjugate matching would require an antenna with a low input resistance. In that case, ohmic
losses could compromise the radiation efficiency, ng. Therefore, we need to consider the total
radiated power, Pg, using the expression:

1 1 R%  + X2
p.—lp2p22 pp 1t 4pp ’ 55
R=5 Ontr|1+ijFCR|2 ARpp MTMR (5.5)

where Iy = I/(1+jwgrCR) is the Norton current, with C = 13fF, and R = 6 Q as given
by the equivalent circuit of Fig. 5.1a. Besides, we have assumed fi; = 220GHz [51] for the
transit-time roll-off. In the subsequent calculations, the factor §R2P§ /2 is normalized to 1 A2,
and the power will be given in arbitrary units.

5.1.2 Photonic Transmitters Based on On-Chip Antennas

Common on-chip antenna realizations fed by photodiodes include broadband antennas [132],
[151], [170], resonant antennas [152], [179], or antenna arrays [62]-[64], among others [180].
Some examples are shown in Fig.5.2.

Broadband antennas usually consists in self-complementary structures, where the antenna
plus the antenna rotated 8 around its normal (usually 90°) equals a ground plane. In this case,
the antenna presents a constant input impedance that follows Mushikae’s relation [178]. For
an antenna printed on InP, the corresponding input impedance is 72 Q, as calculated above
to illustrate the matching efficiency. In practice, the input impedance is not constant for all
frequencies, but it can cover more than a decade. For instance, from 150 GHz to 1.7 THz [170].
The lower frequency bound is due to the finite size of the antenna. When the electrical size
of the antenna is comparable to the wavelength, it presents a resonant behavior. The upper-
frequency limit is determined by the smallest antenna detail and the feed gap. Integrating an
amplifier or a matching circuit at the antenna feed is not interesting for broadband antennas
because it would limit the bandwidth. Therefore, this type of antenna exhibits a limited output
power with a 40 dB roll-off per decade (12 dB per octave), of which 20(6) dB correspond to
the roll-off caused by the transit-time, and another 20(6) dB correspond to the RC roll-off, as
shown in Section 4.2. Circular or linear polarization can be accomplished using spiral or log-
periodic toothed, and bow-tie shapes, respectively. Sufficiently far from the lower frequency
bound, the current at the rim of the antenna has decayed [181]. Therefore, DC bias pads can
be conveniently connected at the antenna periphery without requiring additional circuitry,
such as an RF choke, as one can observe in Fig.5.2c,d.

Among the realizations that use resonant antennas, one can find the folded dipole shown
at the bottom of Fig. 5.2a or the twin dipole antenna (TDA), as shown in Fig. 5.2b. Near
and below anti-resonance, dipole antennas feature an impedance mainly inductive [182], so
that the RC roll-off of broadband antennas can be compensated [179]. Nevertheless, as in a
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(d)

Figure 5.2 Examples of on-chip antennas: (a) bow-tie (top) and folded dipole (bottom) [152], (b) twin
dipole antenna (TDA) [179], (c) log-periodic toothed antenna [151], and (d) an array of log-periodic
spiral antennas [64].

resonant parallel RLC circuit (that resembles the input impedance of a dipole antenna [182]),
a high inductance implies having simultaneously a high value of the resistance. Therefore,
the real parts of the photodiode and antenna impedance will not be matched, and only a
partial compensation can be achieved [179]. Besides, resonant antennas require an RF choke
to polarize the antenna, which can be also used to tune the antenna impedance. However,
the final antenna footprint can become significantly larger, as in the TDA shown in Fig. 5.2b.
In [179], the output power of a log-periodic toothed antenna was compared with the output
powers (for the same photocurrent) of three TDAs designed at 0.75 THz, 1.05 THz, and 1.5 THz.
Although 4 different resonant TDAs would be necessary to cover the same band provided by
the log-periodic broadband antenna, the peak power emitted by the resonant antennas was
from 3 to 4 times higher than the corresponding power emitted by the broadband one at those
frequencies. Nevertheless, the TDA presented a narrowband impedance matching, estimated
to be around 15% (3 dB power drop).

Another relevant demonstration of on-chip antenna is the TEM horn antenna (TEM-
HA) presented in [180] and shown in Fig.5.3a. The TEM-HA allows wideband operation. In
principle, it could be also possible to integrate a matching circuit, amplifier, or bias circuitry
on the photodiode side. The antenna radiation is mainly directed parallel to the air-substrate
interface, and not towards the substrate. Thus, it avoids substrate modes present in typical on-
chip antennas, and it does not require the use of a substrate lens. However, since the TEM-HA
aperture is several wavelengths wide, scaling this antenna to an array can be challenging, and
in the best case scenario, it would be possible in one direction only.

Arrays of on-chip antennas have been presented in [62]-[65]. In [62], the array was formed
using several individual transmitters focused on a plane for a transmission distance of 4.2 m.
Packaging the individual transmitters enabled optimum integration of the fiber with the
photodiode. In total, the combination of 4 transmitters resulted in a spot with a peak intensity
16 times higher than for the single element. A factor of about 4 was due to the reduction of
the spot size from the coherent beam superposition, and another 4 factor came from power
combining. However, due to the size of the individual emitters, they were separated 17.5 cm,
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Figure 5.3 Examples of on-chip antennas: (a) TEM- horn antenna [180], (b) 3 x 3 microstrip array [63],
and (c) 4 x 4 slot antenna array [65].

and it is clear from the array factor that the superposition of the beams will create many
lobes. Indeed, in the reported patterns, the sidelobe level was only —6dB. As the authors
of [62] later commented, individually packaged elements featured poor scalability [64]. To
overcome this issue, they presented in [64] an array of log-periodic spirals printed on a single
chip, shown in Fig.5.2d. A fiber bundle fed the array, and four elements were active. The work
accomplished power combining and spot size reduction as before, but without improving
the matching efficiency. In addition, the use of electrically large broadband spirals and a
collimating substrate lens made it complicated to achieve good beam steering performance
(£5.2° before the sidelobes became more powerful than the main beam).

In [63], the authors presented a microstrip antenna array shown in Fig. 5.3b. Each mi-
crostrip antenna included a matching circuit to cancel out the PD capacitance. Unfortunately,
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Figure 5.4 Matching circuit from [51] used to improve the emitted power.

no information was reported about the increase in the emitted power. Nevertheless, the au-
thors did stress the difficulty of using a fiber bundle to illuminate efficiency each photodiode
on the array, despite only one row being active. Finally, [65], [183] present a recent demon-
stration of a phased array composed of slot elements. Fig.5.3c shows the fabricated array, a
detail of the slot element, and the scheme used to illuminate the UTC-PDs. The slots feature
an impedance bandwidth of 13% matched to 50Q (i.e., without any technique to increase
impedance matching). Again, practical constraints resulted only in two active rows out of the
four fabricated.

Finally, we will comment on the method reported in [51] that, even if it does not fall in the
category of on-chip transmitters, seeks to improve the radiated power using a matching circuit.
The matching circuit is shown in Fig. 5.4. It consists of a stub that tunes out the capacitive part
of the PD impedance. The stub includes a shorting capacitor that serves simultaneously as a
bias-tee to polarize the photodiode. By modifying the length of the stub (CPW2), as well as its
distance from the photodiode (CPW1), the matching efficiency can be optimized. The authors
present calculated results where the matching efficiency can be improved between 50-90%
compared to a 50 Q) load, with 3 dB compression bandwidths of 50% and 25%, respectively.

5.2 Infinite Array Approach

Infinite phased arrays have been used extensively as an analysis tool to obtain impedance
matching over a large bandwidth [69], [70]. For instance, [87] introduced capacitive coupling
between consecutive dipoles in a row to compensate for the inductance introduced by a
ground plane that backed the array. Other examples include modeling ultrawideband coupled
spiral antennas [184], and more recently, they have also been used to design photodiode-fed
antenna arrays [185]-[187] for frequencies between 5 GHz and 20 GHz. Even [185]-[187]
constitute a valuable contribution, it is important to note that the proposed integration
technology is not compatible with our approach for on-chip antennas where the PDs are
developed in the same substrate.

The importance of the infinite phased arrays relies on the fact that equivalent circuits can
provide an accurate description of the scan impedance. In turn, the equivalent circuits are
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Figure 5.5 Left: geometry of the array unit-cell with the antenna at the interface and the reflector on
the air side. Center-right: corresponding equivalent circuit, and antenna geometry.

useful for optimization [85], [184], or to develop insight on the nature of mutual coupling, as
we have emphasized in Chapter 2. Generally, the equivalent circuits enable preliminary design
parameters, whereas an accurate analysis of finite structures requires full-wave simulations
[88, Ch. 2]. In this section, we explain the selected array geometry and the correspond-
ing equivalent circuit. Next, we illustrate the impedance matching enhancement and the
optimization of the unit-cell.

5.2.1 Array Geometry

Fig. 5.5 left shows the proposed unit-cell geometry. It is square with the antenna lying at
the interface between air and silicon (e, = 11.9 [188]) half-spaces. At a distance h from the
interface, a conductive grid or ground plane reflector is introduced to assist in conjugate
matching the antenna and PD impedance. We will consider the cases where the reflector is
either on the air or on the Si side. The pitch of the unit-cell equals Ag;/2 = 0.439mm (100 GHz),
but other criteria are also possible. In this way, the onset of grating lobes occurs at 200 GHz for
broadside emission, as can be verified using the grating lobe diagram of Fig. 2.2.

Fig. 5.5 right shows the antenna geometry. It is defined by the semi-bow angle, 8 = 30°
in this case, and by the gap with the neighbor antenna. In Section 2.5, we have shown that
the current distribution is drastically different for arrays of connected and disconnected
dipoles, and so is the impedance. In a practical array realization, we can expect around
four elements, so we have opted for a gap that produces a current similar to disconnected
dipoles. In this manner, the predictions of the infinite array will resemble more the finite case.
Conversely, given that the antenna resonant length is < Aeg/2, with Aege/2 = 0.59mm (100 GHz)
(see Fig.2.12 and Fig. 2.13), for matching purposes, it is convenient to design the antenna
longer, with the smallest gap possible, to push to the lower frequencies the capacitive behavior.
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We have selected a 10 um gap, which provides a good trade-off between the two aspects
discussed above. We have verified that this gap yields the desired behavior by simulating a
dipole antenna (6 = 0°). At resonance, the current at the extreme is 1/30 that of the feed point,
which approaches substantially to the isolated case.

The antenna is processed in 0.6 um-thick gold, whose conductivity is o = 2 x 10°S/m
[189]. This value is lower than the conductivity of bulk gold (o = 4.1 x 107 S/m) due to the
deposition of a thin-film and to the lower conductivity of the Ti layer used to bond the gold to
the semiconductor substrate [189] (not considered in the simulation). Standard deposition
thicknesses usually range between 0.15 um and 0.35 um. However, since gold depositions of up
to 1 um thickness have been also demonstrated [190], the chosen thickness is somewhat higher
than the standard to reduce ohmic losses. Last, the antenna is fed by an ideal lumped port
with identical amplitude and phase (for broadside radiation) with dimensions 10 ym x 10 ym,
which is comparable to the footprint of a UTC-PD [63].

For actual implementation, the antenna and the PD would be grown on an InP substrate
(e, =12.5) [52]. Since the thickness of such a layer is unknown, we have not included it in the
simulation. However, the relative permittivities of InP and Si are only slightly different, and
changes on the unit-cell geometry would be small.

Finally, it is worth mentioning that we have carried out all simulations of the unit-cell with
ANSYS HEFESS [91] on a similar set-up to that presented in Section 2.6. Master/slave boundary
conditions are enforced to the lateral walls, and radiation boundaries truncate the top and
bottom half-spaces.

5.2.2 Equivalent Circuit

Fig. 5.5 center-right shows the equivalent circuit. The authors of [85] presented a similar
one, but it was intended for short antennas (1/10) that are well described by lumped circuit
elements. Nevertheless, in Chapter 2, we have seen that a lumped element circuit composed
of a series RLC in parallel with a capacitor can still model distributed effects in the dipole
impedance (Fig.2.10b). The parallel capacitance is represented in the circuit of Fig.5.5 by Cg,
the series LC elements are represented by /4 and Cy respectively, and Rq has been included
to account for ohmic losses. In addition, in the equivalent circuit of Fig.2.10b, it can be seen
that R is proportional to Z;||Z, for a semi-infinite interface. Then, the two half-spaces are
modeled in the circuit of Fig. 5.5 by the shunt of semi-infinite transmission lines where N is
the proportionality factor, and the shunt is connected in series with /4 and Cy to give the
series RLC. Finally, since the radiated plane wave propagates along the multilayer structure
as a TEM wave on equivalent segments of TL, we have included X in the circuit to model the
reflector impedance. It is important to note that we assume that the half-space not backed by
the reflector extends to infinity and produces no reflections.

In general, the reflector is a grid defined by its period, D, strip width, w, and orientation.
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For dipole-like antennas that radiate in linear polarization, X is capacitive if the grid is cross-
oriented with the antenna. Conversely, the grid is inductive for a co-oriented dipole, and it
takes the value [98]:

L= 2 L | (5.6)
2ncD sin(’;—)

The reason for introducing the grid is because it is a generalization of a ground plane and
it can also be used to fine-tune the impedance matching efficiency. Besides, from a practical
point of view, the fact that parts of the grid are optically transparent would ease alignment, PD
inspection, or even enable photodiode top-illumination. In the following, we will consider the
limiting case where w = D and the grid becomes a ground plane.

To better understand the effect and optimum position of the reflector, we have used the
equivalent network in Fig. 5.5 to compute the contribution of a ground plane to the antenna
impedance, Z,. Neglecting the parameters within the dashed box of Fig.5.5, one can write for
the reflector on air:

Zonsitan?(Bh) +jZytan(Bh)
1+¢€,_sitan?(Bh)

V4
WA = Zsillj Zo tan(Bh) = , (5.7)

where f is the propagation constant of a plane wave in free space. Equation (5.7) is
plotted in Fig.5.6a for N = 1, whereas Fig.5.6b presents Z4 when N = 1 and the ground plane
is on the Si side. The curves indicate that the ground plane contributes inductively to the
antenna impedance if placed at a distance i < A1/4, where A is the wavelength in air or Sj,
depending on which side the ground plane is located. Thus, it can be used to compensate
the capacitive reactance of the UTC-PD for conjugate matching. Furthermore, for a close
distance to the interface (h/A < 0.07 or h/A < 0.17 for air and Si respectively), the radiation
resistance is lower than without a backing reflector. This feature also contributes to a more
efficient impedance matching since the PD resistance is typically a few Ohms, as we have
indicated in the introduction. Lastly, at the interface, the ground plane impedance is seen
as jZptan(2mh/A), a periodic function of h. Even if multiple (infinite) equivalent positions
exist for a given frequency, wideband operation requires to reduce impedance variations with
frequency, and the lowest period is taken.

5.2.3 Array Synthesis

To calculate Z, using the equivalent circuit in Fig.5.5, one must determine first the values of
the rest of the elements, namely: C4, Cg, [4, Rq, and N. In Chapter 2, we have seen that it is
possible to retrieve them analytically for a thin dipole. However, the model fails to predict
them accurately for wide dipoles (> A/25). Then, the simplest is to obtain them running a
full-wave simulation when the antenna lies in the interface without the reflector. Afterwards,
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Figure 5.6 Contribution of the reflector to the antenna impedance versus reflector height in wave-
lengths for N = 1. (a) reflector on air, and (b) reflector on Si.

their values are adjusted so that the equivalent circuit impedance fits the simulation results. In
addition, Rq is adjusted to fit the radiation efficiency at 100 GHz. Table 5.1 shows the optimal
values for a gap = 10 um, and 8 = 30°, valid between 50 GHz and 150 GHz.

Table 5.1 Equivalent circuit parameters for the antenna defined by semi-bow angle 6 = 30° and
gap = 10 um at a silicon-air interface.

l4 mH)
0.0692

N
0.669

Cn (pPF)
5.19 x 1072

Ce (pF)
5.54 x 1073

Rqa ()
2.75

After determining the values for the discrete circuit elements, it is simple to calculate Z4,
the radiation efficiency, and ultimately the radiated power when the reflector is included the
structure. We maximize the radiated power at 100 GHz sweeping the ground plane position
along h. The radiated power (per antenna) is calculated using (5.5), and the PD impedance
used in the computation is that represented in Fig.5.1. Fig.5.7 and Fig. 5.8 show the optimum
results for the reflector on the air and on the silicon side, respectively.

The optimum position of the reflector on the air side is & = 95 um, which corresponds to
h/A =0.032. The inductive contribution of the reflector is limited, and conjugate matching
the reactance is only possible around 117 GHz. Therefore, the optimum position occurs near
the maximum inductive contribution (see Fig.5.6a). As a consequence, the improvement in
the matching efficiency with respect to a 72 Q) antenna is limited to x2.6. The improvement in
the radiated power is x2.3 per antenna at the target frequency, with a 3 dB bandwidth of 42%
(using the simulated curve).

In general, the calculated results are in agreement with full-wave simulations (Fig.5.7b-d).
It is important to note that we have neglected the interaction of the reflector with the reactive
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Figure 5.7 Optimal solution for the reflector on air. (a) impedance of the UTC-PD and of the an-
tenna, (b) simulated and calculated antenna impedance, (c) matching and radiation efficiency, and (d)
optimum power radiated and compared to a 72 Q antenna.

fields of the antenna. We have also assumed that the current distribution is not modified by
the presence of the reflector. These two aspects cause some deviation between simulated and
calculated results. In particular, they cause the antenna anti-resonance to shift towards lower
frequencies.

Fig.5.8 shows the optimum results when the reflector is on the silicon side. In this case, the
inductive contribution of the ground plane is higher than in the air case (observe Fig.5.6a,b),
but at the cost of a steeper reactance curve and consequently a narrower impedance matching.
Also, Fig. 5.8 shows that ohmic losses can compromise the radiated power if the radiation
resistance is low < 10 Q, hence opting for the thicker gold before. The optimum position
occurs for h =85um (h/A = 0.1), with a matching improvement of x5.78. The emitted power
per antenna is 4.38 times higher at 100 GHz than a reference 72 Q antenna for the same
photodiode current, and the 3 dB relative impedance matching bandwidth is 15%. All the
previous values have been extracted from the simulated curves.

In principle, other dipole-like antenna shapes could be considered in the method above
to further optimize the emitted power and bandwidth. Thin dipoles have been ruled out
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because they present a pronounced resonant impedance curve that would be largely affected
by the inclusion of bias lines to polarize the PDs and by manufacturing tolerances. Besides,
the equivalent circuit was demonstrated rigorously for linear antennas. It can still be used
for moderate semi-bow angles (6 = 30°), but antennas defined by larger angles present an
impedance curve that cannot be followed by the circuit, and the predictions are less and less
accurate.

Last, it is worth pointing out that previous works have analyzed the limits of impedance
matching [191] and matching limits for infinite arrays over a ground plane [192]. Since we
deal with a trade-off between matching and radiation efficiency, such works have not been
considered in the analysis.
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Figure 5.8 Optimal solution for the reflector on silicon. (a) impedance of the UTC-PD and of the
antenna, (b) simulated and calculated antenna impedance, (c) matching and radiation efficiency, and
(d) optimum power radiated and compared to a 72 Q antenna.

5.3 Finite Array

In this section, we present the design of a finite array using the preliminary layout obtained
in the previous section with the equivalent circuit. The bibliography indicates that it is
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challenging to illuminate more than a few elements efficiently. Therefore, we have selected a
2 x 2 array as a feasible solution.

In the previous section, we have seen that an infinite array printed on a grounded silicon
slab can increase more than four times the power radiated by each antenna element compared
to a self-complementary antenna, for the same UTC-PD as source. For an infinite broadside
array, the radiation pattern is a plane wave propagating in the direction normal to the interface,
as we saw in Chapter 2. In this case, no power would be lost to surface waves in the grounded
silicon slab. However, a 2 x 2 array with an electrical size of = Ag; x Agj, will not radiate a plane
wave, and it is necessary to examine how much power could be lost to surface waves [193].
Curves representing the fraction of radiated power lost to surface waves versus substrate
thickness were given in [194, Fig. 37(d)] for an infinitesimal dipole on a grounded slab of
€, = 12. When the slab is of infinite thickness, the problem becomes a Hertzian dipole on a
semi-infinite interface. In this case, the ratio of power radiated towards the silicon to air is
approximately 63/ 2 [165], [193]. However, for a thin slab, as in our case (h/Aq = 0.03), where
only the fundamental TM,, surface wave mode can propagate, the power coupled to this mode
is negligible. This encouraging result justifies the method with arrays of finite size as long as
the ground plane is close to the interface. This approach would remove the silicon lens that is
lossy and can produce high reflections at the silicon-air interface, unless an anti-reflection
coating is used. Nevertheless, our target is to compare the proposed solution to classical
antennas, such as those in [151], [179]. Hence, we will continue our investigation for the case
where the ground plane is on air and a silicon substrate lens will remove unwanted surface
waves [193].

