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Les systemes de communication modernes dépendent forteraeitdis non linéaires, tels que

les amplificateurs de puissandeA), les mélangeus, les multiplicateus, les oscillateus, les
commutateus, etc.,qui sont construits a partir de composamts linéairegassifs(commedes

diodes) ou actifs (par exemple des transistors). Cette thése étudie les dispositifs non linéaires
passifs traditionnels et émergeramsi qudes techniques de lignes ttansmission non linéaires

(NLTL). Plusieurs de leurs applications mievadesont égalementété étudiées, y compris la
récupération d'énergie sans fd,syntrese G | L P S p 8dtt@fidle etOIDGDSWDWLRQ GYLP

bidimensionnelle (inductive et capaed).

Dans le chapitre Bont d'abord étudidss dispositifs non linéairggaditionnels résists capacitié

et inductik. Les dispositifs non linéaires émergents, y compris les dispositifs MEMS et la
spindiode, sont ensuite explorés. La constructidrysigue de base, les principes de
fonctionnementainsi que les caractéristiques et applications pour divers types de dispositifs non
linéaires sont expliqués et comparésesLlignes de transmission nbnéaires NLTL)
traditionnelles utilisant des dispasifs non linéaires capacitifs (varactor, BST etoy inductifs
(ferrite saturég et la technique hybride NLTL émergente udifisa la fois des dispositifs non

linéairescapacitifset inductifs sont également étuesé

Le chapitre 2 examine ldechniques de conversion d'énergie mionglesa courantcontinude

faible puissance a la fine pointe de la technologie. Une image compléte de I'état de I'art sur cet
aspect est donnée graphiquemé&lle compare différentes technologies telles quedssistor,la

diode etles technologie€MOS. Depuis le tout début des techniques intégrées RF etomdes

et de la récupération d'énergie, les diodes Schottkgtée plus souvent utilisées dans les circuits

de mélange et deedressment. Cependant, des des applications spécifiques de récupération
d'énergie, la technique des diodes Schottky ne parvient pas a fournir une efe@sfdésantele
conversion RFdc. Suite aux limitations mises en évidence des dispositifs actuels, ce travall
introduit, pour la premiére fois, un composant non linéaire pme redressemente faible
puissancgbasé sur une découverte récente en spintronique, a sayomgtion tunnel magnétique,
parfois appeléespindiode. Un modéle équivalent de spindiode est dévelpppédécrire le
comportement en fréquence. Des études paramétriques completes montrent que la capacité

GTLQW HuwdtDduel la capacité géométriqgue, joue un rdle clé damsefficacité aux
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hyperfréquences. L'ingénierie de la résista§ L Q WektpropoEd¢ commene solution pour
ameéliorer ls pertes dues aux composgrdsasies ainsi que la fréquence de fonctionnement de la
spindiode. En plus d'une analyse du role de lalm&arité et de laésistanceen absence de
polarisation dans le processderedressemende la spindiodele travail expliguecomment la
spindiode pourrait améliorer le rendement rédressemenméme a trés faible puissance et
comment cette technique changetas paradigmes de conception aispositifs et circuits a

diodes.

Au chapitre 3, un syntoniseur d'impédance électronique utilisant la résistance négative des diodes
a effet tunnel est propos@utrele fait qu'il s'agssed'une solution intéressante pour synthétiser
l'impédance avec unoefficient de réflexion supérieur a un, ce schéragegeplus simple et
consomme moins de puissance que les techniques de I'état de I'art. La topologie globale du circuit
comprend deux parties, a savoir un bloc dimpédance compremreadibalePIN combiré aveane

diode a effet tunnel pour générer un ensemble de points d'impédance, et un déphaseur a 360° basé
surune géométrieleligne detransmission non linéaire (NLTL) pour faire tourner I'ensemble des
points d'impédance autour du diagramme délsael1.5 a 5 GHz. La puissance de fonctionnement

du syntoniseur électronique est inférieur®% dBm, limitée par la diode a effet tunnel. Dares |

casle plus défavorable la consommation d'énergie maximale du syntoniseur électronique est
inférieurea 3 mW, ce qui signifie TXTLO SR XUU Dawat uriegide: W RIucxetrdeur