In the infinite array optimal solution with the ground plane on the air side (Fig.5.7), one
observes the antenna reactance does not compensate for the PD capacitance at 100 GHz. In
this case, the ground plane inductive contribution is smaller than in the case where it is on the
silicon side, for which compensation is possible and a better impedance matching efficiency is
achieved. In addition, one can observe that the antenna is electrically small: the array pitch is
Asi/2, whereas the resonance for a thin dipole occurs approximately at Agg/2. That is, there is
a factor ns;j/ negs = 1.36 of difference. If the resonance occurred at lower frequencies, the dipole
would present a higher radiation resistance, which, in turn, would increase the inductive
contribution of the ground plane, as can be deduced from (5.7). By proceeding in this way; it
will be possible to compensate to a larger extent the PD reactance.

To decrease the resonance frequency, the inner arms of the dipoles are connected, as
shown in Fig.5.9. Resorting to the asymptotic current approximation of Chapter 2, one can
derive the reactance of two centered-fed, thin dipoles of length [ each, where their inner arms
are connected. The reactance reads:

fo's _tan(ﬁl)' (5.8)
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Figure 5.9 Optimal geometry for the array on a semi-infinite interface, with the ground plane at
h =60 um from the interface.

Interestingly, when one arm is connected with the other disconnected, the resonant
frequency occurs for a dipole length [ = 1/4, which lies just in the middle between the resonant
frequency for both arms disconnected (dipole length equals A1/2) and for both arms connected
(1=0).

To synthesize the 2 x 2 array from the infinite array unit-cell, we first connect the inner
dipole arms in the finite array. In line with lowering the resonance frequency, the outer arm is
made also longer, whereas the array pitch and 6 are maintained. Fig.5.9 shows the optimal
geometry that maximizes the radiated power at 100 GHz while keeping a 3 dB bandwidth
> 30%. For the optimization, we have swept the following variables: the oblique length of
the outer arm between 240 — 280 um (240 um was the value for the unit-cell), the horizontal
length added between 0 — 200 um in 25 um steps, and the height of the ground plane between
50 — 95 um with 5 um steps (85 um was the initial value).

Fig.5.10c shows the power radiated by one of the antennas of the array as calculated from
(5.5). The curves correspond to the ground plane nominal height (60 um) and to deviations of
+5 um to assess the robustness of the solution against manufacturing tolerances. Fig.5.10c
shows also the radiated power for a self-complementary 72 Q) antenna, and the matching
method in [51]. In Fig.5.10a, it is important to note that, unlike for the infinite case, the
modified antenna shape achieves compensation of the PD capacitance very close to 100 GHz.
As for the radiation efficiency, it is still close to 1. Then, there is room for improvement to
increase impedance matching with a lower radiation resistance. Noteworthy, compared to
the case of a self-complementary antenna, each antenna in the array radiates power that
is a factor 3.67 (5.7 dB) higher at 100 GHz. Combining the power of the four antennas, the
total increase would be more than 11 dB, with a 30% —3 dB bandwidth. The improvement of
radiated power per antenna is comparable to that obtained with resonant antennas (three
to four times) [179], but in this case, we double the —3dB power bandwidth, not to account
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Figure 5.10 Curves calculated with the optimal geometry: (a) antenna and UTC-PD impedance. (b)
matching and radiation efficiency, and matching efficiency for an ideal 72 Q antenna. (c) radiated
power at the nominal /4 of the ground plane, at & +5 um, radiated power of an ideal 72 Q antenna at the
same photocurrent, and calculated for the matched solution in [51].

for the 6 dB extra due to the 2 x 2 array configuration. Also, compared to highest increase
calculated in [51, Fig. 3], the improvement is 2.0 times larger, and the solution of [51] also
features a slightly lower bandwidth (25%).

Finally, it is worth mentioning that bias lines to polarize the PDs have not been included in
the design. Indeed, reverse-biasing the PDs is necessary to obtain a photocurrent proportional
to the incident optical power. For antennas whose arms are electrically connected, a biasing
scheme similar to that presented in [174, Fig. 9] could be used. An inductive choke should
be included in the design to polarize the PDs, and to avoid the RF signal leaking through the
bias lines. The choke design would be used as a design variable as in [179], [189] to optimize
further the antenna impedance and, for instance, increase the impedance bandwidth.
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Figure 5.11 Schematic of an extended hemispherical lens.

5.3.1 Far Field

After showing in the previous section the potential enhancement of radiated power by the
array, in this section, we will examine the primary array pattern (the radiation pattern at each
half-space) and the pattern when a silicon substrate lens is included.

It is well known that printed antennas on semiconductor substrates of finite thickness
suffer from power lost to substrate modes. Indeed, it can be estimated from [165] that, for a
resonant dipole at an air-¢, = 12 interface, more than 50% of power is radiated towards the
substrate beyond the critical angle (8, = 17°). This power would be trapped in the semicon-
ductor substrate due to total internal reflection. Therefore, it is customary to terminate the
semiconductor substrate in an extended hemispherical lens to preclude this effect [194], [195].
Such a lens is composed of a hemisphere of radius R and a cylinder of the same radius and
length [/, as shown in Fig.5.11.

Fig. 5.12 shows the primary array patterns for the proposed structure in the E- and H-
planes together with the patterns of a resonant dipole and of a self-complementary bow-tie, all
at 100 GHz. To obtain these patterns, we need to recall that the Finite Element Method (FEM),
as implemented in HFSS, calculates radiation patterns only for a homogeneous medium, so it
is not possible to retrieve them accurately when the antenna lies at an interface [196]. Instead,
we have used the Integral Equation (IE) solver to obtain the patterns for the resonant dipole
and for the bow-tie. The IE solver solves the currents on the model surfaces with a MoM using
the Green'’s function of the dielectric half-space. Conversely, for the array backed by an infinite
ground plane, we keep the FEM solver because the radiation is towards a homogeneous
medium.

For the sake of validation, in Fig.5.12a, one can note that the shape of the radiation patterns
in the principal planes of a resonant dipole is in good agreement with the results reported
in [165]. The slope discontinuities at the critical angle in both cuts of the radiation pattern
are a mathematical artifact resulting from the stationary phase method used to compute the
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Figure5.12 Radiation pattern in the principal planes of the antenna printed at the interface of silicon-
air half-spaces for (a) resonant half-wavelength dipole, (b) array, and (c) self-complementary bow-tie
with arm length of 2.5 mm.

far-field [197]. Fig.5.12b shows the array pattern at the principal planes. It presents a behavior
similar to the resonant dipole, but it is more directive due to the larger electrical size of the
array. To illuminate a lens, reducing the H-plane beamwidth would be preferred to get a
symmetric pattern. It could be accomplished by including more elements along this plane to
obtain, for instance, a 3 x 2 array. Alternatively, the E-plane pitch could be reduced. One can
also observe from the simulated E-plane patterns that the phases of the electric field for the
main lobe and side-lobes are in quadrature (not shown here). This is better than the 7 phase
difference observed in other antennas, such as long-wire antennas when considering them as
feeds since they produce a more uniform illumination [193]. Finally, regarding the bow-tie
pattern, it peaks off-broadside, also noted in [181, Fig. 8], which makes it less attractive as a
feed [181]. In particular, and depending on the extension length of the extended hemispherical
lens, rays in the direction of the main lobes could be totally reflected and trapped by the lens
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[195].

Next, we will examine the patterns when the array is integrated with an extended hemi-
spherical substrate lens. Such a lens has been widely investigated [198]-[201], and it is not our
target to provide an extensive lens optimization but rather to show that our proof-of-concept
is suitable as a primary feed. Therefore, we will just present an instance of the structure. In
particular, we need to verify that the lens does not image the different antennas of the array
independently. Briefly, this occurs when the far-field of the individual elements imaged by the
lens do not overlap substantially, given that the antennas are not located in the optical axis
(64].

For the structure, we have selected a 500 um-thick square substrate of 2.5 mm side. The
lens diameter is 10 mm [32] with extension length of [ = 1.9mm (including the substrate
thickness), larger than the hyper hemispherical lens extension length (I = r/n = 1.4mm) [198]
because it provides a more directive beam and lower side-lobes. In addition, we have added a
A/4 (100 GHz) anti-reflection coating conformal to the lens to reduce reflections at the silicon-
air interface. Fig.5.13a shows the pattern of the array in the principal planes, and Fig.5.13b
shows the corresponding for the self-complementary bow-tie. They have been obtained with
the FEM solver of HFSS and a perfect magnetic conductor (PMC) symmetry plane to reduce
the computation volume by a factor of 2. For the array, the directivity is 17.0 dBi and more
than 80% of the power is contained in the main lobe. The E-plane shows sidelobes at —10dB,
which are attributed to the primary fields of the array (see Fig.5.12b). The side-lobe level could
be improved by introducing more elements in this direction, for instance. For the bow-tie,
the directivity is 18.0 dBi, and the power contained in the main lobe amounts to about 75%,
which is comparable to the array. The side-lobes at —8dB for the H-plane are attributed to the
primary fields of the bow-tie (see Fig.5.12c).

It is worth pointing out that we have used the metric given by (5.5) to determine and
compare the power radiated. A rigorous analysis would require a more in-depth examination
of the patterns than the one carried out in this section. Pertinent methods for lens optimization
and analysis were explained in [195], [198]-[201]. However, these aspects are beyond the scope
of this chapter, intended to demonstrate a novel matching method.

5.4 Practical Considerations for the Array Assembly
In this section, we comment on a possible assembly of the 2 x 2 array, as shown in Fig.5.14.

The first aspect is the optical excitation of the photodiodes. It could be achieved by
illuminating the optical waveguide input with a lensed fiber, one at each side, as shown in
the inset of Fig.5.14. Next, the optical waveguide would be split by a multimode interference
coupler and directed towards the two PDs by an S-bend. In [161], such a structure was reported,
with measured insertion losses of about 3 —4 dB. This small loss could be easily compensated
by an optical amplifier that should be included in any case to achieve the required optical
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Figure 5.13 Radiation pattern in the principal planes for the antenna integrated with the anti-
reflection coated silicon lens. (a) array, and (b) self-complementary bow-tie.

power per photodiode (= 20 — 60 mW). The fact that there is one lensed fiber per side instead
of two is advantageous to integrate and to optimize the illumination. Besides, it would allow
us to get rid of two optical time delays to control the phase at each fiber [64].

The reflector could be either a ground plane or a closely spaced grid that resembles a
ground plane printed on a quartz substrate using photolithography and metal lift-off. In the
latter case, it would be partially transparent for alignment and/or inspection. To control the
reflector height a spacer (see gray blocks in Fig.5.14) should be included. It could be realized
in silicon and fixed to the lens with SU8 epoxy. The critical metric for the spacer would be its
height, in our example a tolerance of +5 ym would be required. To obtain the desired one, the
silicon wafer could be gradually etched or polished. Its height would be monitored with, for
instance, a scanning electron microscope (SEM), or an interferometer-based method whose
accuracy is better than 0.2 um [202], until the height difference to the array chip corresponded
to h. Using the height difference for the spacer instead of & would avoid integrating a thin
(h <60 um) silicon membrane more challenging to fabricate and handle.

5.5 Conclusions of the Chapter

In this chapter, we have developed an array design that aims at enhancing the power emitted
by a mm-wave photonic transmitter. The review of the state-of-the-art points at two possible
directions to reach this goal: one is to integrate several antennas in an array configuration,
and the other consists in increasing the matching efficiency between the UTC-PD and the
antenna. Our approach constitutes a hybrid of the two previous ones: a design method for an
array of antennas efficiently matched to UTC-PD.
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Figure5.14 Schematic with the proposed integration of the different elements.

To accomplish it, first, we have used the infinite array approach to show how a ground
plane placed close to the antenna array contributes inductively to the antenna impedance,
also decreasing the radiation resistance. Next, we have used a circuit equivalent to predict
accurately the array radiated power, and we have optimized the distance of the array to the
ground plane. Then, we have moved to a 2 x 2 array architecture, and we have maximized the
radiated power. Finally, we have shown the radiation patterns when the array was integrated
with a silicon substrate lens, and we have presented a possible solution for the array assembly.
Compared with classical self-complementary antennas, the array enables more than an 11 dB
peak increase in the radiated power, whereas the matching method performance offers more
potential than others reported in the bibliography (shorted-stub matching circuit or resonant
antennas). While the design shows promising results, we acknowledge that a fabrication
run can take substantial time, as well as being costly. Therefore, we are currently looking for
funding, hoping that this research line can move soon to the fabrication and testing stages.

Before a fabrication run, a more sophisticated array design should couple the optimization
of the radiation patterns and radiated power (e.g., using the fields calculator functionality in
HFSS). In this proof-of-concept, the array pitch, number of elements, or the inclusion of an
RF choke are degrees of freedom not explored yet, and they could further improve the array
performance.

Last, it is worth pointing out that even if the method offers more bandwidth than the other
techniques, the matching efficiency improvement comes at the cost of reduced bandwidth.
Nevertheless, the system could find applications in many of the demonstrations that focus on
a particular frequency range for spectroscopic studies or imaging, as in[43], [128], [163], to
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mention a few. Besides, the matching bandwidth is wide enough for telecommunications, so it
could be used to remove the problem of alignment of fixed links, given that the array also offers
the possibility of beam steering. The steering capabilities would be enhanced by replacing
the silicon substrate lens by an array of dielectric rod waveguides (DRW), with one DRW
coupled to each antenna [203]. The silicon lens tends to produce a collimated beam parallel
to the optical axis, therefore, it counteracts beamsteering. This effect would not occur if each
antenna was integrated with a DRW, ultimately resulting in better beamsteering performance.

The main original contribution of this chapter is the method to obtain near conjugate
matching to UTC-PDs using a closely placed reflector. In addition, the equivalent circuit
presented in Section 5.2 to synthesize the infinite array is original and stems from our previous
analysis on infinite arrays of dipoles in an earlier chapter. The circuit is similar to others used
in the bibliography but it is also valid for dipoles whose length is comparable to the resonant
length.
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Photonic Tx Based on a Leaky-Wave An-
tenna for 1-D Beam Steering in Reconfig-
urable Wireless Links

In the previous chapters, we have considered array theory and, in particular, how to achieve
efficient impedance matching in antenna arrays integrated with UTC-PDs. In this chapter
and the next one, we adopt a more pragmatic approach designing and prototyping antenna
arrays integrated with available chips of PDs for beam steering. In the context of wireless
communications, we have seen that this feature would be instrumental for overcoming some
of the limitations arising from line-of-sight (LoS) links, such as reconfigurability, tracking, or
fine-alignment. The main part of this work was carried out during a 6-month stay at University
Carlos III de Madrid (UC3M), and it is based on [i], [iii], and [viii] from the List of Publications.

In summary, we report one of the first leaky-wave antenna (LWA) arrays integrated with
photodiodes at mm-/sub-mm-wave frequencies. The designed LWA array is manufactured
in printed circuit board (PCB) technology and works at the E-band (from 75 to 85 GHz). The
antenna element consists of a microstrip line periodically loaded with stubs, and it has been
designed employing a hybrid approach combining full-wave simulations and transmission
line theory. This approach enables period optimization when the open-stopband of the LWA
is mitigated or removed at the frequency of broadside emission. The antenna provides a
directive beam of about 18 dBi with a frequency scanning span of 22°, but it was truncated
after four periods due to experimental constraints. The LWA composed of 19 periods featured
a simulated half-power beamwidth as narrow as 4°. First, the fabricated prototype was tested
using a ground signal ground (GSG) probe, and the measured return loss and radiation patterns
were in good agreement with full-wave simulations. Then, the LWA array was integrated with
the photomixer chip. Measurements of the radiated power yielded a maximum of 120 uW at
80.5 GHz for a 9.8 mA photocurrent. Finally, the antenna was used in a 25 cm wireless link,
obtaining a 2.15 Gbps error-free data rate and demonstrating live transmission of HD video
(1.5 Gbps).
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6.1 Introduction

Mm-wave systems based on photonic technologies benefit from reusing reliable and cost-
effective optical components such as Erbium-doped fiber amplifiers (EDFAs), semiconductor
optical amplifiers (SOAs), switches, or time delay lines. It is relatively simple to develop a
homodyne detection system where the same beat note is split by an optical coupler to emit
and detect the mm-wave signal. Examples exploiting these features include the all-photonic
systems of [45], [204]. Besides, due to the seamless integration with fiber optics, photonically-
excited antennas are commonly used in wireless links at terahertz and mm-wave frequencies
with multi-Gbps data throughput [30], [102], [205], [206]. Photonic transmitters typically use
on-chip antennas [207] as reviewed in Chapter 5, horns [208], horns as feeds of quasi-optical
(QO) systems [168], [209], and, less commonly, alternatives such as tapered slot antennas [205],
or the monolithically integrated transverse electromagnetic horn, also reviewed in Chapter 5
[210]. In general, these antennas present a challenging escalation towards arrays [62], [211].
We will examine later the types most commonly used in wireless links.

The difficulty of integrating several photodiode-excited antennas has obstructed the
development of arrays with beam steering capabilities, and just a few demonstrations can be
found in the open literature [61], [63], [64], [212]. Beam steering would extend the range of
applications of this kind of antenna. Among possible use cases, to name a few, one can find
imaging systems, fine beam alignment to compensate mast misalignment or twist and sways
from mounting structures [57], reconfigurable wireless links in data centers [213], or even a
radar system [204].

The development of photomixer-excited antennas with beam steering could unlock the
use of the E-band (71-76 GHz, 81-86 GHz), which presents several advantages. It offers a little
licensed 2 x 5 GHz bandwidth, adequate for tens of Gbps of data transmission; it does not
feature the absorption peak of oxygen compared to the 60-GHz band, and the FSL is lower
than at higher sub-mm-wave frequencies.

The availability of low-loss, thin, inexpensive substrates well adapted to this frequency
range makes printed circuit board (PCB) technology a promising approach to develop photonic
transmitters/receivers (Tx/Rx). Active components with complex polarization networks can
be integrated with passive components in a single multilayered board, as in [214].

To the best of our knowledge, the work presented in this chapter is the first realization of a
leaky-wave antenna (LWA) integrated with photodiodes as a simple means to steer the beam
with frequency in 1-D at mm-wave frequencies. The LWA is printed using PCB technology
following a similar integration process as [205]. It works at the upper window of the E-band,
and it could find applications in some of the cases cited above. In particular, automatic
alignment in LoS mm-wave links will be discussed in more detail here. The realized design
features a fairly broad relative bandwidth (>10%) and allows a scanning range of 22°, including
broadside. Moreover, the scalability of the presented layout is beneficial with respect to
classical mm-wave antennas to combine several emitters and increase emitted power and or
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directivity.

Section 6.2 describes antennas commonly used in wireless links and their limitations. In
section 6.3, we describe the design of the LWA. The integration of the photodiode chip with
the PCB is discussed in Section 6.4. Sections 6.5 and 6.6 present measurement results and a
potential application, respectively. Finally, conclusions are drawn in Section 6.7.

6.2 Photonic Transmitters for Wireless Links

A module integrating a photodiode with a waveguide output is one of the main approaches
to develop a photonic transmitter. An example has been shown in Fig.4.7c,d. Fig.6.1a shows
another example. The modular architecture allows the addition of more waveguide modules
such as an orthomode transducer (OMT) so that an antenna can transmit and receive in
different polarizations [216]. To extend the upper-frequency range, the transition structure
between the photodiode output and the waveguide suppresses higher-order modes [128].
The —3dB power bandwidth achieved is between 15 — 35%, sufficient for many applications.
This approach has been widely investigated and demonstrations range between 65 GHz up to
350 GHz [156], [168], [172]. Besides, the modules can include the matching circuit presented
in Chapter 5 and an amplifier [168], [172]. It is also possible to include two photodiodes for
power combining [172], [173].

In telecommunications, photonic transmitters of the waveguide type are the workhorse,
typically combined with horn antennas, or with horns and QO systems for enhanced directivity
[206], [216], [217]. In [168], the photodiode module with a horn antenna is assembled with a
dielectric lens, referred to as Gaussian optics antenna (GOA), as shown in Fig. 6.1a. Gains of
37.1 dBi and 52.3 dBi are reported. These values of gain (>25 dBi) are required to compensate
FSL in long-distance wireless links (> 100m), as detailed before in Chapter 3. Alternatively, the
horn illuminates a 54 dBi gain parabolic reflector to avoid lens dielectric loss [209].

PD  Gaussian Optic

Module Lens Antenna Optical Input

UTC-PD Mm-wave/
I — i .
! THz Radiation
Transition : _/
Substrate tefrm e I i substrate
Feed Horn Dielectric Lens Au bonding

layer

(a) (b)

Figure 6.1 (a) Photonic transmitter of the waveguide type and Gaussian optics antenna, from [168].
(b) Terahertz IWA for monolithic integration with photodiodes, from [218].
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Figure 6.2 1 x4 horn array for a phased array at 300 GHz, from [211].

The waveguide module features many advantages: it is rugged and modular, is a mature
technology, and can be combined with QO systems, as commented above. Nevertheless,
beam steering with this approach presents some issues. The first one is escalation since
the waveguide size limits the minimal space between antennas. Fig.6.2 shows a 1 x 4 array
of pyramidal horns [211]. Due to the horn size and the required wall thickness for proper
manufacturing, the array suffers from high sidelobes (at about —2dB at 20° scan). To minimize
the spacing the horn can be reduced to an open-ended waveguide. However, the gain of an
open-ended waveguide is about 7.3 dBi, and it would be necessary to combine many elements
(>10) to obtain a gain > 25dBi. The second aspect is that the system complexity/cost would
increase proportionally to the number of elements.