électroniqueseraitutile pour le développement de systémes de caractérisation du bigauer

Dans le chapitre 4, nous proposons et présentons tout d'abord une procédureedgononc
analytique pour le synthétiseur & impédance électronique distribuée (EIS). Bénéficiant de
caractéristiques avantageusasH O Vrépldgexdpidajn faible encombremeetuneintégration
facile, 'EIS a été développé pour les systemes de caractérieaibpull surgaufre les réseaux
accordables (TMN), les appareils et systemes reconfigurablelsegtwonceptions précédentes de
I'EIS étaient principalementbaséessur desdonnées empiriques plutdt que sur dedutions
analytiquesDans ce travaila méthode d'optimisation d'essaim de particules (PS@pastment
introduite pour optimiser I'EIS non uniformément distrilowe nous proposons gtii comprend

un circuit de églage et un circuit non uniformément distribué. Les résultats expérimentaux
démontrent que la structure non uniformément distribuée proposgeet non seulement
Gafnéliorer la couverture d€ID E Dd€ %idith, mais ausde réduiresataille (par rapporé&.une

structureuniformé. L'EIS non uniforme fabriquiédnctionnede 08 a 25 GHzet présente un bon
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accord entre la théorie et la mesure. En outteensemble complet figures de méritestprésenté
pour évaluer I'EIS fabriqué, parmi lesquelles une théorie de distribution de tensi@st
développée pour I'EIS distribeéfournit un moyen de comprendre et prédirtelaue erpuissance

et la nonlinéarité de EISu bordde sa région linéaire

Dansle chapitre 5un circuit d'accord bidimensionnel basé smetechnique hybridee ligne de
transmission nodinéaire NLTL est analysé dans dedomaine temporel et fréquentielLes
parameétres de la permittivité et perméabilité effective sont extestsplarameétrede la structure
périodique./ fmpédancecaractéristique ainsi qua vitesse de phase teligne de transmission

non linéaireNLTL sont étudiées théoriquement en accordant a la fois la permittivité effective et la
perméabilité.La théorie sera ensuite validée par des expériences et des simytationies
matériaux nofmagnétiques, NLTL avec varactors ainsi que la ligne microruban a base de ferrite.
Enfin, les applications en modpetit et grandsignauxdescircuits d'accord bidnensionnelsont

discutés.
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Modern communication systems are heavily dependent on nonlinear circuits, such as PA, mixer,
multiplier, oscillator, switch, etc., the core of which aiéher passive nonlineaelements and
devices (e.g. diodes) or active nonlineamponents andevices (e.g. transistors) his thesisaims

at investigating a number dfaditional and emerging passive nonlinear devices and nonlinear
transmission line (NLTL) techniquesnddevelopingour of their microwave applicationsuch as

wireless power harvesting, electronic impedance synthesizer, argirh@asional tuning circuit

In Chapter 1 traditional ronlinear devicesn terms of thecategoies of resistive, capacitive and
inductive are firstly investigatedemerging nonlinear devicascluding microelectromechanical
system(MEMS) devices and spindiodeare then exploredThe basic physical construct®n
operation principlesand characteristicsas well asapplicationsof various types ofnonlinear
devicesare explained and compared. Traditional NLTL techrsgmeke use afither capacitive
nonlinear devices (varactor, BST etc.) or indwetnonlinear devicesséturatedferrite), and
emerging hybrid NLTL techniqueare also studied through the deploymenbath nonlinear

capacitive and inductive devices.

Chapter 2xamineghe stateof-the-art low-power microwaveo-dc energy conversiaechniques.

A comprehensive picture of the statiethe-artonthis aspect igiven graphically, which compares
different technologiesuch as transistor, diode, and CMOS sche®ese the very beginning of

RF and microwave integrated techniques and energy harvesting, Schottky dedibe
undisputable dominant choideave beenvidely used in mixing and rectifying circuits. However,

in specificuyW powerharvesting applications, the Schottky diode technisgeminglyfails to
provide a satisfactory RElc conversionSubsequento the highlighted limitations of current
devices, ths work introducedpr the first time, a nonlinear component for kpawer rectification
based on a recent discovery in spintronics, namelyMahgnetic Tunnel Junction, also called
spindiode An equivalent modedf spindiodes developedo describehefrequency behavioiFull
parametric studies show that the interfacial capacitance, rather than the geometric capasitance
it is usually the case for diodelays acrucialrole in the drop of efficiency in microwave frequency
applications. Interfacialesistance engineering is proposed as a solution to improve the parasitic
factor, as well as the operation frequencyspindiode Along with an analysis of the role of

nonlinearity andzero bias resistance in the rectification process of the spindiaglehitwn how



the spindiode could enhance the rectification efficieengn at a very lovpower level and how

this technique would shifhe design paradigms of diotbased devices and circuits.

In Chapter 3, & electronic impedance tuner using the negatgistance oé tunneling diode is
proposed. Asiddrom the fact that it is an interesting solution to synthesize impedance with
reflection coefficient larger than one, this scheme is proven to be simpler and consume less power
than the statef-the-art techniques. The overall circuit topology consists of two parts, namely
impedance tuning circuit including a hybrid block of PIN and tunneling diode for generating a set
of impedance points, and wideband nonlinear transmission line (Nhdsgd 360phase stfter

for rotating the set of impedance points around the Smith chart from 1.5 to 5 GHz. The operating
power of the electronic tuner is bele®5 dBm, which is limited by the tunneling diodegative

slope rangeThe worsecase maximum power consumptiontieé electronic tuner is as low as 3

mW, which would allow batterpowered operatiarSuch an electronic tuner should be useful for

the development of ewafer noisecharacterization systems.

In Chapter 4we propose and present, first of all, a selosed form design procedure for the
distributedelectronic impedance synthesizer (EIBgnefiting from advantageous features of fast
tuning, small size and easy integration, the EIS has been developed-vi@fesnloadpull
characterization systems, tunablatoming networks (TMN), reconfigurable devices and systems
etc. However, he previous designs of the EIS were mostly basednmirieal data instead of
closedform design. Moreover, incomplete figures of maunié usually utilizedo optimize and
evaluatethe EIS. In this worka particle swarm optimization (PSO) method is introduced to
optimize the proposed namiformly distributed EIS, which comprises an adjusting circuit and a
nonruniformly distributed circuit. Experimental results demonstrate thatptioposed non
uniformly distributed structure can not onipprove the Smith chart coveralget also reduce the
size, as compared to the uniform counterpart. The fabricatedmform EIS operating from 0.8

to 2.5 GHz, exhibits a good agreement betweearthand measurement. Furthermore, the most
comprehensive figures of merit are presented to evahmfabricated EIS, among whialvoltage
distribution theoryis developed for the distributed EIS pitovides a way of understanding and

predicting the paer-handling capacity andonlinearity of EIS from its linear region.