Alternatively, one finds well-known leaky-wave structures characterized by frequency-
selective beam steering. Fig.6.1b shows one instance of a IWA for monolithic integration
with photodiodes. Since beam steering is achieved by sweeping the frequency, leaky-wave
structures do not require beamforming networks. In addition, the structure can be designed
several wavelengths long to obtain high directivities. For photonically-excited antennas, one
photodiode suffices to steer the beam through a change in the laser emission wavelength.
The speed of this tuning is 100 GHz/s [45]. In [219], a leaky-wave structure was used as a
demultiplexer to separate two channels at 265 GHz and 320 GHz in a wireless transmission
experiment. Another example includes the photonics-based radar system of [220] (also
demonstrated in a wireless communications link). The characteristic feature of leaky-wave
structures makes them an attractive candidate for applications where a steerable beam is of
more importance than the data rate, such as to separate channels in the example above, for
flexible interconnects, or radar systems [204], [219], [220].

In the remaining part of the chapter, we describe a LIWA integrated with photodiodes for
1-D beam steering at mm-wave frequencies.
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6.3 Leaky-Wave Antenna Array

The antenna design is motivated by the necessity of increasing the emitted power by a scalable
layout, with beam steering capabilities, and a 10% relative bandwidth around the center
frequency (81 GHz). One of the simplest beam steering methods is frequency steering with a
1-D periodic IWA. In this configuration, a traveling wave encounters periodic perturbations
in one direction, so that it leaks progressively. If the electrical path between successive
perturbations is such that the traveling wave encounters them in phase, the antenna will
radiate a beam at or near broadside, as is clear from the array factor. Conversely, as frequency
increases, the electrical path between elements will also increase, and the array factor will
produce a beam moving from the backward to the forward quadrant [221].

Fig.6.3 shows a top view of the proposed antenna, its different parts, and the unit-cell of
the radiating section, all described in detail hereinafter. The geometrical features were printed
on a grounded Duroid 5880 substrate (¢, = 2.24, tand = 0.004 at 60 GHz), suitable for high-
frequency applications. At mm-wave frequencies, these values are a more exact determination
of the relative permittivity than the typical values used (e, = 2.20, tané = 0.0009 at 10 GHz)
[222]. The chosen thickness is the minimum among the standards (127 pym) to minimize
the radiation loss and the power lost to surface-waves of the different printed structures
[223]. The antenna is excited by a 2 x 1 array of UTC-PD on InP. Each UTC-PD presents a
50-Q grounded coplanar waveguide (G-CPW) output and feeds two rows of the array. They
will be described in Section 6.4.1. The length of each row is truncated by a matched patch,
where a longer row will feature a more directive beam. Additionally, this design is scalable
in the direction perpendicular to the rows, so that more rows can be added. By controlling
the number of rows and their length, one can easily accomplish symmetrical patterns (at E-
and H-planes) or increase the directivity or the emitted power. In this respect, the proposed
structure is advantageous to other classical mm/sub-mm wave antennas, such as horns or
on-chip antennas with silicon substrate lenses, which are more challenging to escalate. The
antenna was designed using a full-wave simulator (ANSYS HEFSS, version 19.0.0 [91]) and
equivalent network modeling for fast and preliminary layouts.

30 mm
Feed Network Stubs Patch RF choke Unit-cell

Grounded
Duroid 5880

2x1 UTC-PD array Radiating section DC Pad

Figure 6.3 Layout of the designed antenna with the different sections indicated, and unit-cell of the
radiating section.
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6.3.1 Feed Network

The antenna feed network comprises the section between the photodiode chip and the rows.
It is composed of a tapered transition to adapt the width difference between the photodiode
output and the 50-Q G-CPW on the Duroid 5880 substrate (as detailed in Fig.6.11b). After
this transition, a section follows in which the two G-CPWs separate to conform to the row
separation. Finally, the last section is a transition to a microstrip transmission line (TL) and
a symmetric corporate feed network for the array rows. It was designed with a full-wave
simulator to minimize the reflection coefficient, cross-talk between photodiodes, and the
radiation loss that could degrade the patterns.

6.3.2 RF Choke

Antennas integrated with photodiodes often require a polarization network to increase the
built-in electric field and diminish saturation effects. Therefore, one must include an RF choke
at the end of each row to separate the radiating section from the pads used to polarize the UTC-
PD. The choke is developed in a 50-Q microstrip, and it features a simulated RF isolation better
than 35 dB within the array operating frequency band. It consists of seven cascaded identical
sections, as shown in Fig.6.4a. Each section is T-shaped, and the horizontal bar is composed of
two parallel, 1/4 open-ended stubs. The stubs create a short-circuit, resulting in an RF choke.
Besides, the length of the T’s vertical bar, L, is chosen to translate the shorted microstrip to a
large inductive load, so that it presents high input impedance, and this effect is reinforced,
cascading them. Fig.6.4c,d represent simulated and calculated isolation, |S,;|, depending
on the number of sections as well as the magnitude of the reflection coefficient, |S;;|, for the
7-section choke, which is better than —0.85dB in the whole band. In practice, the stubs do
not create an exact short-circuit, and several sections need to be cascaded. Calculations are
performed retrieving the ABCD matrix of the parallel stubs from full-wave simulations, taking
the vertical bar as a section of transmission line of length L, and cascading the sections. The
network equivalent used in the calculations is shown in Fig. 6.4b.

6.3.3 Periodic Radiating Section

The radiating section of the array comprises four identical rows. Every row consists of a
microstrip line periodically loaded by groups of four stubs plus a patch that truncates it, as
shown in Fig.6.3. The design of the periodic structure is crucial to obtain low values of | Sy, as
explained below.

One of the difficulties encountered while designing a 1-D periodic LWA is the scan through
broadside. At this point, all reflections from the perturbations add in phase back to the source.
This can create a bandgap in the k— 8 diagram; in this case the wave does not propagate into
the structure and is completely reflected, degrading the input impedance matching. Following
the discussion in [221], the perturbations of the periodic structure are modeled in a simplified
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Figure 6.4 (a) View of the choke, (b) network used to compute the S-parameters (Z, = Characteristic
impedance of the TL), (c) magnitude of the reflection coefficient, |Sy;|, for a 7-section choke, and
(d) magnitude of isolation, |S»;|, for a choke composed of 1, 3, 5, and 7 sections. Continuous line:
calculated by a transmission line equivalent. Dashed line: full-wave simulation.

network by shunt impedances connected by segments of TL. At broadside emission, the wave
impinges the perturbations in phase, and the equivalent network is a shunt of infinite loads,
which produces a short-circuit and the structure reflects the wave completely. However, if
substantial losses are introduced by each perturbation, the current will progressively decay,
effectively breaking the infinite periodicity, and a short-circuit will not be achieved. Hence,
the latter case will present better matching characteristics.

The analysis of the periodic radiating section is carried out from two perspectives. First, as
a cascade of identical two-port networks (unit-cells). This analysis enables the optimization of
the input impedance matching at the frequency of broadside emission. Next, the dispersion
diagram of the unit-cell is computed to assess the stop-band reduction of the optimized
solution.

Design from a Cascaded Two-Port Network Perspective

In practice, each perturbation introduces losses and reflections to some degree. They have to
be traded-off to obtain the desired radiation and impedance matching characteristics. Since
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the full-wave simulation of electrically large structures can be a computationally intensive
task, it is preferable to use approximate criteria to optimize the period of the structure at the
frequency of broadside radiation. To that end, the periodic radiating section is first analyzed
as a cascade of identical two-port networks. It is assumed that coupling among periods and
surface-wave generation are negligible. In [224] it was shown that a spacing larger than 0.1 A
leads to tolerable coupling effects between stubs in a loaded microstrip, where Ag is the guided
wavelength in the microstrip TL.

1- Period N- Period

N
aour =S>;
o—]
apN >
> | Zr
o0—— /
72
81183,

Figure 6.5 Schematic of the approximate calculation of the scattering parameters for the complete
periodic structure.

The procedure consists of computing the S-parameters of an N-periods network (S7,;),
from the scattering matrix of a network with just one, retrieved from full-wave simulations.
The structure is assumed to be terminated in a matched load, and only the first bounce
is considered for reflections, whereas for transmission no bounces are summed up. This
is true only if |S2;| > [S11]. The schematic of the calculation is shown in Fig. 6.5. In this
manner, the following calculation yields expressions that can be readily computed and used
for optimization:

N-1
ST (6.1)
n=0
skt~ s, (6.2)

The results from (6.1) and (6.2), along with the exact computations, are shown in Fig. 6.6
for a 10% and a 20% loss per pass (|S21] = v/0.9, V0.8, respectively). A symmetric unit-cell
with S;1; = Sy was assumed to compute the exact values. |S1;| is taken proportional to |Sy; |
so that the infinite periodic structure presents SITIO " equal to —10dB (and the bandgap can be
considered effectively removed in terms of impedance matching). Fig. 6.6 shows the largest
deviation between exact and approximate curves. It occurs when the phase of S1; equals 7.
Second and higher-order even bounces add in phase with the traveling wave, yielding lower
transmission losses than the approximate calculation. Additionally, third and higher-order odd
bounces add in phase with the first bounce so that S;; is underestimated in the approximate
curves. As ISlet | decreases, the agreement is better, while it degrades the other way around. In
the latter case, the effects of stationary waves should be included computing multiple bounces.
Finally, it is worth mentioning that as the losses per pass increase, |S11| can be proportionally
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Figure 6.6 S-parameters as a function of the number of periods in the structure. Continuous line:
exact calculation. Dashed line: approximate calculation from (6.1) and (6.2). The percentage indicates
the power loss per pass of one period of the structure.

larger to |Sy;| to achieve the same SIT‘I” threshold (the sum in (6.1) approaches 1). Hence,
increasing the losses per period relaxes the demand on S;; for adequate input impedance
matching, in line with the earlier discussion. Note also that truncating the structure helps
to decrease the reflection coefficient. Finally, for frequencies other than that of broadside
directed emission, (6.1) and (6.2) are valid as long as the phase change per period is accounted

forin So;.

As an example of the usefulness of (6.1) and (6.2), we simulated the unit-cell reported in
[225, Fig. 10] that removed the bandgap at broadside. The structure can be well described
by a traveling wave, following our assumptions. S IT‘I” , SZT‘I” were computed for N = 32 and the
approximate calculations yielded a return loss of 14.5 dB and a transmission loss of 16.3 dB,
whereas the full-wave simulation of the complete structure (using waveports at both ends)
yielded 15.1 dB and 18.5 dB, respectively, with a CPU simulation time 18 times larger than
the single unit-cell. This indicates that (6.1) and (6.2) constitute a useful tool for preliminary

optimization of this kind of structure.

Once the optimization procedure has been explained, we now explain the designed peri-
odic radiating section. The unit-cell used in our design was first reported in [224], and it is
shown in Fig.6.7a. The stub length (/) is approximately A/2, presenting high input impedance,
to introduce a small perturbation in the TL, whereas its width (w) controls the amount of radi-
ated power [224]. In turn, the stubs form groups of four: two towards the right and two towards
the left, equispaced at distance s. This configuration allows one to increase the return loss if
Aarg(S»;) per stub plus inner separation is approximately 7/2. In addition, it introduces more
losses per period, so that the design can be made more compact. Nevertheless, the stubs do
not radiate in phase but in quadrature. This results in a pattern that points off-broadside in the
plane perpendicular to the row; this effect is conveniently eliminated by the array factor of the
complete four-row structure. The simulated and calculated S-parameters using (6.1) and (6.2)
are shown in Fig.6.7b for broadside emission. The periodic structure presents SE" < -12 dB,
and the calculated curve is in agreement with the simulated values. The calculated values
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for Sg‘ft are slightly overestimated due to the exclusion of the higher-order bounces in the
calculation, as also occurred in Fig. 6.6. Once the group of four stubs is optimized (Fig.6.7b), a
four-period structure is simulated. When several periods are simulated, the length of TL in the
unit-cell needs to be re-tuned. Its final value changes by about 4%. Hence, effects associated
with surface waves and coupling introduce only a small perturbation.
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Figure 6.7 (a) Two consecutive periods along with representative geometrical parameters. (b) Opti-
mized ISf‘l’tl and IS}I"I for broadside emission as a function of the number of elements in the periodic
structure (lines), and simulated values (dots).

Analysis from the Perspective of a 1-D Periodic Structure

To show the suppression of the open-stopband, Fig. 6.8 represents the dispersion diagram
and attenuation constant of the optimized unit-cell within the band of interest (solid black
line), as calculated from [226, Eq. 8.7], [227]. Dispersion and attenuation are also plotted for
the same unit-cell geometry with w = 50 um (solid grey line), and for a unit-cell with just a
50 pm wide stub (dashed grey line). In the latter cases, p is tuned to obtain Aarg(S,;) equaling
27 approximately at 81 GHz. The unit-cell with one stub features the typical open-stopband
behavior around the frequency of broadside emission (f_; pr = 0) [221]. For f_; pn equal
exactly to 0, the wave is not radiated (a/ ko equals 0), and it is totally reflected (SE’t >-1dBin
the stop-band frequencies when a sufficiently large structure is simulated). For the four-stub
unit-cell with w = 50 um, the previous behavior is mitigated since the reflections from the
stubs compensate to some degree, but it is still observed (in this case, Sf(l’t = —3 dB). Finally,
for the designed unit-cell optimized using the approach explained before, the curves present
a much smoother behavior, and the stopband effect is largely mitigated S]9' < —12dB.

6.3.4 Complete Antenna Array

Since the antenna will be tested in a wireless link with a QO parabolic mirror of 10.16 cm focal
length, its phase center should remain constant over the operation band. Therefore, a compact
design (far-field at 10.5 cm), with broadside directed radiation (for simpler alignment) was
targeted. For that purpose, the row is truncated after four periods in a patch that radiates
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Figure 6.8 Dispersion diagram and attenuation constant for three structures: the optimized one
shown in Fig. 6.7(a) with 4 stubs per unit-cell and w = 450 ym (solid black lines), a 4-stub structure with
w =50 um (solid grey lines), and a structure with a single stub per unit-cell with w = 50 yum (dashed
grey lines).

the remaining power, between 10% and 25%. The resonance frequency of the patch is fixed
to 85 GHz, slightly higher than the central frequency (81 GHz), to compensate for the lower
losses at the higher end of the operation band. It is worth mentioning that the patch used
to truncate the antenna and make it compact degrades the patterns beyond its resonance
frequency, and thus, it limits the antenna bandwidth. In line with the application discussed
in Section 6.6, by including more periods in the row, the bandwidth upper limit would be
increased, the side-lobes would be decreased, and also it would help to obtain a narrower
beam for more pointing resolution. Indeed, for a single row of 19 periods, the HPBW is only 4°
and the gain is 18.5 dBi at broadside emission.

The above-described row is used to obtain the final planar array comprised of four rows.
First, the row is duplicated to geta 2 x 1 array. Second, this 2 x 1 array is mirrored and excited
in phase opposition, which leads to a significant reduction of the cross-polarization level and
an E-plane pattern pointing at broadside. The final structure consists of an approximately
square array with a simulated directivity between 18.5 and 20.0 dBi, side-lobe level (SLL)
< —9dB, a HPBW < 13°, and a radiation efficiency better than 75% in the 75-86 GHz frequency
range. Fig.6.9a shows the S-parameters of the whole structure, and Fig. 6.9b depicts the E-
and H-plane cuts at broadside (81 GHz). The UTC-PDs are included as 50-Q lumped ports,
which corresponds to the characteristic impedance of the output G-CPW of the photodiodes.
In the future, one could envisage integration of the UTC-PD with a matching network, as in
[51], whose output impedance is also 50 Q.
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Figure 6.9 (a) Simulated magnitude of the reflection coefficient and cross-talk for the complete array.
(b) Simulated E-plane (black) and H-plane (grey) cuts of the radiation pattern for broadside emission
at 81 GHz.

6.4 Antennaand Photodiode Integration

In this section, we describe the photodiode chip and the integration with the antenna.

6.4.1 Description of the UTC-PD Used

The UTC-PD that will be integrated with the LWA antenna array was fabricated by III-V labs
[161]. Additional details of the device have been reported in [154], [162]. It consist of a
waveguide-fed, evanescently coupled UTC-PD. Fig.6.10a details the layer structure. As it can
be seen, values are among the typical ones used in the bibliography. The dielectric waveguide
is detailed in Fig. 6.10b. It is a ridge waveguide where the core is made of InGaAsP, with
dimensions 3 um wide x 0.3 um thick. The cladding (top and bottom) are developed on InP.
It is important to note that, in this case, the optical coupling to the dielectric waveguide is
dependent on the polarization of the light, therefore, it requires the use of a polarization
controller in the experiments. Relevant characteristics of the UTC-PD are listed in Table 6.1.

Parameter Value Comment

Dimensions 15pum x3umx 2.5um Length x width x thickness
Responsivity 0.35A/W 3 pm spot size illum.

3 dB bandwidth 120 GHz 50 Q load

Saturation P,,;; 1dBm 110 GHz, 12 mA photocurr., —3V bias

Table 6.1 Relevant parameters of the UTC-PD used [161].

Fig. 6.10c shows the available chips. They consist of two UTC-PDs per chip on an InP
substrate. They are already mounted on an Aluminum Nitride (AIN) block for mechanical
support, handling, and heat dissipation (shown later). The separation between UTC-PDs is
500 um, and each photodiode is integrated with a 50-Q G-CPW. The PDs can be illuminated
by an array of lensed fibers with the same pitch, or just with a single lensed fiber to feed them
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Figure 6.10 Views of the UTC-PD used. (a) layer structure, (b) zoom to PD region (from [154]). (c)
Layout of the 2x UTC-PD chip, and (d) photograph of the PD region with its optical waveguide.

individually. In the latter case, light is more efficiently coupled since tolerances in the fiber
array manufacturing make it difficult to illuminate both simultaneously while keeping the ®
optimal [228]. Finally, Fig.6.10d shows a zoom to one PD and its optical waveguide. The sharp
border finish is achieved cleaving the chips along a crystallographic plane of the substrate.

6.4.2 Integration

Prior assembly, an aluminum housing to provide support for the AIN block and the PCB is
fabricated. The housing features a groove where the AIN block is placed, with a depth such
that the top metal of the PCB and the G-CPWs of the chip are at the same height (+50 ym).
It also includes pins to perform electrical connections and bias the UTC-PD, as can be seen
in Fig.6.11a. A zoom on the antenna feed is shown in Fig.6.11b, where lensed fibers are also
included. They illuminate the UTC-PD by the optical waveguide input at the back edge (not
shown).

In the first step of the integration process, the AIN block is positioned parallel to the PCB in
such a way that the G-CPW of the chip is aligned to the G-CPW of the PCB. It is thereafter glued
to the housing using a UV curable glue (BLUFIXX MGS), as shown in Fig.6.11c. For positioning
and maintaining in place the AIN block while applying the glue, a probe plus micropositioner
(SUSS Microtech PH100) are used (Fig.6.11d). In addition, the edge of the PCB where the feed
is located is glued in a similar fashion to the housing (not shown). This avoids the PCB from
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bends while curing the bonds.

Once both parts are aligned and fixed to the housing, the last step is to bond the UTC-PDs
to the G-CPW lines on the PCB. To do so, a silver-based conductive epoxy is used (EPO-TEK).
To perform the bonds, the same micropositioner and probe are used. A = 60 um diameter
thread is picked by the probe and deposited in place with the aid of the micropositioner. Trials
on 100 um-wide lines are shown in Fig.6.11e, while the inset shows the probe tip with an epoxy
thread ready to bond. Finally, Fig.6.11f shows the UTC-PDs bonded to the PCB as well as a
lensed fiber used for illumination. After bonding, the epoxy requires curing at 80°C for 4 h.
The whole process is assisted by an optical microscope.

The reason to use the bonding method presented above and not the more common ball-
wire bonding is because the gold pads of the chip lie on a Benzocyclobutene (BCB) layer. While
in the former negligible pressure is applied to do the bond, the combination of temperature
(= 100°C), ultrasound, and pressure to create the weld in the wire bonding process, can result
in fatal structural damage to the chip. In addition, the conductive epoxy thread results in
a thick connection. Compared to wire bonding, it reduces the self-inductance of the wire,
yielding a better electrical connection. This has been evaluated by bonding two sections of
G-CPW on Duroid 5880 separated by 150 um. The insertion loss (IL) obtained for ball wire
bonding at 67 GHz are 1.4 dB higher than the IL using conductive epoxy.

Out of the three chips that were available, unfortunately, it was not possible to get both
UTC-PDs functioning well simultaneously. Most commonly, one of them had the input of the
optical waveguide damaged to some extent. This impeded us to realize measurements with
both PDs working and we were restricted to perform measurements with only one PD active.
In particular, power combining and wireless link demonstrations with both active PDs could
not be demonstrated. SEM images of damaged chips can be seen in Fig.6.12.
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Figure 6.11 Images of the integration process: (a) designed housing, (b) G-CPW transition, (c) AIN
block aligned to PCB and glued to the housing, (d) schematic of AIN block fixed in place by a micropo-
sitioner, (e) practice of thread bonding on 100 um-wide dummy lines, inset: probe and epoxy thread
ready to deposit. (f) detail of thread bonding and fiber used to excite the UTC-PD.
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Figure 6.12 SEM images of damaged chips: (a) photodiode and optical waveguide damaged, (b) zoom
to the damaged optical waveguide input, and (c) healthy photodiode with a severely damaged optical
waveguide input.

6.5 Transmitter Characterization

Two different sets of measurements were carried out to evaluate the performance of the
designed antenna: electronic measurements to determine return loss and radiation pattern,
and photonic measurements to examine the power radiated and its performance in a wireless
transmission link.

6.5.1 Electronic Measurements

The set of electronic measurements was performed on a two-row array prototype with a GSG
probe (Form Factor ACP 110-T), and an Agilent N5242A vector network analyzer (VNA) with a
mm-wave extension head (OML V10VNA2). The set-up and measurement methods will be
presented in detail in Appendix D. The prototype included a tapered interconnection to adapt
the pitch of the GSG pads (150 um) to the G-CPW in the PCB, as shown in Fig.6.13a.

Tovmm-wave head
- 4

(a) (b)

Figure 6.13 (a) Layout of the two-column array adapted for GSG probe measurements, and (b) detail
of the GSG probe exciting the antenna.
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In the reflection coefficient measurements, it was necessary to de-embed the probe and
interconnection. For this purpose, the procedure described in Appendix D was employed.
Measurement results are shown in Fig. 6.14. The antenna was well adapted through the
operation band and did not present an increased reflection coefficient at the frequency of
broadside emission (81 GHz). The disagreement between simulation and measurement
around 78 GHz could be attributed to an inexact value of the relative permittivity of the
substrate used in the simulation, and to errors associated with the electrical connection
between the probe and the PCB. Finally, tolerances in the fabrication of the PCB could also
have impacted the performance. More precisely, VIA holes were positioned with an accuracy
of £25 pum, which is comparable to the VIA-center to edge distance (150 um).

For pattern measurements, a spherical 3D scanner and a receiving horn were additionally
used. This is also explained in detail in Appendix D. Fig. 6.15a shows the normalized co-
polar directivity of the two-row array at different frequencies. A frequency-scanning range
of 22° was achieved. Note that the cross-polarization component, emitted largely off the
scanning range of the array, vanished in the complete structure (Fig.6.9b). Additionally, the
SLL of the two-row array was higher than in the complete structure (Fig. 6.9b) because the
patterns were optimized for the prototype excited photonically. The SLL could be improved
by including more periods in the row. Fig. 6.15b shows the simulated and the measured
peak gain for the two-row prototype adapted for probe measurements. The largest deviation
between simulated and measured data equaled 1.4 dB, which was acceptable considering
the method used to excite the antenna. This value of measured gain was also consistent
with the simulated radiation efficiency (77% at broadside). In the measurements, a standard
gain horn was first characterized as a reference to retrieve absolute values of gain. Note the
antenna did not present degraded gain at the frequency of broadside emission due to the good
input matching observed in Fig. 6.14. Therefore, the operation range was extended from the
backward quadrant (6 < 0°) to the broadside and the forward quadrant.

0 r r
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N
“ 220

-30
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Frequency/ GHz
Figure 6.14 Magnitude of the reflection coefficient for the two-row prototype adapted for probe mea-

surements. The black dots represent the measurement taken directly from the VNA, whereas the grey
continuous curve represents the measurement after de-embedding the probe and the interconnection.

103



Chapter 6. Tx Based on a Leaky-Wave Antenna for 1-D Beam Steering in Reconfigurable
Wireless Links

o 20,

Z

Ty ~

£ B T T —~—

g 2

2 £ —Measured

5 = 10 .

5 &) — Simulated

ot A4

& g s

< ~

g ,

Z -15leL 0

-40 -20 0 20 40 75 78 81 84 86

Theta (deg) Frequency/ GHz

(@) (b)

Figure 6.15 (a) Normalized co-polar directivity at H-plane at different frequencies for the two-row
prototype adapted for probe measurements. Continuous line: simulation, dashed line: measurements.
(b) Simulated and measured peak gain.

6.5.2 Photonic Measurements

For photonic measurements, the antenna integrated with the PD as described in Section 6.4,
was used to measure photodiode I-V curves, the performance in a wireless link, and the output
power, with one active UTC-PD. It was optically fed by a 4 ym spot-diameter lensed fiber (OZ
Optics). The fiber was mounted on a 3-axis stage (Thorlabs MBT616D) to align it to the PD
optical input, as shown in Fig. 6.16, and Fig.6.11f.

Figure 6.16 Photonic excitation of the antenna.

I-V Curve and Responsivity

Fig. 6.17 shows the characterized DC response of the UTC-PD. To preserve the lifespan of
the devices, the reverse bias voltage was limited to -2.5 V and the photocurrent to 11 mA in
all experiments (unless the PDs were damaged, in that case we diverted ourselves). The DC
voltage was applied by a DC power supply, the photocurrent was measured by a workbench
precision current meter (Keysight B2980A), and the optical power was measured with an
optical power meter (Thorlabs S154C). The left graph shows the I-V curve at dark (it was
measured on a PD with a damaged waveguide). The response follows the classical curve of a
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p-n junction. At forward bias, the slope of the curve is defined by the series resistance of the
PD, calculated to be 60 Q, including also the resistance due to PD bonding in the assembled
prototype. At reverse bias, the dark current is in the order of hundreds of nA (indicating a
high resistance of the depletion region), until V = -8V, where the electric field is high enough
so that Zenner or avalanche effects increase the dark current. Fig.6.17b shows the (reverse)
photocurrent versus optical power at two different bias voltages. For V = 0 V, the onset of
saturation is observed, whereas it is not observed at —2.5 V. Responsivity is 0.2 A/W, and
is slightly lower than that reported elsewhere [161] because we used a lensed fiber with a
larger spot. The cut in the abscissa for the V = —2.5 V curve is about 0.4 mA, whereas the dark
current of the photodiode is in the range of nA [160]. This offset indicates that integration in
this prototype has introduced a parasitic shunt resistance of about 5kQ when the PD chip
was assembled. The shunt resistance leaves the value of a 50 Q load practically the same, but
the offset must be removed from the photocurrent if RF output power versus photocurrent is
considered.
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Figure 6.17 Measure of the DC response of the UTC-PD used in this work. (a) response at dark, (b)
DC photocurrent versus optical power at two different bias.

Performance in a Wireless Link

The wireless link set-up is shown in Fig.6.18a. A standard photonic approach [30], [174] was
used to generate and modulate two optical tones of two distributed feedback lasers (Toptica
Photonics DFB pro BFY), with a spacing in frequency equal to that of the mm-wave carrier.
After modulation using on-off keying (OOK), the signal was amplified (EDFA), monitored in an
optical spectrum analyzer (OSA), and coupled to the UTC-PD input optical dielectric waveg-
uide by a lensed fiber. Subsequently, a QO system was employed to collimate the radiation.
Note that the antenna radiates perpendicularly to the PCB plane (Fig. 6.18b,c). Hence, it is
placed at the focal point of a parabolic mirror that collimates radiation horizontally, as is most
convenient for the QO link. On the receiving side, a 10 cm diameter Teflon lens focuses the
radiation onto a Zero bias Schottky Barrier Diode detector (ZSBD) [229]. After the mm-wave
carrier is detected, the signal, in baseband, is filtered and amplified (LNA amplifier + limiting

105



Chapter 6. Tx Based on a Leaky-Wave Antenna for 1-D Beam Steering in Reconfigurable
Wireless Links

amplifier). Finally, the detected signal is compared to the original using a BER tester (Anritsu
MP2100A). The link parameters are summarized in Table 6.2, and Fig.6.18d shows the corre-
sponding eye-diagram for 2.15 Gbps error-free transmission. At higher data-rates, variations
of the antenna phase center with frequency create jitter, distorting the communication.
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Figure 6.18 (a) Schematic of the set-up utilized for the wireless link (PC = polarization controller,
BP = bandpass, LNA = low noise amplifier). (b) and (c) QO system. (d) Eye diagram for the error-free
transmission at 2.15 Gbps.

In addition, the wireless link was used to transmit the HD screen of a laptop computer
(data rate of 1.5 Gbps) to a second screen, as it can be seen in Fig.6.19. To do so, the HDMI
port of the laptop was connected to an HDMI to Serial Digital Interface (SDI) converter, which
serializes the video output with OOK modulation. In turn the converter was directly connected
to the modulator driver input. After the amplification stage on the receiving chain of the link,
an SDI to HDMI converter changed back the modulation of the transmitted video, and was
connected to the second screen. Except for the BER tester, which was removed, the rest of the
link elements remained the same, including distance, photocurrent, and carrier frequency.
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Parameter Value
Data Rate 2.15 Gbps
RF Carrier 80 GHz
Modulation OOK

Link Distance 25cm
Bit Error Rate < 10712
Photocurrent 7.0 mA

Table 6.2 Wireless link with one active PD: summary of main parameters.

HPMIto | To mod. driver| & Laptop
SD I E Computer
Converter ! 4
Wireless link .
i

SDI to 'H

HDMI H From limiting
Converter amplifier

Figure 6.19 Live transmission of an HD laptop computer screen to a second screen through the
wireless link.

Radiated Power

Power measurements of the photonic prototype with a UTC-PD excited were performed on
a similar set-up as the transmission link shown on Fig. 6.20. The Teflon lens, ZSBD, and
receiving chain were replaced by a THz absolute power meter (Thomas Keating Instruments).
Additionally, the modulator was substituted by a fiber-coupled free-space collimator plus a
chopper to enable lock-in detection. Since the broadband detector presented a large window
in which pressure variations due to thermal heating were measured, external stimuli could
alter measurements (Fig. 6.21a). Therefore, the dependence P o< I? was checked before power
measurements, P being the detected RF power and I the DC photocurrent. This is of utmost
importance if an end-fire antenna is measured. In this case, some light, which was chopped at
the same lock-in frequency, could couple and destroy the measurements. In this case, however,
the previous relationship would be linear and it could be easily noted. Fig.6.21b shows the
frequency dependence of the detected power. It featured a 3 dB bandwidth of 11 GHz (74 GHz
to 85 GHz), with a maximum of 120 yW at 80.5 GHz, for 45 mW input optical power at —-2.5V
bias voltage (9.8 mA photocurrent). This was in agreement with the photodiode output power
[161] when bonding losses (4-5 dB) and antenna radiation efficiency (77%) were accounted
for. For frequencies out of the operation band, the mirror did not capture all the emitted
radiation, emitted largely off-boresight, and the detected power decreased. This could be
solved using a mirror with lower F-number or placing the power meter window horizontally,
with the appropriate support and alignment structure. Nevertheless, these frequencies are not
within the range of interest and were not measured in the present work.
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6.6 Featured Application

(b)

(a) Measurement head of the power meter, and (b) detected power after the QO system.

In a potential scenario, we discuss the application of the LWA for beam alignment in wireless

data center interconnections. Wireless interconnections in data centers were proposed in

[119] to provide scalability and reconfigurability, which are difficult to achieve by fiber inter-

connected nodes as the number of servers increases. Mm-wave links at 60 GHz or sub-THz

frequencies, better suited for tens of Gbps data rates, could provide a flexible alternative to an

all-fiber scenario.

Fig.6.22a depicts a simplified data center node structure with server racks distributed in

a hexagonal lattice. The servers form sub-groups that are interconnected by fiber, whereas
the wireless links provide flexible interconnection between them, thus forming a hybrid

108



Chapter 6. Tx Based on a Leaky-Wave Antenna for 1-D Beam Steering in Reconfigurable
Wireless Links

Fiber link ~  -—--- Wireless link Orientable ©==~F37R3 771
platform

//l N\ Feedback

=}

\ Alignment

. protocol
Beam steering SN
AY
@ antenna .4 .
N
/4\ 2o N
AN ﬁv\@.’ I
Servers in N s
rack N

-,

\

e ————————— ]

\

Y,

=]
7’

k4

\ é&
N\

—~
o
~
~
(=3
~

Figure 6.22 (a) Hybrid interconnections in a data center; the continuous yellow lines represent wired
fiber links whereas the dashed red lines illustrate reconfigurable wireless LoS links. (b) LWA set-up,
co-located with the wireless transceivers, to enable alignment in a LoS link.

architecture. More details on hybrid architectures can be found in [119].

Electronic beam steering with phased arrays is frequently proposed in the literature as a
means to align the different LoS links [119], [213]. However, mechanical alignment is more
affordable, given the cost and energy consumption of many active elements required in a high
gain phased array. As discussed next, these high-frequency data links feature high directivity
and narrow beamwidth, which require dedicated hardware, as well as the corresponding
protocol to control the stringent alignment.

In the previous sections we have reported on the IWA that produces a beam squint with
frequency, which is one of the simplest forms to steer the beam. It shows a medium directivity
of about 18-20 dBi, points within the 22° scan range, and works at the E-band (from 75 GHz to
85 GHz). Owing to the antenna scalability, these characteristics can be easily adapted for a
lower HPBW and enhanced pointing resolution. Indeed, we have already commented that
the row composed of 19 periods presents an HPBW of 4° (18.5 dBi gain for one row), while
maintaining good input impedance matching. Besides, the same concept can likewise be
employed at other frequencies [230]. In this use case, the IWA would be co-located with
the transceivers on top of the racks in a structure that would offer in-plane mechanical
rotation, as shown in Fig.6.22b. After, the IWA could be used to establish optimum alignment
between transceivers in the link. During alignment, a signal with reduced bandwidth or lock-in
detection could be employed, lowering the demand for highly directive antennas and eluding
a dedicated QO system. For instance, for a detector NEP of 2 pW/v/Hz [231], and a signal
bandwidth of 1 MHz, it suffices with 21 dBi directive antennas to obtain an SNR = 10 dB (0 dBm
noiseless radiated power, 10 m distance, f =75 GHz, and D = G for the Rx antenna). For 10 GHz,
the required directivity would increase to 31 dBi.
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This solution would offer a fast and simple option to set-up the wireless links in reconfig-
urable data centers. Additionally, the transceiver hardware, represented in blue in Fig.6.22b,
could be partially reused. For instance, it would suffice with an optical switch for a photoni-
cally generated signal to select either of the antennas. Therefore, this solution would play little
role in the overall system cost or size. The PCB in which the antenna has been fabricated is
30 mm by 30 mm, with an approximate packaging footprint of around 5-10 cm3.

6.7 Conclusions of the Chapter

In this chapter, we have reported the design, photonic integration, and characterization of
a premier leaky-wave antenna array integrated with photodiodes at mm-/sub-mm-wave
frequencies. The designed antenna exhibited beam steering with frequency with a scalable
layout and was fabricated in PCB technology. Measurements of the radiation pattern were
performed on a two-row array, adapted for excitation with a GSG probe. A 22° scan range,
including broadside, has been shown across the frequency of operation of the antenna (75 GHz
to 85 GHz), which was in agreement with full-wave simulations. Measurements of return loss
were also in good agreement with simulations. In this respect, a novel method to de-embed
the probe plus interconnection will be described in Appendix D. To the best of our knowledge,
this was one of the few realizations of periodic 1-D structures in which the complete periodic
structure shows adequate matching characteristics (S;; < —12 dB) at broadside. This was due
to increased losses per period, which also helped to obtain a compact structure and higher
radiation efficiency and to enlarge the scanning range of the antenna from the backward
quadrant to broadside and the forward quadrant. Furthermore, the antenna was tested in a
wireless communications system, demonstrating error-free transmission at 2.15 Gbps as well
as HD live video retransmission (1.5 Gbps) for a 25 cm link distance. Finally, the application of
the LWA antenna as a simple means to align mm-wave LoS links was outlined.

As for simulations of the photonic prototype, the structure shown in Fig.6.11a (without
housing) was considered. The feed structure was detailed in Fig.6.11b where the UTC-PDs
were simulated as 50-Q lumped ports. For the rest of the simulations comprising the choke,
the design of the unit-cell, and the two-column prototype for excitation with a GSG probe,
waveports were utilized to excite directly the microstrip line or the G-CPW line. For the
complete prototype, a full-wave simulation was also carried out in CST (Ver. 2018)[228] with
the frequency-domain solver to cross-check results.

As for the different aspects of the experimental work of this chapter, the housing was
manufactured by X. Morvan at IETR workshop with a high-precision milling machine. The
PCB was manufactured by CONTAG AG, and the UTC-PD chips on an AIN block were provided
by G. Carpintero (UC3M) prior approval of E van Dijk (III-V Labs Thales-Alcatel). The SEM
images of damaged chips were taken by O. de Sagazan at Nano-Rennes cleanroom (UR1),
whereas the set of electronic measurements were taken at LEAT (Université Cdte d’Azur) with
the guidance of L. Brochier, and E Ferrero. Prototype assembly and photonic measurements
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were carried out at the Electronics Lab of Professors G. Carpintero and L. E. Garcia-Mufioz
at UC3M. It is worth mentioning that a similar integration, and notably the bonding process,
had already been carried out, for instance, in [205]. Also, the wireless link set-up was already
available, and it was only necessary to adapt the QO system shown in Fig. 6.18b. All the
integration process and measurements were taken by the author except for the bonding of
the UTC-PDs to the PCB. Bonding was performed by fellow Ph.D. student M. Ali (UC3M). The
rest of the work herein presented was carried out by the author under the supervision of D.
Gonzdlez-Ovejero, R. Sauleau, and L. E. Garcia-Mufioz.
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Photonic-Enabled Beam Switching With
a Mm-Wave Antenna Array for Telecom-
munications

In the previous chapter, we have shown a photonic transmitter based on a leaky-wave antenna
array as a simple means to steer the beam in 1-D by frequency-selective beamsteering. In
this chapter, we present the second and last realization of a mm-wave photonic transmitter
which is based on beam switching. One of the particular characteristics of mm-wave photonic
transmitters is the difficulty of integrating more than a few active elements (approximately
four), as we have seen in the SotA of the preceding chapters. Therefore, an alternative to more
traditional approaches based on phased arrays is required to obtain, simultaneously, a highly
directive and steerable beam. In this chapter, we apply the technique of beam switching to an
array of mm-wave photonic transmitters to accomplish such beam characteristics. The work
presented in this chapter is based on , [v-vii] from the List of Publications.

In summary, we present in this chapter the last original contribution of the thesis: a
photonic-enabled antenna array at E-band for scanning and beam alignment by beam switch-
ing in wireless links. First, we discuss the trade-offs between beam switching and beam
steering for photonic (sub)millimeter-wave transmitters. Next, we present the proposed solu-
tion; it consists of two sub-arrays of stacked patches as primary feeds of a PTFE lens, with one
photodiode feeding each sub-array. To validate the assembly, the return loss and radiation pat-
terns have been measured for one of the sub-arrays excited with a coplanar probe. In turn, the
lens illuminated by one of the sub-arrays yields a directivity of 27 dBi. The radiation patterns
measured for the transmitter module (including the lens) are in very good agreement with
full-wave simulations, and they show that excitation of one of either sub-arrays allows beam
switching between +2.7° with a beam crossing at —3 dB. Finally, we will test the transmitter in
a 0.6 m wireless link. Depending on the position of the detector and on which sub-array is
excited, we expect to accomplish error-free transmission at several Gpbs using on-off-keying
modulation and direct detection. The system constitutes an initial proof of photonic-assisted
beam switching for mm-wave transmitters enabling broadband operation with a directive and
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switchable beam.

7.1 Introduction

The increasing demand for data traffic in wireless systems will require the deployment of
high capacity cellular networks. Millimeter- (mm-) and sub-millimeter (sub-mm) waves have
been widely accepted as the most suitable spectral regions to provide enough bandwidth for
multi-Gbps data throughput [9], [56], [102]. In particular, the E-band (71-76 and 81-86 GHz)
constitutes one of the most promising bands. It has been already allocated for fixed cellular
backhaul links [107]. The E-band offers a 2 x 5 GHz bandwidth not intensively licensed so
far [113] and lies within a relatively low atmospheric absorption window of approximately
0.5 dB/km [232].

In other respects, intense research efforts carried out over the past decades have put the
photonic generation of mm- and sub-mm waves in the spotlight. Specifically, the possibility
of seamless integration of photonic transmitters (Tx) with fiber optics has led to numerous
point-to-point wireless links demonstrations [59], [108], [150], [233]. The photonic approach
is advantageous in terms of antenna remoting, centralization of signal processing with flexible
modulation formats, wavelength division multiplexing for multichannel wireless links, and
compatibility with already deployed and forthcoming optical access networks. With a band-
width spanning over 4 THz, photonic generation and analog signal processing of mm-waves
can benefit from ultra-broadband, reliable, and cost-effective commercial components such
as Er-doped fiber amplifiers (EDFAs), which are nearly insensitive to the mm-wave frequency.
However, photonic Tx provide lower source power than their electronic counterparts, suffering
from a large down-conversion loss at the O/E converter (usually a high-speed photodiode).
This shortcoming, in addition to a high free space loss at mm-waves, requires the use of
line-of-sight links and highly directive antennas.

An additional challenge is to provide photonic-enabled mm-wave transmitters with beam
steering capabilities. This feature is also crucial to enable high data rate wireless links in
realistic scenarios [4], [19], [31], [234]. Some relevant use cases include: fine alignment of
highly directive beams [108], compensation from twists and sways from mounting structures
[57], [235], and reconfigurable links [118], [234].