In Chapter 5two-dimensional tuningircuit based omybrid NLTL technique is analyzed in both

time domain and frequency domairhe parameter extraction methaideffective permittivity and
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permeabilityis developed based time Sparametesanalysis The characteristics dtheimpedance
and phase velocity derrite-basedNLTL are studied theoretically by tuning both the effective
permittivity and permeabilityThe theoryis thenvalidatedby experiments and simulations for ron
magnetic materialpamelyNLTL with varactors as well aferrite-based microstrip line. Finally,
the small signal and large signal applications of-tdwoensional tuning circustarediscussed.
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CHAPTER 1 ,1752'8&7,21

Modernwireless anadommunication systesnare heavily dependent aonlinearcircuits such as
power amplifier PA), mixer, multiplier, oscillatorswitch, etc.,the core of which arg@assive
nonlinear device(e.g.diodeg or active nonlinear deviede.g.transistors 7 KH W lailifeat’ Q
intuitively means that the output signals and input signals are not in a linear relationship,
essentially indicatethatone parameter is nonlineavith voltage or current. It should be noted that

it is differentfrom the nonlinearity of frequency resposstr instance, dpersion.

In this work, we focus on passive nonlinear deviCereepurposeof this thesiss to provide a way
for the readers to understand and choose proper nonlinear daévieesordance withllifferent
applicatiors. Traditional nonlineadevicesin terms ofthe categoes of resistive, capacitive and

inductiveare firstly investigateth the following

As listed in Table 1.1he resistivadevicesncludeconventonal PN junction diode, Poir€ontact
diode, Schottky diode, PIN diode, StBecovery diodgSRD), MetakinsulatorMetal (MIM)
diode Tunnel diodgEsaki diode)Backward diodegResonant Tunneling diodRTD), Gunn diode,
IMPATT diode, etc. [1, 2], among whichthe lastfive diodes presenta differential negative
resistance region in their curreviltage (I1(V)) characteristis The basic physical construction,
operation principles as well as characterisaosl applicationgor various types of diodare

explained and compared.

The capacitive nonlineatevices includesemiconductoandferroelectric ceram& whereaghe
inductive nonlinear devisausuallyuseferrite and other magnetic materiaBmerging nonlinear

devicesincludesmicroelectromechanical syst§iEMS) devices andpindiodes.

Nonlinear transmission lineNLTL) is a transmission line periodically loaded with nonlinear
devicesTraditional NLTL technique wes eitheccapacitive nonlinear devices (varactor, BEET
etc.) or inductivenonlinear devicesséturatedferrite). Emerging hybrid NLTL techniquases both

nonlinear capacitive and inductive devices



Table 11: Comparison of traditional and emerging passive nonlinear devices.

Categary Nonlinear Type | Nonlinear Device | Specialty Applications
. . . detector, rectifier, modulator, switch,
PN junction diode S
demoudulator circuit, etc.
point-contact diode mixer, detector, etc
Schottky diode detector, mixer, rectifier, etc.
PIN diode switch, attenuator, phase shifter, limite
modulator, etc.
steprecovery diode short. p_ulse generator, frequency
- multiplier, comb generator, etc.
resistive
MIM diode Mixer, rectifier, etc.
tunnel diode oscillator, amplifiermixer, detector, etc
- backward diode detector, rectfier, switch, etc.
traditional
nonlinear RTD negative Oscillator, switch, etc.
devices resistance Oscillator, amplifier, radar speed gun
Gunn diode - amp ' P g
etc.
IMPATT diode power generation, etc.
VCO, parametric amplifier, harmonic
semiconductor generator, frequency multipliers, mixe
varactor microwave signal synthesizers, tunab
capacitive circuit, etc.
BST . )
phase shifter, capacitdbRAM, etc.
PZT
tunable filter, oscillatoramplifier,
inductive ferrite circuilator,isolators, phase shifter,
bandstop filter, magnet recording, etc
emerging MEMS devices phase shifters, tunable filters, impedan
nonlinear tuners, oscillators, mixer, switch, etc.
devices MTJ MRAM, oscillator, rectifier, etc.