Despite the numerous demonstrations of photonic-enabled wireless links, experimental
realizations of photonic Tx featuring beamsteering at E-band frequencies or beyond are
relatively uncommon. Only in recent years the number has started to grow [61], [63]-[65],
[236], [237], although the performance assessment in a wireless link still has received little
attention [61]. Several of the previous examples on photonic Tx featuring beamsteering have
been shown in the preceding chapters, and we will cover next the remainder ones. Other
than leaky-wave antennas, all the previous realizations use in common a phased array to
steer the beam, but with a small number of active elements, up to four. The reason is that
itis complicated to integrate a large number of photodiodes (PDs) with the antennas, while
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maintaining optimal PD illumination. This issue has hindered the development of wireless
links using high gain antennas featuring beam steering simultaneously.

Instead of using a phased array, an approach that combines an antenna array with quasi-
optical (QO) elements to obtain the required gain enhancement can be a plausible solution
to the problem above. In particular, we propose in this contribution photonic-assisted beam
switching with a mm-wave antenna array integrated with uni-travelling-carrier photodiodes
(UTC-PDs). By using a lens, the Tx features a highly directive and switchable beam, while a
low number of active components need to be integrated. The system constitutes a proof-of-
concept towards photonic-enabled mm- or sub-mm wave Tx featuring broadband operation
with a directive and steerable beam.

The remainder of the chapter is organized as follows: Section 7.2 describes the SotA on
arrays of photonic transmitters for beamsteering. Section 7.3 analyzes the advantages and
drawbacks of photonic-enabled beam switching and phased arrays to obtain a high gain
and a steerable beam simultaneously. Next, Section 7.4 describes the design, assembly, and
characterization of a 2 x 1 antenna array used as a lens primary feed for beam switching. After,
in Section 7.5 we describe the experimental characterization of photonic beam switching.
Last, Section 7.6 presents the system in a wireless data transmission experiment. We conclude
the chapter with future work guidelines and conclusions in Sections 7.7 and 7.8, respectively.

7.2 Arrays of Photonic Transmitters for Beamsteering

In the preceding chapters, we have commented on some of the most relevant realizations
of photonic transmitters for beamsteering at E-band frequencies or beyond. In particular,
Fig.5.2d shows an array of on-chip log-spiral antennas with 2 x 2 active elements. Fig.5.3b,c
shows also two on-chip antenna arrays with three and two active elements, respectively. The
former uses an on-chip antenna that radiates towards a silicon substrate lens, which tends to
collimate the beam and produces an early onset of grating lobes (+5.2° before the sidelobes
became more powerful than the main beam). The two instances in Fig. 5.3b,c radiate towards
free-space, enabling a large scan range (= +30°), but with a reduced directivity due to the
half-power beamwidths of around 30° —40°. In addition, Fig.6.1b shows a leaky-wave antenna
for frequency-selective beamsteering, and Fig.6.2 shows a 1 x 4 waveguide-fed horn array. The
horn array features a gain of 18 dBi, but it may be challenging to scale to obtain a gain > 25dBi
since the structure is fed by waveguides. Additionally, the LTWA features a simple means to steer
the beam by frequency-selective beamsteering, but at the same time this property precludes
the use of a IWA in a wireless link over a large bandwidth.

Finally, one can observe in Fig. 7.1 the two last relevant realizations of photonic Tx for
beamsteering at E-band frequencies of beyond. In the first case (Fig.7.1a) [61], [238], the
antenna concept is similar to the 1 x 4 waveguide-fed horn array shown in Fig. 6.2. In this case,
the operation frequency is around 80-90 GHz, so it is fed by W-band coaxial connectors instead
of waveguides. The system is, to the best of our knowledge, the only realization wherein the
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Figure 7.1 Demonstrations of photonic transmitters for beamsteering: (a) sectorial horn fed by an
array of 1 x 4 photodiodes [61], [238]. (b) Left: tapered slot antenna (TSA) and right: two-element TSA
array [240], [241].

performance in a wireless link is also assessed. The baudrate is 2.5 Gbaud and, by using
16-QAM modulation, the aggregate data rate is 10 Gbps. They also demonstrate the error-free
performance of the link for +35°. However, the approach presents several drawbacks: first, the
antenna is fed by commercial off-the-self photodiodes with a price tag > 15kEuro each [239].
Second, the antenna features a gain of 18 dBi but it may be difficult to scale and achieve 25-
30 dBi to extend the link distance. Besides, the phased array beamforming network (denoted
as distribution in Fig.7.1a) is substantially bulkier than the antenna.

Fig.7.1b shows the mm-wave photonic transmitter developed by our colleagues at UC3M
for a single antenna (left) and for a two-element array (right). This transmitter is based on
PCB technology, and the experimental realizations presented in this thesis have inherited the
integration process of the UTC-PDs with the antennas on the PCB. The existence of low-loss,
thin PCB substrates allows a cheap and flexible integration framework that can in principle
benefit from the possibility of including RF components such as amplifiers or matching
networks. Besides, multilayered boards can also be employed to accommodate complex bias
networks. PCB technology is also compatible with array antennas, and substrate modes are
less important than in on-chip antennas due to a lower dielectric permittivity of typical high-
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frequency substrates (e, = 2.2 for Duroid 5880). Thus, the antennas can radiate directly to free
space or to an adapted QO sytem, providing more design flexibility. In Fig. 7.1b left one can
observe the the single element transmitter consisting in a wideband a tapered slot antenna
(TSA) [240], whereas Fig. 7.1b right shows a 2 x 1 TSA array. The TSA presents a gain of around
15 dBi and a wideband performance of nearly an octave, enabling a large bandwidth. However,
the antenna size constrains the separation between elements in the array configuration to
Ao, which makes it complicated to steer the beam while avoiding grating lobes. Finally, in
common with other realizations, the difficulty of integrating sufficient elements (in this case
two), results in a directivity below 20 dBi.

The previous discussion indicates that obtaining a directivity > 25dBi with a photonic-
enabled phased array can be challenging at mm-wave frequencies. Instead of using such
an approach, a combination of an antenna array with quasi-optical elements to obtain the
required directivity enhancement can be a pragmatic solution. Therefore, in this contribution
we propose photonic-assisted beam switching. This technique has been used with electronics-
based transmitters before but the huge potential that beam switching offers to photonic-
enabled transmitters has not been explored yet.

7.3 Beam Switching Versus Phased Arrays

In this section, we compare photonic beam switching against photonic beamforming with
a phased array in a mm-wave Tx. Fig. 7.2a shows a typical block diagram of a photonic-
enabled phased array transmitter [61], whereas Fig. 7.2b shows the equivalent beam switching
alternative adopted in this chapter. In phased arrays, the optical tones modulated according
to a data string are carried by an optical fiber (yellow line). The optical input is then divided
among the N elements of the array. For a phased array, it is compulsory to control the
amplitude and phase of the signal driving each array element. This is accomplished in the
optical domain with a variable optical attenuator (VOA) or amplifier, and an optical time
delay (OTD), in practice a true time delay. After the VOA-OTD chain, the light illuminates
the photodiodes, in turn coupled (blue line) to the antennas that will radiate the modulated
mm-wave carrier in the desired direction (in red). Alternatively, for photonic beam switching,
N antennas are located at the back focal plane of a lens with focal length f. For an antenna
placed at a distance s out of the optical axis, the beam tilt is given from geometrical optics by

tanf = £s/f, (7.1)

where 0 is the angle measured respect to broadside, and the sign depends on the clockwise
direction of . In this case, only one antenna is active at a time, and the beam can be switched
among N different directions governed by (7.1). Finally, it is also possible for both approaches
to integrate a HEMT amplifier after the photodiode to enhance the emitted power, as in [108].

Compared with a phased array, beam switching presents several trade-offs that make it
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Figure 7.2 Architectures of mm-wave antennas excited photonically for (a) a phased array, and (b) a
beam switching array.

an extremely interesting route to explore. First, beam switching can achieve a high directivity
(measured > 32dBi) [107], [242] due to the lens, and not depending on the number of elements,
N. Even if beam switching allows discrete scanning directions only, the element separation
can be chosen to obtain a beam crossing at —3 dB for quasi-continuous coverage. Conversely,
for a uniformly excited planar phased array with a pitch of A¢/2, the array directivity is 14 dBi
and 20dBi for 25 and 100 elements, respectively. The overall directivity can be enhanced
by about 12.5dBi using directive elements such as dielectric rod waveguide antennas [203],
[243], however, the number of required elements to reach the 30 dBi mark remains high, which
makes the array integration difficult.

Another option is the combination of the phased array with a quasi-optical element.
Following the discussion of [244], for a confocal dual reflector system with a magnification M,
the directivity increase would be M? at the cost of a scan range decreased by M. This would
imply a huge reduction for values of M = 10-20.

Regarding beam switching, the beamforming network (BEN) is largely simplified respect to
that of a phased array. In the former, the BEN can be realized using just an optical switch with
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low insertion loss (2 dB for the 1 x 4 Agiltron NanoSpeed switch) and low power consumption.
For a phased array, the BFN can be substantially bulkier (compare its size with the 4 x 1 array
in Fig.7.1a). Although integrated photonics are reporting more and more promising results
[150], [245], the integration of many photodiodes with the BFN and the antennas in a 2-D
lattice can prove a challenging task.

However, beam switching does not provide power combining unlike a phased array. This
implies that, to achieve the same level of emitted power, the HEMT amplifier after the photodi-
ode in beam switching must feature more gain than that of a phased array. However, given that
a photonic Tx is more power-hungry than one based on MMIC technology [108], it can become
an advantage when considering the system power consumption. The power consumption in a
phased array could be reduced using lower levels of optical intensity to illuminate the PDs.
However, the optical to electrical conversion efficiency of a PD is proportional to the optical
power squared, and the system efficiency would then be reduced.

Finally, it is to be observed that the reduced number of elements in beam switching
will imply having less fibers to align with the PDs, thus simplifying assembly. Besides, III-V
components are costly [4], so it is desirable to use as few of them as possible to fulfill the
system requirements.

7.4 AntennaArray

In this section, we describe the design and assembly of the antenna array used as primary feed
of a dielectric lens. For validation, we also show measurements of the radiation pattern and
return loss of a prototype excited with a ground-signal-ground (GSG) probe. Similar to the
leaky-wave antenna reported in Chapter 6, the array has been fabricated using printed circuit
board (PCB) technology on a 127 um-thick, high-frequency Duroid 5880 laminate (¢, = 2.24,
tand = 0.004 at 60 GHz) [222].

7.4.1 Design

The design of the transmitter has been carried out with High Frequency Structure Simulator
(ANSYS HFSS, release 19.0.0) [91] and starts with the optimization of the array element. The
array element should feature large impedance and gain bandwidth to provide the desired
channel capacity. Radiation should be directed towards one half-space, and the element
should be sufficiently small to enable the array configuration.

Microstrip stacked patch antennas are good candidates to fulfill the aforementioned
requirements [246], [247]. This approach usually consists in using a driven patch and a
coupled parasitic patch with similar dimensions placed at a certain height & from the driven
patch, as shown in Fig. 7.3a. The overall structure presents two close resonances, thereby
enhancing the impedance bandwidth of the single microstrip patch. Besides, the extended
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Figure 7.3 (a) Primary array element composed of a stack of two patches. (b) Corresponding input
impedance.

coupled cavity in the vertical direction does not increase the area of the element and preserves
the symmetry of the structure. Hence, it maintains a fairly symmetric radiation pattern and
the phase center, which are desirable characteristics for array configurations used as primary
feed in a QO system.

In this case, the bottom patch is directly printed on the PCB whereas the top patch is
printed on the bottom side of a 112 um-thick quartz superstrate layer. Quartz exhibits low
loss (tané < 0.0004 at 30 GHz [248]), relatively low €, (= 3.80), and is optically transparent.
Therefore, alignment marks on both the PCB and the quartz enable an accurate alignment of
the layers. The distance h between the top and the bottom patches is controlled by a silicon
spacer (shown later), which can be polished until the desired height. For an optimum # of
300 um, a proper balance of coupling between patches is achieved. The relative bandwidth
is 23% for a reflection coefficient below —10dB, as shown in Fig. 7.3b. The bottom patch is
excited by an 80 Q microstrip line, since it allows better matching characteristics. Finally, for
our design, we have not found a significant improvement in the use of an inset fed patch.

Once the stacked patch has been designed, it is replicated to form two 2 x 2 sub-arrays, as
observed in Fig.7.4. For each sub-array, a feed network divides the incoming signal from the
50-Ohm microstrip line into the four 80-Ohm microstrip lines that feed each of the patches.
The 2 x 2 sub-array features a more directive beam, and the patch spacing has been selected to
obtain symmetrical patterns along the E- and H-planes. The separation between sub-arrays is
5mm as is most convenient for beam switching (explained later). The main dimensions of the
structure are given in Fig. 7.4.

The next design step is the the feed network between the antenna array and the source. In
this case, the antenna array is excited by a 2 x 1 UTC-PD chip on InP [161],[149, Fig. 6]. Each
UTC-PD feeds independently one of the sub-arrays.

Regarding the feed network connecting the photodiodes with the antenna, a tapered
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Figure 7.4 Left: designed PCB on Duroid 5880 (VIAS not shown). Right: detailed view of one of the
sub-arrays (dimensions in mm). The width and length of the top patches are 1.2mm and 1.075mm,
respectively.

transition is first used to adapt the coplanar waveguide (CPW) output from the photodiodes
grown on InP to the Grounded-CPW (GCPW) on Duroid. Next, both signal lines separate to
reach the distance required to feed the 2 x 2 sub-arrays. Perpendicular to the signal lines, one
can also observe in Fig.7.4 the RF chokes made of split-ring resonators as in [249], and the DC
interconnections used to bias the photodiodes. These chokes feature an isolation higher than
20dB on the whole E-band. Last, transitions from GCPW to microstrip line are used to excite
the corporate feed network of each sub-array.

7.4.2 Assembly

To assemble the structure, an aluminum housing as shown in Fig. 7.5 is used. It holds the
PCB and quartz superstrate, provides a groove to place the UTC-PDs chip, and enables DC
electrical connections.

The first step of the assembly is gluing the thin PCB to the housing using an Ag-based
epoxy (EPO-TEK). This avoids the PCB from bending due to temperature changes, which
could impact the bonding of the UTC-PDs. Next, the silicon spacer and quartz superstrate are
positioned, as detailed in the exploded view of Fig. 7.5. The silicon spacer is laser-cut from a
standard wafer of thickness 306 ym, which is close enough to the nominal value and it does
not require to be polished. As for the top patches and alignment marks on quartz, they are
formed using photolithography by a 1 um-thick gold layer plus a 50nm Ti adhesion layer. To
position the quartz precisely, a micropositioner is used to align the marks in the PCB and
quartz layers. Next, the two lateral clamps are fixed to hold the structure in place. The lateral
accuracy achieved is better than 20 um whereas the in-plane alignment tolerance estimated
from full-wave simulations is around +150 um. For reference, one can observe on the right of
Fig.7.5 the alignment marks on the PCB and quartz superstrate before final alignment.

Finally, the last step of the assembly consists in bonding the UTC-PDs electrical output to
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Figure 7.5 Exploded view of the assembled prototype with the different parts detailed.

the PCB. The PD chip is fixed to an AIN block for simpler handling and heat dissipation. In turn,
the AIN block is positioned on the housing groove so that the electrical lines of the CPW on InP
and the GCPW on Duroid are aligned. It is then fixed to the housing with a UV-curable glue
(Blufixx MGS). Next, to perform the bonding, an Ag-based conductive epoxy thread is used. It
results in a thick thread (= 60 um diameter), reducing the bond inductance as compared to
wire bonding [149]. The process was demonstrated and explained in more detail in Section 6.3
and in [149], [250]. The assembled structure is shown on the bottom-right of Fig. 7.5. The grey
color of the patches on quartz is due to the titanium layer.

7.4.3 Characterization

To validate the prototype, we have measured the return loss and radiation pattern of a single
2 x 2 sub-array excited by a coplanar GSG probe (Form Factor ACP 110-T), as shown in Fig.7.6.
The GSG probe was connected to a W-band (75 GHz to 110 GHz) extension head (OML
V10VNA2), in turn connected to a Vectorial Network Analyzer (Agilent N5242A).

Fig. 7.7a shows the measured and simulated values of the reflection coefficient of the
structure shown in Fig.7.6. The continuous grey line corresponds to the VNA measurement,
calibrated at the output waveguide of the probe. The continuous black line corresponds to the
measurement when the probe is de-embedded using the procedure described in Appendix D.
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Figure 7.6 Detail of the assembled prototype for excitation with a coplanar GSG probe.

In a nutshell, the procedure consists in measuring S;; with the probe for an open, short, and
a A/4-translated short, all in GCPW, using the same interconnection between the probe and
the antenna (shown in the inset of Fig. 7.6), and on the same PCB substrate as the antenna.
After, the transmission matrix of the probe plus its interconnection with the antenna is de-
embedded from the measurement. The measured reflection coefficient shows a reasonably
good agreement with the simulated values in the frequency range that can be tested with the
available W-band mm-wave extension head and probe. Discrepancies between simulated and
de-embedded curves are mainly attributed to an inaccurate determination of PCB substrate
parameters: €, and thickness. In particular, an inaccurate determination of €, by 0.02 could
explain the horizontal shift near 84 GHz between the simulated and de-embedded curves, in
addition, the substrate thickness can vary within 10% [251], which impacts the return loss
for low values of S1;. For the antenna integrated with the UTC-PDs, the simulated values of
|S11] are close to the ones obtained for the single sub-array prototype, below —10dB between
70.1 -84.7 GHz with a maximum of crosstalk of —15dB (the UTC-PDs are simulated as lumped
sources of 50 Q) impedance, with the structure detailed in [149]).

To measure the radiation pattern, a receiving horn connected to a second W-band exten-
sion head, and a 3-D spherical scanner were used. Fig.7.7b shows the measured and simulated
normalized directivity at 80 GHz. At other frequencies, the radiation patterns of the simulated
and measured curves present a similar agreement. The relatively high side-lobe at —50° occurs
due to the S-bend of the 50-Q microstrip line that feeds the sub-array (visible in Fig.7.4), and
the side-lobe level stays below —10dB up to 83 GHz. In the measurements, the ripples in the
curves are due to the interference coming from the probe tip. Also, it is not possible to measure
beyond 45° in the H-plane because the probe and mm-wave head block the movement of
the 3-D scanner. Finally, the measured cross-polarization levels are < —15dB at broadside.
Using the procedure reported in [149], it is also possible to obtain the antenna gain, and
the measured and simulated results are shown in Fig. 7.8. A maximum deviation of 0.8dB
with respect to full-wave simulations is obtained, with measured gain values of 12.3 +0.7dB
between 75-87 GHz. The gain decrease in the upper end of the frequency window is due to
an increased return loss (see Fig.7.7). The estimated radiation efficiency is > 75 % at E-band
frequencies.
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Figure 7.7 (a) Magnitude of the reflection coefficient of the prototype. Dashed line: simulated values,
continuous grey line: measured directly from the VNA, and continuous black line: measured after
de-embedding the GSG probe with the procedure outlined in [149]. (b) Normalized directivity at the E-
and H-planes for 80 GHz. Continuous line: measured values, and dashed line: simulated values.
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Figure 7.8 Simulated and measured gain of the prototype.

7.5 Photonic Beam Switching

To realize photonic beam switching, the antenna array is placed at the focal plane of a PTFE
lens (Thorlabs LAT075) with a back focal length (bfl) of 53 mm and a diameter of 5 cm. The
two sub-arrays lie symmetrically s = 2.5mm above and below the optical axis. From (7.1),
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Figure 7.9 Schematic of the set-up used to characterize beam switching. Dark blue line: RF and
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excitation of one of either photodiodes produces a tilted beam at an angle 8 = +2.7°.

Fig.7.9 shows the set-up schematic to characterize beam switching, and Fig. 7.10a shows
the set-up mounted on an optical table. In enables radiation pattern measurements along a
vertical cut. At the background of Fig.7.10a, one observes the photonic generation module
which is detailed in Appendix E. It contains the blocks used for a standard approach of mm-
wave generation with two free-running lasers [149]. The module output consists of two
amplitude modulated, = 1.55 ym optical tones whose separation is the desired mm-wave
frequency. The module input is an RF signal that modulates the output beatnote. For the
beam switching experiment, the RF input corresponds to a sinusoidal waveform from a lock-
in amplifier (SRS SR830). The module output is directed by a fiber patchcord (depicted in
yellow in Fig. 7.9) to a lensed fiber (OZ optics) that illuminates one of the two UTC-PDs in
the chip. Precise alignment of the fiber to the optical input of the PD is enabled by a 3-
axis micropositioner (Thorlabs Nanomax 313D). A distance corresponding to bfl from the
antenna, the lens is placed and aligned with another positioner, as shown in Fig.7.10c. The
receiving side consists of a WR-10 waveguide probe (shown in Fig.7.10b), in turn connected
to a zero bias Schottky barrier diode detector (ZSBD) from VDI [252]. The ZSBD is mounted
on a linear translation stage (Thorlabs LTS300) which enables a 30 cm travel range. To avoid
undesired reflections and standing waves, the optical table, translation stage, and receiving
module are covered with absorber. Finally, to close the loop, the RF output of the ZSBD is
extracted with a bias-tee connected to the lock-in amplifier input, and the detected relative
amplitude is measured. Lock-in amplification is used because the small electrical aperture of
the waveguide probe captures little power. The measurement distance (waveguide probe tip to
lens) is d = 60.5cm, which is a trade-off between angular coverage allowed by the translation
range, signal level, and lens far-field (1.15m). The angular resolution of this detection scheme
is0.12°.

The simulation results of the antenna plus lens (including the annular lens mount) using
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Figure 7.10 Set-up used to characterize beam switching.

ANSYS HESS'’ Finite Element-Boundary Integral (FE-BI) boundary conditions are shown in
Fig.7.11a for 75GHz and in Fig.7.11b for 85 GHz. The figures also show the measured values.
The half-power beamwidths are 5.2° and 4.8°, respectively, and the simulated directivities
are 27.5dBi and 27.9dBi, respectively (the system does not allow directivity measurements
but is expected to be in this range given that the curves are in very good agreement). For a
separation between sub-arrays of 5mm, the beam crossing occurs approximately at —3dB, as
can be observed in Fig.7.11. Furthermore, the pointing direction is stable within +0.1° across
the E-band.

7.6 Wireless Link Demonstrations

Last, the photonic transmitter is tested in a wireless link. The experimental set-up is is based on
the mm-wave wireless link explained in Appendix E and it is similar to that shown in Fig.7.10. In
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Figure 7.11 Measured (continuous line) and simulated (dashed line) normalized radiation patterns
versus elevation angle for the experimental characterization of photonic beam switching for (a) 75 GHz,
and (b) 85 GHz. Lower and Upper refer to the sub-array position respect to the optical axis.

this case, the waveguide probe is substituted by a waveguide horn and another 5cm diameter
PTFE lens. At the output of the ZSBD, a 42 dB gain amplifier (Wenteq ABL0300004030) plus a
10dB gain block (Minicircuits ZX60-14012L-S+) are connected. Finally, the lock-in detector is
replaced by an Anritsu MP1763C/1764C bit-error rate tester (BERT).

Fig.7.12(a) shows the BER versus the detector elevation angle when the upper or lower sub-
arrays are active for a carrier in the lower frequency window of the E-band. In turn, Fig.7.12(b)
depicts the same curves but for a carrier in the E-band higher frequency window. Fig.7.12(c)
shows the eye diagram for optimum BER = 10~!!. The photocurrent is kept at 3.7mA and
the link distance is also d = 60.5cm. On-off keying modulation and direct detection are used
with a data rate of 5 Gbps, which is limited by the amplifier bandwidth (3 GHz). Still, the link
baud rate (5Gbaud/s) is double of that reported in [61] (2.5Gbaud/s) using a phased array
and 16-QAM modulation with a link distance of 50 cm. The curves in Fig.7.12(a) and (b) show
that, for both E-band windows, link operation is accomplished (BER < 1073) over an angular
range approximately twice as wide with respect to a fixed beam. Thus, the developed Tx yields
a system more tolerant to misalignment.
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Figure 7.12 (a) and (b): BER versus detector elevation angle for the upper and lower sub-arrays at the
two windows of the E-band. (c) Eye diagram for BER= 10"!! with a 73 GHz carrier.

7.7 Future Work

In the previous sections, we have shown a realization of photonic beam switching. However,
this work presents only an initial demonstration as well as an experimental basis to develop
more sophisticated photonic Tx. In particular, future research efforts could be directed towards
the following aspects:

* To enlarge the field-of-view using more than two active elements. It is important to
mention that the antenna could be mirrored and scaled N-times in 1-D so that switching
among 2 x N directions would be possible. Furthermore, previous works on photonic-
enabled transmitters in the literature indicate that it is possible to integrate four PDs
[61], [64], [65], [236]. Additionally, successful performance in an operator’s network
field test using a 2 x 2-active element integrated lens antenna (ILA) and an electronic
approach for mm-wave generation was accomplished in [242]. The switchable beam
eased alignment and allowed deflection compensation of the mounting structure. For a
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photonic-enabled ILA transmitter, in addition to compensation, it would be possible to
feed the antenna remotely and combine it with the existing fiber-optic network.

* Integrate the UTC-PDs with the fiber. This has been also reported before [172], [173],
and it would enable faster beam switching using an optical switch. Currently, the
fiber is aligned with a micropositioner to the optical input of each PD, which involves
manual work. Hence, this addition would be required by practical applications or
a field trial outside a lab environment. In addition, an 1 x 4 optical switch (Agiltron
NanoSpeed) outperforms an RF equivalent (Triquint Semicondudcot TGS4306-FC)
in terms of insertion loss (2 versus 3-4 dB), as well as in bandwidth and return loss.
Importantly, the losses in the optical domain can be relatively simply compensated by
an optical amplifier so that the RF power does not get affected.

* Finally, for the demonstration we have used a commercial lens. A more advanced
transmitter would require the optimization and integration of the array together with
the optical system. This would result in an ILA with photonic-enabled switchable
beams. ILAs with switchable beams have been demonstrated to provide a gain > 33 dBi,
including 7-9 dB losses from the feed network, of which 3-4 dB correspond to the
RF switch [242]. Such a level of gain approaches the European Telecommunications
Standards Institute (ETSI) minimum requirement of 38 dBi for E-band backhauling[113].

7.8 Conclusions of the Chapter

We have demonstrated a broadband solution for beam switching with a photonic Tx at E-band
for telecommunications. First, we have discussed the trade-offs and potential advantages
of beam switching over beam steering with phased arrays for photonic transmitters at mm-
and sub-mm waves. Notably, a simpler BEN and the possibility of obtaining a high directivity
while integrating a reduced number of elements. Next, we have presented the design, assem-
bly, and validation of an antenna consisting of two 2 x 2 sub-arrays of stacked patches fed
independently by two UTC-PDs. When the antenna is placed at the focal plane of a PTFE
lens, excitation of one of either sub-arrays allows 1-D beam switching between +2.7° with a
simulated directivity > 27 dBi. The measured normalized radiation pattern of the transmitter
are in very good agreement with full-wave simulations. Finally, by the time of the defense we
expect to test the transmitter in a wireless link. Depending on which sub-array is active and
on the receiver position, error-free live data transmission at several Gbps should be achieved
for a = 60.5cm link distance. The presented work sets the basis to develop more advanced
designs of broadband photonic transmitters with a highly directive and switchable beam.

A number of people have been involved to accomplish the work presented in this chapter,
and the different contributions can be summarized as follows: the antenna housing and some
fixtures in the beam switching set-up were manufactured by X. Morvan at IETR workshop with
a high-precision milling machine and a 3-D printer. The silicon spacer was laser-cut from
a wafer by C. Guitton, also at IETR workshop. The PCB was manufactured by CONTAG AG,
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and the photolithography of patches on the quartz superstrate was done by O. de Sagazan
at Nano-Rennes cleanroom (UR1). For the experiments, we used two chips of photodiodes
due to availability. The first chip was lent by B. Globish (HHI Fraunhofer) and it was used
for the pattern measurements in beam switching. Integration of this chip to the housing
was done by T. Batté at Nano-Rennes cleanroom (INSA) using a pick-and-place machine
for stamping, and performing the electrical connections by wire bonds. A second prototype
included the same 2 x 1 UTC-PD chip on an AIN substrate as in Chapter 6, and it was used to
investigate the transmitter performance in the wireless link. In this case, the chip was provided
by G. Carpintero (UC3M) prior approval of E van Dijk (III-V Labs Thales-Alcatel), and it was
integrated with the transmitter by M. Ali. The set of electronic measurements was taken at
LEAT (Université Cote d’Azur) with the guidance of L. Brochier, and E Ferrero. The rest of
the work, including the transmitter design, antenna assembly, and conception of the set-up
and measurements was done by the author under the supervision of L. E. Garcia-Muiioz, R.
Sauleau, and D. Gonzalez-Ovejero.
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This thesis is the result of the first efforts carried out at IETR towards consolidating a research
line in photonic-enabled continuous-wave radiation in the mm-wave range. In a bit over
three years, we identified the advantages and drawbacks of the photonic generation of mm-
waves, proposed solutions to overcome some of the identified hurdles, and experimentally
demonstrated some of them. Nevertheless, the novelty of this topic in our laboratory has also
required additional effort. In particular, we had to explore a broader SotA, assess the viability
of the proposed solutions, and develop the characterization platform described in Appendix E.

The photonic generation of CW mm-wave radiation through photomixing is no exempt
from drawbacks, such as a relatively low emitted power compared to other generation methods.
Nevertheless, its advantages outnumber the downsides. The most important benefits include
integrated components that provide wideband operation at room temperature, seamless
integration with fiber-optic communication networks, and compact systems with coherent
detection for spectroscopy and imaging. The previous features have prompted over the last
years numerous research works and even commercial systems that use photomixing for high
data-rate communications, spectroscopy, and imaging [10], [30], [36], [45], [164], to cite a
few. The potential of photomixing has also motivated our research, focused on the study of
mm-wave photonic transmitters from an antenna engineering perspective.

Research is uncertain by nature, and a novel circuit model to study the scan impedance
of infinite phased arrays of dipoles stemmed from our investigation of photomixing antenna
arrays. Although not strictly adhering to our target, our research has provided new insight
into a topic widely studied before. Importantly, we have shown that it is possible to spot new
knowledge if one devotes himself to a topic thoroughly and passionately enough. The fact that
we have not treated a single subject but rather investigated those offering the most potential
has had implications in the structure of this manuscript. It has not been straightforward to
report and contextualize in a single document the different matters treated. However, we have
tried our best efforts to present the contents coherently.

Next, we will again review the thesis main contributions by chapter, comment on the
research impact, and discuss future research lines of an exciting project we hope has only got
off the ground.
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Contributions of the Thesis

Chapter 2 describes the first contribution of the thesis: "An asymptotic approach to analyze
the scan impedance in infinite phased arrays of dipoles." Despite the many previous works
on infinite phased arrays of dipoles, some of which are seminal papers [73], [79], [93], we
have proposed a novel derivation. It is based on the boundary conditions met by the propa-
gating Floquet mode and on an asymptotic approximation for the current along the dipoles.
Generally, the model results in equivalent circuits, and it yields original equations and new
perspectives to understand this canonical type of antenna. Among the alternative derivations
and new expressions in this chapter, one finds: the formulas for the intensity radiated towards
each half-space in (2.13) and (2.14), the current distribution in (2.33) (which accounts for
arbitrary dipole end load and scan angle in the principal planes), and the scan reactance in
E-plane for connected dipoles in (2.38). The developed model provides insight into the physics
of the problem, so it is more prone to interpretation than numerical methods or the results
of a full-wave simulation. For instance, the model will be very useful for establishing rules of
thumb, design guidelines, or quantifying the effect of the main array variables on the scan
impedance. However, one has to admit that numerical methods are more accurate than our
model. Therefore, the antenna engineer will obtain the most benefit by combining both ap-
proaches. The findings on this chapter have been reported in a paper accepted for publication
in the IEEE Transactions on Antennas and Propagation ([ii] in the List of Publications).

The next original contribution of this thesis is presented in Chapter 5: "A method for
on-chip antenna arrays efficiently matched to UTC-PDs." In this chapter, we have proposed a
continuous-wave mm-wave photonic transmitter concept with high emitted power. Currently,
a measurement for spectroscopy or imaging takes from several minutes to even some hours.
An increase in the emitted power would result in a reduction of the required integration time,
thus leading to a faster measurement and enabling widespread use of CW photonic Tx in
these applications and even for industrial purposes [10]. To increase the emitted power, we
have developed a method to efficiently match an antenna array with photodiode sources
using some of the results of Chapter 2. Subsequently, we discussed a practical 2 x 2 realization.
The simulated increase in the emitted power compared to a classical self-complementary
antenna was twofold due to the use of four elements with x4 matching efficiency enhancement.
A total of 11 dB peak emitted power increase was obtained when the radiation efficiency
was also considered, with a 30% relative impedance bandwidth (-3dB). Since we did not
investigate some additional possibilities (e.g., the inclusion of an RF choke, array pitch, or lens
shape), we believe there is still room for improvement. Nevertheless, the presented proof-of-
concept already enabled a relevant increase in the radiated power, while the matching method
offered more potential than others reported in the bibliography. For instance, the obtained
improvement in the matching efficiency is x2 higher than with the shorted-stub matching
circuit in [51], while the latter offered a slightly lower relative impedance bandwidth of 25%.
Concerning resonant antennas [179], we obtained a similar increase in the radiated power per
antenna (5 dB compared to three to four times in resonant antennas), but the latter feature a
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narrower relative impedance bandwidth of 15%.

The rest of the thesis was devoted to the design, fabrication, and testing of antennas with
beamsteering capabilities, as required by some applications of current and future mobile
networks (5G and B5G). In particular, we have developed and measured two prototypes at
E-band, one suited for reconfigurable links and the other one suited to ease alignhment and
overcome twists and sways from mounting structures in wireless backhauling. In the first
case, we used a leaky-wave antenna (LWA) array integrated with photodiodes (Chapter 6),
which constitutes one of the first demonstrations at mm-wave or THz frequencies. Due to the
frequency-selective scan properties of an LWA, beamsteering is accomplished in one dimen-
sion by tuning the emission frequency. Also, the scan range spanned from the backward to the
forward quadrants (mitigating the open stop-band effect to include broadside direction) owing
to an optimized structure. In addition, the array layout featured scalability. Unfortunately, we
could not prove this because we could not get a fully functional photonic Tx with both photo-
diodes active due to damage of the available chip. We believe that demonstrating a scalable
layout with increased emitted power would have added additional value to this contribution,
increasing the impact of our work. However, one assumes this sort of risk when different
technologies must be combined in interdisciplinary hardware developments. While LWAs
present a simple mechanism for beamsteering, as shown, for instance, in the all-photonic
radar in [204], the fact that the beam angle changes with frequency is detrimental for high
data-rate wireless links. Therefore an application to assist in the reconfigurability of wireless
links using a reduced bandwidth was envisaged. The results obtained for this ITWA array and
the discussion on possible application scenarios were reported in Applied Science ([i] in the
List of Publications).

With the second prototype (Chapter 7), we proposed and demonstrated photonic-enabled
beam switching at mm-waves. Doing so, it was possible to overcome the drawbacks of a
photonic-enabled phased array. For instance, it is possible to obtain a discrete number of
directive beams in different directions, while integrating a reduced number of photodiodes.
As the SotA revealed, the integration of more than four photodiodes with the antennas is
challenging, which makes it difficult to obtain a high gain (> 25 dBi) phased array as required
in practical applications to overcome the free space loss and attenuation. Besides, power
consumption is lower in beam switching with a beamforming network considerably simplified
with respect to that of a phased array. To demonstrate the technique, we assembled a prototype
consisting of two sub-arrays of stacked patches each fed independently by a UTC-PD. The
prototype presented an approximate relative bandwidth of 20% and was placed at the back
focal plane of a PTFE lens to enhance the directivity to > 27dBi. Photonic-enabled beam
switching was then validated experimentally with a developed ad hoc set-up, where the beam
switched between +2.7° depending on which photodiode was excited. The beam crossing was
at —3dB for quasi-continuous coverage. Besides, we expect measurements of the performance
in a wireless data link by the time of the defense. To conclude, with this prototype, we have set
a framework to develop more advanced photonic transmitters. Potentially the method could
resolve one of the biggest problems the approach of photonic generation is facing: to obtain
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the high gain required by regulators [113] and practical applications while providing more
flexibility with a steerable (switchable) beam.

For completeness, five appendices and two introductory chapters have accompanied the
original contributions in the thesis. As mentioned above, these contributions have resulted in
several works reported in renowned journals and conferences as listed in the List of Publica-
tions. We would like to mention that two papers have been already published in peer-reviewed
journals (Applied Sciences and IEEE Transactions on Antennas and Propagation), and a third
paper on the photonic-enabled beam-switching will be submitted shortly. Finally, we would
like to mention that our work on beamforming will be included in a joint chapter with our
colleagues at UC3M in a book edited by leading scientists in the field.

Future Work

We envisage two main future lines of research. The first one is to refine the matching method
for on-chip antenna arrays and work towards a practical structure. It would be necessary to add
an RF choke in the structure to bias the photodiodes, which could potentially result in more
degrees of freedom to further improve the impedance matching. Also, it would be necessary
to optimize the radiation patterns and shape of the silicon substrate lens. For that purpose, a
method based on physical optics could be used [198]. However, one can also devise different
alternatives to the silicon lens, such as dielectric rod waveguides (DRWs) or a transmit array.
The DRWs would couple the radiation to free space for each antenna individually. Therefore,
beamsteering could be accomplished more simply than with a silicon lens, which tends
to collimate the beam parallel to the optical axis. With respect to a transmitarray, it could
be a multilayer structure placed at the bottom of the silicon substrate. The transmitarray
would enable design flexibility to efficiently couple radiation to free space with an optimized
pattern to, e.g., illuminate a parabolic reflector in a spectroscopic system. Finally, it would
be necessary to review the aspects related to the assembly and fabrication. Currently, we are
seeking funding and partners. Indeed fabricating an on-chip antenna array fed by ultra-fast
photodiodes requires highly specialized know-how and funding to support the fabrication
runs.

The second research direction is to continue exploring the realizations of mm-wave pho-
tonic transmitters, which also entails improvements in the characterization platform. For the
mm-wave link set-up, in the short-term, we are aiming to include coherent detection. For
that purpose, it would be necessary to substitute the Schottky detector with a mixer and a
local oscillator (using, for instance, a signal generator) and the Mach-Zender modulator with
a QPSK one. Additionally, with an ongoing project with Institut Photon, we will substitute
the two free-running lasers with a bi-frequency laser that presents higher stability and lower
phase noise. These parameters are critical for a link with coherent detection, and we expect to
achieve data-rates in the order of tens of Gbps with the previous upgrades.

Concerning photonic-enabled beam switching, the presented prototype constitutes only
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an experimental basis for more advanced designs. Some works on beam switching with inte-
grated lens antennas that use electronic means for switching and signal generation indicate
that reaching high performance is possible with this approach [107], [242]. Besides, we pointed
out in Chapter 7 that an optical switch outperforms the RF equivalent in terms of insertion loss
and bandwidth. Therefore, there is still great potential in photonic-enabled beam switching
that should be investigated. In particular, several options could be explored. The first one is to
develop an optimization algorithm to design the lens. In Chapter 7, we used a commercial
one, but optimizing an integrated lens antenna would enable us to obtain the high values of
gain (>35 dBi) required by practical applications and regulations [107], [113]. Another option
would be to integrate the fiber with the photodiodes, as in [172], [173]. This feature would
be required for fast switching using an optical switch and for demonstrations in field-trials
outside a lab environment. Finally, the last option would be to integrate more active elements
to extend the transmitter field-of-view and achieve 2-D beam switching.
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Detailed Plane Wave Expansion

In this appendix, we detail the steps of the plane wave expansion that relates the electric
far-field of an interfacial Hertzian dipole given by (2.1), with the electric field of the infinite
phased array of dipoles given by (2.4). Through the appendix, we follow a procedure similar
to that in [87, Ch. 4]. We express the field of the array as a double infinite sum of plane
waves making use of Poisson’s sum formula. For convenience, the geometry is shown again in
Fig.A.1a, and we also rewrite (2.1):

ikon; I\l e Jnikor
dE; = “’#zof,-(a,@

) (A.1)
-

where the polarization superscripts have been omitted, and the variables have been
defined in Section 2.2. Let us now replicate the Hertizan dipole to form a double infinite
array of elements in a rectangular lattice with uniform current amplitude and uniform phase
progression, as in Figure Fig. A.1b. The element periodicity in the x and y directions is given
by p. and p,, respectively. Recall that the current for the (g, s) element is given by I; =
Ipoe J98ae=isAB with Iy the current of the (0,0) element located at the origin of coordinates.
For clarity in the following development, we note that g and s represent index related to the
position of the element in space, whereas s, and s, are components of a vector representing
the propagation direction of a plane wave. Adding the contributions of the elements along the
q row yields

N +00 ZiA e—jnikorqs
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rqs is the distance of the (g, s) element to the observation point r, that is: rss =22+ (qpx—
a5 = a’+(spy—y)*. In the far-field, the 6
and ¢ components are orthogonal and the angles are equal for all elements, then, the addition
is simply given by a scalar sum in (A.2). We now make use of Poisson’s sum formula:

x)?+ (spy — y)*. For convenience, it is rewritten as r
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Figure A.1 (a) Hertzian dipole printed on a semi-infinite interface. Medium 1 (z > 0) is characterized

by n =1 and medium 2 (z < 0) is characterized by n = 1. (b) 3 x 3 cut of the infinite array of Hertzian
dipoles in a rectangular lattice.

with wg and r denoting variables, T = 27/w,, and F(w) = F [f(#)] (¥ denotes the Fourier
transform). If we compare the left-hand side of (A.3) with the sum in (A.2), we have wot = AS,
and

e—jki\/a2+(spy—y)2

F(swo) = . (A.4)
\/ a2+ (spy— )2

It is important to recall that A§ = kysypy. ki appears in the definition because medium 1

was chosen to define the phase progression of the array elements in Section 2.2 (the phase
progression determines the direction of the main beam in medium 1). In addition, since
m =1, then k; = ko. From the previous, we identify wo = p,. Hence, ¢ = s, ko, and T = 27/ p,,.
To find a suitable Fourier transform pair, we have that:

e—jk,-\/a2+(w—w1)2 e—jwlt
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with Héz) the Hankel function of the second kind and zeroth order. After identifying w; = y, it
is possible to rewrite (A.2) according to the previous transformation as
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Next, we define r, = \/1 —(sy/n; + vAg/ (n;py))” and rewrite (A.6) as:
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In turn, now we add the contribution of the infinite g rows of the array to obtain the total
electric field. Using Aa defined in (2.3) as Aa = ko py Sx, we obtain:

dEarray_ -'io qu
A

k()n IOOAIZoﬁ (0 (p) Z (Syk0+l/ ] Z e—]qkopxSxH(z) (ak rp) (A8)
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Let us examine Poisson’s sum formula in (A.3) with g instead of s and u instead of v, and
compare it with the sum in g in (A.8). We can identify:

F(qwo) = H? (ak;r,), (A.9)

and wot = ko pysy. In the right-hand side of (A.9) only a depends on q as a? = 2% + (qpx — x)%.
Then, wg = px, t = kosy, and T = 2n/p,. The Fourier transform pair that relates F(w) =
F [f(1)] is given by:
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Furthermore, we identify w, = x. Applying Poisson’s sum with the transform pair above in
(A.8) gives
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We have (kir,)” = k5 |1- (sy/n,- py(;li) , then, we define:
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Equation (A.11) is written in compact form using (A.12) as
+00 A ijzkisz
dEarray ZOfl o, ®) Z Z —Jkox(sx+u2—) Jkoy(sy+vp3) , z § 0, (A.13)
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The =+ sign in the last exponential arises when the physical propagation of the modes in
medium i away of the interface is considered. It is also to be observed that f;(0, ¢) depends
on the propagation directions of the mode.

If the central Hertzian dipole is not located at the origin of coordinates but in (xy,0,0),
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it suffices to make the change x — x — xp in (A.13). Considering this, if the dipole is not
infinitesimal but has a non-infinitesimal length /, and the current flows in its longitudinal axis,
one has to integrate (A.13) over the dipole length to obtain the field from the array of dipoles.
The resultant expression for centered-fed dipoles is given by (2.4) and also shown below. It is
further discussed and used in Section 2.2 to derive the boundary conditions of the radiated
fields.

E; = Zo +ZOO +Zoo JiO D) sikizs. o ikox(seru(52))

Pxpy U=—00 V=—00 Sz
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The Scan Resistance when Grating Lobes
Appear

Section 2.3 of Chapter 2 (Array on a Dielectric Interface), deals with the scan resistance derived
from the boundary conditions. The approach is exact and, using a similar analysis, it can be
extended to the case where grating lobes are present. In particular, it can be used to examine
how the radiation resistance changes at the onset of a grating lobe.

Let us analyze the array shown in Fig.2.1b. For simplicity, let us consider the case of the
array standing in free-space, scanning at the 6 direction in the E- or H-plane. The element
periodicity is such that a grating lobe lies inside the visible space. Furthermore, an ideal
current generator creates a finite current, 1(0), at the dipole input terminals.

The total power radiated by each element equals the power radiated by the main and
grating lobe modes in the element’s apparent allocated area. This area is defined as the
projection of the area allocated for an array element in the mode’s propagation direction.
Then, the radiation resistance can be written as

1 2pxpy
110> Z

r (IBml? cosOn + | EgLI* cosfar) - (B.1)

The subscripts M and GL stand for main beam and grating lobe, respectively. From (2.4),
the fields are:
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The grating lobe corresponds to the (+1,0) Floquet mode for E-plane scan and to the
(0, £1) mode for H-plane scan. We will take for instance the plus sign. Substitution of Ey, Egr,
from the equations above in (B.1), gives:

1 27 Ou, 21 pli2 o, 2
= . 0 |f(M(,bM)| f I(x/)e]koxsxdxl +
1% pxpy| cosOm  [J-112
0cr, 20 pll2 oA 2
N |f OcL, pGL)l [ 1) (sx+p§)dx/ ) (B.A)
cosfgL, —1/2

Where cosflgy is real since the grating lobe lies in the visible space, and sinfgL = s; + Ao/ p;,
j = x,y. From the pattern functions in (2.2) we have fl(p =-1/2, fle = 0 for H-plane scan
(¢p=90°), and ffb =0, fle = —cosf/2 for E-plane scan (¢p = 0°).

If the term due to the grating lobe is not present, expression (B.4) reduces to those derived
previously ((2.11) at broadside and (2.12a), (2.12b) for the principal planes). In general, this
procedure enables to determine the dipole scan resistance in infinite interfacial arrays and
itis based on computing the Poynting vector of the propagating modes times the element’s
apparent allocated area in their corresponding propagation direction.

Let us focus now on the second term corresponding to the grating lobe in (B.4). At its
onset, cosfg|, equals zero except if the radiation pattern is exactly zero, which occurs only
for E-plane scan. From this, we conclude that R, presents a singularity when a grating lobe
emerges in the H-plane but not in the E-plane. Fig. B.1 shows simulated and calculated results
for the scan resistance at different scan angles in the principal planes. The array pitch is
px = py = 0.6, and according to (2.6), the onset of the grating lobe occurs at 6 = 41.8°. For
the calculations, the asymptotic current approximation given by the special case of (2.33) for
disconnected dipoles has been inserted in (B.4). At intermediate scan planes, the pattern
function is 0 < | f1] = 1/2, therefore, grating lobes will generate an intermediate transition
between the two previous. This phenomenon is deeply related to the radiation pattern of
the Hertzian element and will occur similarly in connected, disconnected or loaded dipoles.
Finally, examination of (2.4) indicates that the step will also be present if the array is located at
an interface. These results are also in agreement with the conclusions of [74], [75].
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Figure B.1 Variation of the scan resistance with the scan angle for the E-plane (calculated: continuous
red line; simulated: red squares) and for the H-plane (calculated: dashed blue line; simulated: blue
dots). The array is in free-space, the spacing is px = py = 0.649, w = 19/1000, and I = A¢/2. The vertical
dashed line corresponds to the onset of a grating lobe.

143






Propagation Properties at Mm-wave and
THz Frequencies

Any application of mm- or THz waves will, almost inexorably, involve wave propagation to
some extent in a guided or unguided medium. Wave propagation is closely related to inter-
ference and diffraction, absorption, reflection, and scattering, all phenomena dependent
on frequency. Every spectral region is rich in propagation phenomena associated with its
wavelength, and the mm-wave/THz bands are no exception. In this appendix, we describe
effects concerning wave propagation in the atmosphere that impose constraints to the main
applications of mm-wave/THz science: spectroscopy, imaging, and telecommunications.
Comparisons to optical and microwave frequencies are done where pertinent. Also, some
propagation properties on general media are given. Guided propagation in dielectric waveg-
uides is not covered, and the reader is referred to [253], [254].

C.1 Free Space Loss

Free space loss (FSL) arises from wave propagation in an unbounded loss-less scenario. It is
related to the Friis transmission formula [1, Eq. 2-117], which links the power transmitted by
an antenna, Py, to the power received by another antenna, Pr... The receiving antenna is a
distance r in the far-field. Assuming that the transmitted wave is monochromatic of frequency
f, and both antennas transmit and receive in the same polarization, Friis equation reads as

PreC
Py

2
C
= G1x(0,¢9)Grx(6,¢) (m) . (C.1)

G represents the gain of the Tx and Rx antenna. To receive maximum power, the antennas
are aligned in the direction of maximum gain over the solid angle, in which case the (8, ¢)
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d= lm d= 100m

Frequency (GHz) A (mm) | FSL(dB) G (dBi) | FSL(dB) G (dBi)
1 300 32.4 1.2 72.4 21.2
100 3 72.4 21.2 112.4 41.2
1000 0.3 92.4 31.2 132.4 51.2

Table C.1 FSL and required antenna gain (G = Grx = Ggy) for aloss of 30 dB.

dependence is dropped and G refers to the maximum gain. Expressed in dB, it reads:

p Po=G dnrf
rec — Ptr = G1x + Gpx — 2010g c | (C.2)

The last factor in (C.2), without the minus sign, is denoted as FSL. It can be interpreted
as the power loss when both antennas radiate isotropically. Since no other losses have been
included, it presents the upper limit of the received power. As f or r increases, it amounts
to 20 dB per decade (6 dB/octave). Table C.1 shows the FSL at several frequencies and two
distances, one characteristic of laboratory experiments, and the other related to outdoors
wireless communications. Assuming Grx = Ggy, the antenna gain is calculated using (C.2) for
aloss of 30 dB.

In general, the allowed loss will depend on the detector sensitivity, the radiated power,
system margin, sources of noise, and additional loss. Specifically, link budgets have been
discussed in the context of telecommunications in Chapter 3. As frequency increases, FSL
compensation requires a higher antenna gain. An antenna with a pencil beam and a high gain
of 30 dBi features an HPBW of around 6° — 7° [255]. Consequently, high-gain antennas require
line-of-sight (LoS) links.

Finally, the gain and effective area, A, of an antenna are related by:

G=—-. (C.3)

For a fixed effective area, gain increases with frequency squared. In other words, as
frequency increases, high-gain antennas (or QO systems) that would be otherwise prohibitively
large to use are more feasible. For instance, [209] uses a pair of 12-in (30.5 cm) reflectors at
300 GHz to achieve a gain of 54 dBi per reflector in a 100 m wireless link.

C.2 Atmospheric Attenuation

In addition to the FSL, the propagation of a wave in the atmosphere will inevitably suffer from
attenuation. Attenuation includes both absorption and scattering due to the media present in
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Figure C.1 (a) Atmospheric attenuation for a dry and a standard atmosphere calculated from [232].
(b) Link budget under standard conditions and several propagation distances (G = 0).

the atmosphere. In [111], the attenuation due to Mie scattering by spherical airborne particles
was calculated (Rayleigh scattering is orders of magnitude smaller) and will not be covered
here. In general, attenuation can be characterized by a frequency-dependent loss per unit

length, @. A modified Friis equation to account for attenuation in a homogeneous atmosphere
reads:

4
Prec — Py = Gry + Gy — 201og (”Trf) —ar. (C.4)

The last two factors (without the minus signs) correspond to the link budget for a link with
Tx and Rx antennas with G = 0dBi.

Attenuation by atmospheric gases in the mm-wave/THz ranges is due to oxygen, water
vapor, and nitrogen [232]. Fig. C.1a shows the atmospheric attenuation calculated from
[232] for a homogeneous atmosphere under standard conditions (T = 15°C, P = 101300Pa,
and water vapor density 7.5g/m> -59% relative humidity-). The curve for the same T, P
conditions but with a dry atmosphere is also calculated. Attenuation due to atmospheric
gases at frequencies above 100 GHz is much higher than that in the microwave frequency
band. In fact, beyond 1 THz the absorption lines appear almost as a continuum, ruling out
long-distance sensing and telecommunications [37]. In Fig. C.1b, the link budget for three
different distances is given. Below 0.5 THz, attenuation is dominated by the relatively narrow
absorption lines, for instance, O, at 60 GHz, or H,O around 170 GHz. Then, this spectral
region offers frequency windows useful for sensing or wireless telecommunications for the
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short (< 500 GHz and 10-100 m), medium (< 350 GHz and 100-1000 m), or long-ranges (< 100-
150 GHz and 1-10 km) [37]. At visible wavelengths, the atmosphere presents a transmission
window with attenuation below 0.1 dB/km [9]. In principle, this makes visible wavelengths
more attractive for free space communications, but it will be seen next that other effects play
against them more strongly.

Finally, other agents in the atmosphere, such as fog, rain, snow, or dust and smoke particles,
further contribute to attenuation. Fog and rain attenuation can be calculated from the ITU
recommendations [256] and [257], respectively. Table C.2 summarizes attenuation due to a
heavy, 25 mm/h rain and fog with 50 m visibility for microwaves, terahertz, and IR and visible

frequencies.
Frequency (THz) | Rain (25mm/h) | Fog (50 m visibility)
0.01 0.5 <0.01
0.1 11 0.5
1 10 5
100-1000 9 200

Table C.2 Atmospheric attenuation (dB/km) due to fog and rain, extracted from [9].

With respect to microwaves, attenuation from the table above in the mm-wave/THz range
is higher but moderate, amounting to less than 20 dB/km, approximately the attenuation
in the standard atmosphere for frequencies = 400 GHz. In addition, these contributions are
lower than the FSL for a 1 km link (145 dB). When all the effects are combined, they reinforce
the need for high-gain antennas. At IR and visible wavelengths, attenuation under foggy
conditions is considerably higher, and this gives an advantage to links operating at mm-/THz
waves.

C.3 Other Propagation Considerations

Aside from FSL and atmospheric attenuation, other relevant propagation effects of mm- and
THz waves include wave-matter interaction in general media, important to spectroscopy and
imaging, and susceptibility to scintillation, relevant for telecommunications. Several other
effects include quasi-optical propagation, transmission through building materials as wood,
brick, or glass, as well as scattering, reflection, and dispersion by rough surfaces. These effects
are discussed in [10].

In order to provide some general data to support the chapters before, Table C.3 summarizes
the dielectric index and absorption at 1 THz on usual media. Generally, THz waves are highly
absorbed (and reflected) by water beyond 1 THz. Mm- and THz waves are also highly reflected
by metals, and to a lower extent, by semiconductors. The photon energy at these frequencies is
not enough to produce transitions in semiconductors, so they penetrate them. Conversely, the
photon energy is comparable to vibration transitions of polar gases and transitions in other
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media (explosives, organic molecules), as discussed in Chapter 3 in the context of spectroscopy.
Last, plastics are largely transparent, which is useful feature to inspect packaged materials.

Material Type Optical property at1 THz
Liquid water high absorption a =250 cm™!
Metal high reflectivity >99.5%
Plastic low absorption a<05cm™!

low refractive index n=1.5

Semiconductor low absorption a<lcm™!

high refractive index n~3-4

Table C.3 Some condensed matter properties at 1 THz, from [125].

Finally, the last effect discussed in this appendix is scintillation. Together with attenuation
under foggy conditions, it is one of the reasons why mm- and THz waves are potentially
better suited to wireless links than free space optics [258]. While absorption is associated
with the imaginary part of the refractive index, scintillation is due to fluctuations in the real
part of the refractive index, a cumulative effect caused by spatial and temporal variations
of temperature, pressure, or humidity [111]. Fig. C.2 shows schematically the scintillation
effect. Following the discussion of [111], under favorable weather conditions, i.e., only water
vapor in the atmosphere, Anymw = Anr = An. mmW denotes frequencies in the mm-wave
range up to a few hundred GHz, and IR denotes wavelengths around 1.55 um (193.5 THz).
That is, the fluctuations in n are comparable. The phase difference arising from a fluctuation
of length, L, is A¢p = 2nAnLf/c. Thus, mmW are much less susceptible to variations in the
refractive index than IR frequencies. These variations cause scintillation for the IR, distorting
a flat wavefront to a non-uniform beam with a speckle-like pattern with local and temporal
intensity variations. It constitutes the main cause of link length limitation under favorable
weather conditions [111].

Speckle-like pattern —_

A |7

Tx IR Inhomogeneous Rx
Beam atmosphere

Plane-wave Distorted wavefront

Figure C.2 Scintillation due to spatial variations of the real part of the refractive index, from [111].
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Electronic Measurements with Coplanar
Probes

The electronic characterization of the prototypes presented in Section 6.5.1 (LWA) and Sec-
tion 7.4 (patch array) was carried out using a VNA with mm-wave extension heads and a
coplanar GSG probe (it was the only one available). It enabled measuring the return loss. It
also enabled measuring the radiation patterns and gain using an additional 3-D scanner and
areceiving horn. However, these measurements comprise the challenge of de-embedding
the probe and the interconnection. The interconnection is required to adapt the pitch of the
GSG probe (150 um) to the separation between ground and signal lines of the G-CPW that
feeds the device under test (DUT). Indeed, the interconnection, as well as the probe itself, can
introduce a relevant contribution to the overall measurement. Therefore, this effect must be
removed for accurate device characterization.

In this appendix, we describe an original procedure to de-embed the probe and the
interconnection from S;; measurements. It is useful to characterize one-port components
requiring just one probe, but it can be extended to N-ports provided that the interaction among
probes is negligible. Latter, we apply it to determine the return loss and the gain of a sample
antenna. A version of the method was presented in work [i] from the List of Publications. The
procedure was developed by the author, whereas measurements were carried out at LEAT
(Université Cote d’Azur) under the supervision of L. Brochier and E Ferrero.

D.1 Method for Probe plus Interconnection De-Embedding

The difficulty to fabricate 50-Q loads at mm-wave frequencies in the same substrate as the
DUT makes the use of the standard short-open-load-through (SOLT) calibration impractical
[259]. Another of the standard methods, the through-reflection-line (TRL), requires the use of
two probes. Alternatively, one finds the open-short or the short-open methods, which include
the modeling of parasitic lumped elements introduced by the probe plus interconnection.
These methods, however, rely on the specific probe plus interconnection, and it was shown in
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Figure D.1 Schematic used for 1-port S;; measurements with different loads: open, short, translated
short (TS), translated open (TO), and device under test (DUT), as well as the corresponding network
equivalent.

[259] that beyond 30 GHz substantial discrepancies existed between both for a reverse-biased
Schottky diode on a silicon substrate.

The method presented herein is a variant from [259] based on simulation and measure-
ments. Since the probe plus interconnection are in general not symmetrical, instead of
imposing Sy = S»2, as in [259], an additional load is measured to obtain another equation.
The de-embedding method consists of a set of three measurements on test loads whose values
are assumed, also enforcing reciprocity. It yields four relations to retrieve analytically the
ABCD parameters of the probe plus interconnection. It is assumed that the ABCD matrix of the
probing structure is maintained through measurements. It implies that the same interconnect
has to be used, in addition to landing the probes at the same positions. Fig. D.1 shows the
measurement schematic.

The S;; parameter at a calibrated reference plane of an arbitrary structure plus load, Z;, is
given by (D.1), where A, B, C, and D are the ABCD-matrix elements of the structure between
the load and the reference plane:

2 Zi1C+Z.D—-AZ;—B
Si1=- . (D.1)
Z:Z1C+Z.D+AZ; +B

A short-circuit (S) and an open circuit (O) are loads that can be relatively simply manufac-
tured in the same conditions as the DUT. Substituting in (D.1), the corresponding relations are
found for S and O:

D= M (D.2)
Z:(1+8%)

C= A(;S?l) (D.3)
Z.(1+89)
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x| R

4.4 mm

(a) (b)

Figure D.2 Different structures measured for probe plus interconnection de-embedding: (a) open-
circuit, (b) short-circuit, (c) translated short. (d) Detail of the probe tip and tapered interconnection
shared among measurements.

If the probe plus interconnect structure are composed of passive, isotropic materials, one
can enforce reciprocity and obtain the following relation:

AD-BC=1. (D.4)

Finally, a third load is measured to obtain from (D.1) the fourth relation. It consists of
a translated short (TS) or translated open (TO). The characteristic impedance of the trans-
mission line, Z;, and the propagation constant, are obtained from full-wave simulations.
These parameters are simulated easily for standard low-loss 50-Q transmission lines. The
translated length of the load is chosen as 1/8 to distribute the three loads evenly on the Smith
Chart. If broadband measurements were performed, different windows of frequencies would
require different translated lengths. It is important to mention that the sign of A (or any other
unknown, depending on the procedure) has to be chosen to solve the system of equations.
Nevertheless, the choice does not affect the determination of Sy;.

Fig. D.2a—c shows the manufactured O, S, and TS. To minimize the effect of the GSG
pads, and to adapt the probe pitch to the width of the G-CPW, a tapered interconnection
is optimized (Fig. D.2d). Additionally, the short and open structures are optimized using
full-wave simulations to obtain nominal S;; parameters. The same interconnect geometry is
used among measurements, and redundant samples are taken to ensure that assuming the
ABCD matrix constant is a valid supposition.

Fine Correction and Numerical Check

The above-described method enables retrieving the ABCD parameters of a reciprocal probing
structure by solving a system of equations analytically. Nevertheless, (D.2) and (D.3) assume
a nominal short and open, respectively. In practice, a realized short will feature mainly
an inductive impedance, whereas a realized open, like the one in Fig. D.2a, will feature an
impedance mainly capacitive. This assumption can be mitigated by solving the system of
equations with the simulated values for the loads, which are closer to the real ones. To do
so, a system of equations is built using (D.1) for the three measured loads as well as the
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reciprocity condition in (D.4). The system is then solved with a nonlinear solver with the
ABCD parameters retrieved before as the initial guess.

The method and fine correction were implemented in a MATLAB code. It was first checked
numerically with several m—networks. In all cases, the ABCD parameters were retrieved
successfully. Fig. D.3 shows the retrieved values for the method and the fine correction. The
test values correspond to the ABCD matrix of a network composed of a length of TL (Z, =50 Q,
length = 5mm) and a shunt inductor of 0.1nH. Since the same values of load impedance,
propagation constant, and characteristic impedance are used to generate numerically Sy, data
for the test, it is not surprising that the algorithm recovers exactly the test values (to numerical
error precision) when the system of equations is solved using the fine correction.

o Test
— Recovered
— Recovered precise
A, - B (Q) C (1/Q3) D, -
2 60 0.03 1
[}
E
= 1.5 —~J] 0.02
&b 40 0.5
= 1 0.014
o 20 0
)
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= -1.56 ‘ 1
2 0 0
2 -1.58 2
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-1.6 B -34
75 80 85 75 80 85 75 80 85 75 80 85
Frequency (GHz) Frequency (GHz) Frequency (GHz) Frequency (GHz)

Figure D.3 Retrieved ABCD parameters from a numerical test. Squares = test. Solid green = recovered
using the de-embedding method, and solid red = recovered using the precise de-embedding method.

D.2 Measurements of Return Loss

Once the ABCD matrix of the probe plus interconnection is obtained using the method above,
it is a simple matter to retrieve the de-embedded S, of the DUT. It suffices to perform an Sy
measurement on the DUT (Sll\’{), and then to solve for Z; in (D.1), obtaining:

Z.D(1+SM)-B(1-SM
Zp=— ( 1;2 ( 11{4) : (D.5)
-Z.C(1+8)+A(1-5Y)

The de-embedded value of Sy is finally obtained from the definition: Sy; = (Z; — Z;)/ (Z + Z;)
for a normalizing impedance Z,. Fig. D.4 shows the magnitude and phase of the reflection
coefficient for the one-row LWA array for directly measured, de-embedded, and simulated data.
The fast variations of the argument in the curve of measured data are due to the waveguide
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that interconnects the probe with the mm-wave head, around 10 cm long (see Fig.6.13b).

Even if the method successfully de-embedded the reflection coefficient for the prototypes
tested, it could be improved. In particular, the argument of Sy; in Figure D.4 suggests some
deviation between the relative permittivity of the PCB substrate, and that used in the method
and simulations. In particular, the value used is provided in [222] for 60 GHz, which already
differs substantially from that provided by the manufacturer at 10 GHz (refer to Section 6.5.1).
An accurate characterization of the relative permittivity of the substrate could improve the
agreement between simulated and de-embedded data. Additional sources of disagreement
have been discussed in Sections 6.5.1 and 7.4.3.
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- = = Simulated o
= ol ‘3 100f
5 —1Ur _
— w‘_‘
s g
& =
S — -
=0 . B_00]
I <
! z
1 = oS
-3 ! -20
O75 80 85 90 %5 80 85 90
Frequency/ GHz Frequency/ GHz

Figure D.4 Reflection coefficient for the one-row LWA prototype adapted for probe measurements.
Inset: view of the prototype.

D.3 Measurements of Radiation Pattern and Gain

Measurements of the radiation pattern are performed with an additional 3-D scanner and
areceiving horn, as shown in Figure D.5. To measure the directivity, it suffices to record the
detected intensity around a sphere whose center is coincident with the antenna. Since the
probe and mm-wave head block a substantial part of the solid angle (refer to Fig. 6.13 or
Fig.D.5), itis not possible to retrieve the total radiated power reliably. Hence, the directivity
curves shown in Fig.6.15a for the LIWA, and in Fig. 7.6 for the patch array, are normalized at
each frequency. Nevertheless, it is possible to measure the absolute gain of the antenna using
areference horn. The procedure is as follows:

The (maximum) absolute gain for an antenna is defined as [1, Eq. 2-49b]:

anU

G=(1-18n") =,
m

(D.6)

where U is the maximum radiation intensity and Pj, is the incident power on the antenna. To
proceed with the measurement, first, the intensity of a horn of known absolute gain (G") is
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Figure D.5 Detail of the set-up used for radiation pattern and gain measurements (Ext. = extension).
The receiving horn is detecting the end-fire amplitude radiated by the antenna.

measured. From (D.6), we obtain:

h PinGh

=, D.7)
dma(1-1Sh12)

where a includes losses due to the receiving part of the experiment. Next, a measurement on
the DUT is performed maintaining the sphere radius:

PinGM
Bl el (D.8)
dma (1-8311%)

From the ratio of intensities we can retrieve the measured value of gain for the DUT:

_UM-IshR)

(D.9)
U (115, ?)

GM

To remove the effect of the probe plus interconnection it is necessary to recalculate the
incident power on the antenna, Pifl, and latter use: GA/GM = py,/ Pifl (G4 is the gain of the
antenna that we want to determine). The incident power is given from the standard definition
of voltages and currents in a two-port network, e.g., [226, Figure 4.11a]:

Vil? A |Va|?

=, P T (D.10)
2711+ S}{12 "2Zc1+ Snl?

in
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V1 and V; correspond respectively to the input and output voltages of the two-port network
given by the probe plus interconnection. Sy; is the de-embedded reflection coefficient of the
antenna as calculated in the preceding section. Also, we have that V; = V,(A+ B/ Z;) with Z;
the input impedance of the antenna. Thus, the ratio of incident powers is given by:

A M2
i: 1 1+ 877l
Py, |A+B/Z;2 11+ 81112’

(D.11)

where A and B are the parameters of the ABCD matrix of the probing structure determined
before. Since the probe and the tested antennas are approximately well matched to 50 Q
(S11 < —10 dB), the ratio of incident power is roughly given by the insertion loss of the probing
structure, |S»1 1. Indeed, (D.11) reduces to |S»;|*> when the antenna is matched to the output
impedance of the probing structure. The insertion loss are estimated around 1.8 dB. For
perspective, the loss of the probe given by the manufacturer are 1.5 dB [260]. Results and
discussion of gain measurements employing this procedure are found in Section 6.5.1 for the
LWA, and Section 7.4 for the patch array.
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Mm-Wave Wireless Link

The performance indicators of data transmission in a mm-wave wireless link have been
investigated as part of the prototype characterization in Chapters 6 and 7. Although the set-up
of Professors Carpintero and Garcia-Muiioz at UC3M was used for the IWA in Chapter 6,
we have established an experimental platform at IETR for future projects under this new
research line. For the set-up, we targeted real-time 10 Gbps data transmission at E-band
with commercial off-the-shelf components. The set-up for the wireless link shares many
features with the architectures of other experiments. Examples of these others include live
retransmission of a screen to a second screen, as described in Section 6.5, or the experimental
investigation of photonic beam switching in Section 7.5. For the latter, we additionally used a
computer-controlled motorized linear stage onto which we mounted the detector, as shown
in Fig.7.10, and it will not be shown here.

To avoid redundancy with other parts of the manuscript, in this appendix, we will mainly
focus on the practical aspects of the set-up. Fig.E.1 top shows the block diagram, and Fig. E.1
bottom shows the set-up deployed for measurements carried out at CNRS’s Persyst platform
in ENSSAT, Lannion. The link follows a standard approach of mm-wave photonic generation
and amplitude modulation with direct detection [261]-[263] using a zero-bias Schottky barrier
diode detector (ZSBD)[252]. The set-up is composed of four modules to ease transportation
and interchangeability and to potentially enable the characterization of outdoor links. The
four modules listed below are detailed in the following sections:

1. Photonic generation of the mm-wave carrier and modulation, including also the pho-
tonic Tx.

2. Detection and baseband electronics.

3. A quasi-optical rail system, in which there are mounted:

(a) A photomixing antenna on the transmitter side.

(b) A zero-bias Schottky diode detector on the receiver side.
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4. Software for computer control.

2. Detection and baseband electronics
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Figure E.1 Top: schematic of the mm-wave wireless link, including photonic generation and data
modulation for the optical sub-carriers, the quasi-optical system, and the electronic detection using a
ZSBD. Bottom: photo of the set-up mounted at ENSSAT in Lannion according to the schematic above.
The rack on the right-hand side of the picture contains the BER tester from Persyst platform.
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E.1 Module for Photonic Generation

The module of photonic generation and mm-wave photonic Tx constitutes one of the main
blocks of the experimental set-up. It is schematically encircled in yellow in Fig. E.1 top.

In a nutshell, optical heterodyning is used to generate a mm-wave signal. The two optical
tones or sub-carriers are generated by two frequency-tunable, distributed feedback laser
diodes operating at C-band (Toptica Photonics DFB Pro BFY [32]). The lasers are accompanied
by a control unit (Toptica DLC Smart) that sets the temperature and current of the lasers so
that they emit equal output power (+0.5dB) and maintain a fixed difference frequency (frr)
defined by the user.

There are two possible schemes for amplitude modulation; the first one is double optical
sub-carrier modulation, where both tones are modulated, and the other is a single tone
modulation where just one sub-carrier is modulated. We have selected the former since it
offers a higher SNR [110].

Amplitude modulation of optical frequencies can be carried out with a Mach-Zehnder
modulator (MZM). The transfer function of such a modulator under pull-push operation for
the electric field is given by cos (7 V/(2V})) [264], where V is the voltage driving the modulator.
In general, V is composed of a DC term plus the RF signal that we want to transmit, for
instance, a 5 Gbps non-return to zero pseudo-random binary sequence (PRBS). V;; is the
required V to change from maximum to zero power transmission. If the arms of the MZM are
of unequal length, the transfer function presents a phase shift that can be overcome with the
DC bias. When both optical sub-carriers are intensity-modulated, following (4.3), the current
generated by the photodiode in the Tx reads as

Iox P(1+cos2r frrt +¢)) cos? (mV/(2Vy)). (E.D)

We recall that P corresponds to the average incident optical power, and the RF power
corresponds to I squared. Since the characteristic frequencies of V are < frp, only the
component cos(27 frrt + ¢) cos? (mV/(2Vy)) in (E.1) is radiated and detected. Thus, for a
power detector where the readout voltage is proportional to the power of the incident signal
(such as a ZSBD), we have:

Vieadout  1/2cos* (TV/(2Vy)), (E.2)

where variations with frr have been averaged. If the MZM is DC biased at its quadrature
point Q (where the power transfer equals 1/2) with positive slope, its power transfer function
is approximately linear: cos? (mV/(2Vy)) = 112+ nVycl RVy) for |Vacl < Vg /2. Vac corresponds
to the RF signal driving the modulator, and we have denoted it in this way to avoid confusion
with the carrier frequency fgg.
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Since the readout voltage is not linear with V¢ but with its square, double sub-carrier
modulation is compatible with on-off keying (OOK) but not with higher multilevel modulation
formats (such as PAM4). Finally, for the maximum level difference in (E.2) between the 0 and 1
symbols, the peak-to-peak amplitude of the AC signal equals V.

Once the modulation and detection scheme has been clarified, we continue explaining the
photonic generation module. In this module, first, the optical sub-carriers are combined and
intensity-modulated (OOK) using an MZM from IXBlue (MX-LN-20-PD) [265]. The operating
bias point of the modulator is set to the quadrature point by a bias controller (IXBlue MBC-
DG-LAB-A1), but it could also be set manually after characterization of the transmission-DC
voltage curve of the MZM. Next, the optical power is amplified by an Er-Doped fiber amplifier
EDFA CEFA-C-PB-HP from Keopsys [266] to approximately 14 dBm. After, part of the optical
signal is monitored with an OSA (Yokogawa AQ6370D [267]), and the rest goes through a fiber
polarization controller (PC) whose output drives the photonic transmitter. A PC is required
because the optical input of the UTC-PD is a dielectric waveguide sensitive to the polarization
of the incident light.

All of the previous components but the OSA and photonic Tx have been put assembled in
arack box, as shown in Fig. E.2. This assembly helps to improve portability of the experimental
set-up when medium-/long-range link measurements have to be carried out in halls or out-
door environments. Furthermore, more modules can be added to the rack box. In particular,
in a future project with Institute Photon, we will investigate the employment of a low phase
noise, high stability, bi-frequency laser in a coherent communication link. This laser source
will substitute the present free-running lasers since it has been shown that their performance
deteriorates the BER in coherent communications [30], [110]. The bi-frequency laser would be
included in a 1U-rack, only needing to switch a few connections to re-establish the module
operation.

The rack box also includes the modulator driver (IXBlue DR-DG-20-MO). It is used to
adapt the amplitude of a non-return to zero PRBS from the BERT (0.8 Vpp) to the RF input
of the MZM (6 Vpp). The RF data from the BERT is directly fed to the "RF In" port shown in
Fig.E.2. The rack box also includes several required DC connections. Finally, the "Photonic
Out" port with the two modulated optical sub-carriers is connected by fiber to the mm-wave
photonic Tx.

The last part of the photonic generation module is the Tx. In the example of Fig.E.1, it
corresponds to a commercial one from Toptica Photonics based on a high-speed InGaAs
photodiode integrated with a bow-tie antenna [34]. The transmitter is placed at the focal
point of a 10 cm diameter Teflon lens that collimates the beam. They are both mounted on a
movable platform, as explained after.

The main advantage of photonic generation and signal modulation is that the mm-wave
carrier frequency is tunable over a wide bandwidth (= 50 GHz to 1 THz). Besides, the opti-
cal components (couplers, modulators, polarization controllers) are extremely broadband,
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- \

Photonic, Out -‘" / |

Figure E.2 Rack box used to arrange the components required for photonic generation and modula-
tion of the optical tones (except for the mm-wave photonic Tx and OSA).

covering most, or the complete C-band (4 THz). Therefore, the photonic part of the set-up is
almost independent of the mm-wave frequency used. Moreover, readily available commercial
off-the-shelf components can be used, such as the EDFA. Finally, it becomes possible to
establish a seamless connection between the 1.55 um data flow guided in optical fiber and
mm-wave radio.

E.2 Module for Detection and Baseband Electronics

The module of detection and baseband electronics is encircled in dark red in Figure E.1. The
receiver consists of a horn antenna (WR-10 waveguide) placed at the focal point of the second
10-cm diameter Teflon lens, and a zero bias Schottky diode detector from Virginia Diodes
(WR10ZBD-F [252]). For low input powers (< —25dBm), the ZSBD produces a current (or
voltage in a load) proportional to the incident power. The output of the ZSBD is amplified
by an LNA (RF-lambda RLNA01M10GC [268]). Optionally, a low-pass (LP) filter and another
amplifier (LNA2) can be added to the receiving chain to optimize the BERT input voltage. In
particular, the latter requires an input amplitude > 0.25Vp,,.

Among the RF components, the LNA bandwidth is found to have the most impact on the
targeted link speed of 10 Gbaud. A MATLAB code was developed to examine the eye diagram
after the detection chain and determine the optimum characteristics among the commercially
available LNAs. It was found that an amplifier with an electrical bandwidth of 10 GHz did not
substantially distort the eye diagram, whereas the lower frequency cutoff significantly reduced
the vertical eye-opening. Increasing the lower frequency cutoff from DC to 50 MHz reduced
the vertical eye-opening by 50%, and for a 10 MHz cutoff, the eye opening was reduced by
10%. The RLNA01M10GC, with lower and higher frequency cutoffs of 10 MHz and 10 GHz,
respectively, was found to best suit our needs.
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Finally, the BER tester is the first and last part of the communications link. It is composed
of a pulse-pattern generator (Anritsu MP1763C) that outputs a non-return to zero PRBS. On
the input, an error detector (Anritsu 1764C) compares the input with the pattern generator
output to calculate the BER.

E.3 Quasi-Optical Rail System

The rail system can be observed in the lower part of Fig. E.1. It comprises a 2-m-long rail with
anti-vibration Sorbothane feet and two movable platforms where the Tx/Rx plus Teflon lenses
that form the quasi-optical link are mounted. The platforms are shown in the insets of Fig.E.1
bottom; left: photonic Tx, and right: Rx composed of the horn, ZSBD, and LNA1. The rail
configuration enables indoor measurements to characterize the antenna performance in a
short-range communications link. It also simplifies the investigation of BER variations with
link distance. Besides, since this measurement might not be carried out in-house in the future,
the rail configuration eases module alignment if they are not placed on an optical table or if
they are directly placed on different surfaces.

E.4 Software for Computer Control

The last part of the set-up is the software for computer control. It controls the emission
wavelength of the lasers through a VBA code implemented in an Excel workbook. The software
communicates with Toptica’s control unit (DLC smart) via established remote commands
to directly set the lasers frequency difference. No further action is required from the user.
Similarly, the workbook communicates with the OSA to monitor the spacing and power
of the optical tones, and it also controls the position of the motorized linear stage for the
measurements of beam switching. A screenshot of the program interface is shown in Fig. E.3.
The worksheet also contains a template in the lower part to store relevant experimental data.
The rest of the link aspects, such as the EDFA amplification, current meter, or voltage control
of the LNA amplifier are controlled manually, but it would be possible to adapt the computer
program to control them remotely too, if required.
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CONNECTION PANEL

TOPTICA

Connect |  Disconnect

7 IPAdress  192.168.54.82
8 Port 1998
9 Winsock Ver. 2058

osA
Connect |  Disconnect

05A Serial connection
com port 3
Worksheet name:

Set
Meas_template

Set Frequency ‘

TEST FRAME

Meas. Frequency (OSA) |

COMMUNICATION TERMINAL

minal display

AUXILIAR FRAME (TOPTICA)

PROJECT DESCRIPTION

and TOPTICA's sytem.

is prepared.

Clear Terminal
Alvaro Pascual 11/2019

This is a template for wireless links measurements.
The frequency can be set and checked from the OSA

Also, a table to fill in with relevant link parameters

Measurement date:
Fill this in

AUXILIAR FRAME (OSA)

—— T Start Wav/nm 1530 P1/dBm _P2/dBm Wav1/nm Wav2/nm _Difference frequency/GHz
85.00 Stop Wav/nm 1540 wIv/or
GHz GHz Wav. Resolution/nm 0.050
Mess. Frequency (TOPTICA) e (B Comm. check LASER OFF Set Measure
8 Pk Format for star/stopwav:  XXXXNM
9 Pk2 Format for res. Wav: XXKKNM
20| 4P (dB) 0.00
2 LINK PARAMETERS/SCHEMATIC
2 1. Photonic generation: 2. Quasi-Optical ral system 3. Baseband electronic sig. Proc
24 |carrier frequency/GHz V_bias PD/V: - BERT 3: Baseband electronic sgnal processing
25 |Vpi MZM/V: - Photocurrent/ma: E Vpp out/v s o v | [
26 P_out EDFA/dBm: Link distance/cm: . offset/mv >
PRES Length
2 Comments: Codif. Type £x. 16b Ethernet

8 Comments:
9 |Current Driver

Figure E.3 Excel workbook used to control and record data in the wireless data transmission experi-

ment.

Bit rate (Gbps)

comments
LNA1 BW/GHz
LNA2 BW/GHz
LP Filter Bandpass/GHz
Current LNAL
Current LNA2
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Réseaux d’antennes en ondes millimétriques excités par des photodiodes.

Mots clés : ondes millimétriques, photomélange, réseau infinie d’antennes, adaptation
d’'impédance, antenne leaky, commutation de faisceau.

Résumé : Cette thése présente des réseaux
d'antennes excités par des photodiodes pour la
génération en continu d'ondes millimétriques.
Les efforts de recherche sur la génération
photonique menés au cours des vingt derniéres

une méthode a fort

\

années ont abouti a
potentiel. Le meilleur exemple en est la
compatibilité avec les réseaux de
communication a fibre optique. Néanmoins, la
méthode offre une puissance d'émission plus
faible que d’autres technologies. De plus, les
antennes photoniques a gain élevé avec un
faisceau orientable restent un point critique pour
les télécommunications. Ce travail tente de
résoudre les deux inconvénients précédents.
D'abord, nous proposons une méthode pour
augmenter la puissance d'émission en utilisant
un réseau d'antennes intégré avec des

photodiodes. Un plan de masse placé a
proximité des antennes permet une adaptation
dimpédance plus efficace, tandis que la
configuration du réseau offre une combinaison
de puissance. Aussi, hous avons congu et
prototypé deux réseaux d'antennes intégrés
avec des photodiodes. Pour le premier, nous
utilisons une antenne de type "leaky" pour
obtenir une orientation de faisceau sélective
avec la fréquence. Pour lautre, nous
proposons et démontrons la commutation de
faisceaus photonigues comme un moyen
pragmatique d'obtenir un faisceau orientable et
hautement directif. A la suite de nos
recherches, nous avons également développé
un  modéle théorique  pour analyser
limpédance de balayage (scan impedance)
dans des réseaux infinis de dipbles.

Mm-Wave Photonic-Enabled Antenna Arrays.

Keywords: mm-waves, photomixing, infinite array antenna, impedance matching, leaky-wave

antenna, beam switching.

Abstract: We present antenna arrays excited
by photodiodes for the continuous-wave
generation of millimeter-wave radiation using
photomixing. Research efforts carried out over
the last twenty years have put the photonic
generation approach into the spotlight. It offers
numerous advantages concerning other
methods, and the principal example is seamless
compatibility  with fiber-optic networks.
Nevertheless, photomixing offers a lower
emitted power than other technologies.
Furthermore, photonic-enabled high-gain and
beam-steerable antennas are still a critical point
for telecommunications. This work addresses
both of the previous drawbacks. First, we
propose a method to increase the emitted
power using an antenna array integrated with

photodiode sources. A ground plane placed
close to the antennas enables a more efficient
impedance matching, while the array
configuration offers power combining. Besides,
we have designed and prototyped two antenna
arrays integrated with photodiodes. One uses
a leaky-wave antenna in a scalable layout to
obtain frequency-selective beamsteering. For
the other, we propose and demonstrate
photonic-enabled beam switching as a
pragmatic way to achieve a highly directive,

switchable beam with  quasi-continuous
coverage. Finally, stemming from our
investigations, we have also developed a
theoretical model to analyze the scan

impedance in infinite phased arrays of dipoles.
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