1.1 Traditional RF and microwave nonlinear devices

1.1.1 Resistivenonlinear devices

1.1.1.1 Conventional PNjunction diode

Construction

The conventional PN junction diode is the most basic and singabkdtstateelectronic device. It

is constructed by the combination otype and Ntype of semiconductor§l, 2]. By doping an



intrinsic semiconductor with acceptor impuritiagtype semiconductor is formeid, which holes

are the majority carrierg/hile electrons are the minority carriers. The terrtype denotes the
positive charge of the hole. As opposed ttype semiconductors, -lype semiconductors are
formedby doping an intrinsic semiconductor with donor impurities, in which free electrons have a

more massiveoncentration than holes. The termtyye refers to the negative charge of the

electron.
P-type N-type
& =2 D & + L A
+ + e o + ; D © +
( + ©) o D - T +
.7 - & = + - N £
+ _+ Y & B s *
+ = - : D + - = )
+ Fixed positive donor ion
) Fixed negative acceptor ion X
+ Free hole depletion
- Free electron layer
drift
P-type - diffusion
E
diffusion + N-type

drift + Ey

Figure 11: Energy band idhgram ofPN junction diode

Operation principle and characteristics

As depicted in Fig. 1, a PN junction will be formed when atffe semiconductor is placed in
contact with a Nype semiconductoilhe density gradierdtboth sides othe PN junction results

in the free holef P-type sidethatdiffuse across the interface and recombine wtiheyreach N

type side, ad leavebehindthe fixed regatively charged acceptor ions. Similarly, it also results in
the free electronthatdiffuse from Ntype side to Rype side, and leave behind the fixed positively
charged donor ions. The negativelylaositively charged ions will create an electrostatic potential
barrier, whichwill prevent the diffusion of free charge carrigksdepletion layer will be formed

when an equilibrium state will be reached, and no free charge carrieexisilin this &yer. The
extraenergy that is required to overcome the barrier is called the barrier potential, which depends
on the semiconductor material, doping level as well as temperature, and is about 0.7 V for silicon
and 0.3 V for germanium.

Opposite to the ditfsion current that is caused by the majority carriers, the drift cusreloe to

the minority carriershat are moving across the junction and aagtd by the barrier potentidh



the unbiased condition, the net current is zero since the drift current and diffusion current are equal

to each other.
Ohmic effects

In the forward bias condition, the-Bpe and Ntype semicondttors are connected with the
positive and negative eleotte of the voltage source, respectivdliie external voltage can push
the majority carriers (holes) in thetyge side and the majority carriers (electrons) in thiype
side toward anthenneutralize the depletion layso that the width of theepleton layer is reduced.
There is almost no current whareexternal voltage ikess than the barrier potentghce the free
electrons and holes cannot overcome the baAgeshown irthel (V) charateristic of PN junction
diode inFig. 1.2, with the increases dhe forward bias, the depletion zone decreases, eventually
resuls in an electrical resistance reductidrhe relationship of I\tharacteristic of PN junction
diode can be expressed B

av_R) (1.1)

| 14 MKT 1)

wherels is thereverse saturation current, q is #lectron charge, V is the exterl bias,Rs is the
series resistance of PN junction, n is ideality factor, K is Boltzmann constant, and T is absolute
temperature.

Current

N

Reverse Region Forward Region

Breakdown
Voltage

> Voltage
" Reverse Current
Leakage

Figure 12: IV characteristic of conventional PN junctidiode.



In thereverse bias conditiothe Ptype and Ntype semicondttors are connected with the negative
and positive electrode of the voltage source, respectively. The reverse ls#isephdles in the P
type side and electrons in thetype side awajrom the junction, which increaséhe width of the
depletion layer, so that ressib a high resistance allowiragsmall current across the junctioks
shown in Fig. 12, when the reverse bias increabeyond a critical level, the depletion region

breaks down and current beginsftow, and it iscalledtheavalanche effect
Junction capacitance

Two types of capacitance mechanisms are involved in PN junci@onelydepletion capacitance
and diffision capacitance, respectively, as shown irctpacitanceroltage(C(V)) characteristic
of aPN junction diode in Fig. 3. The depletion capacitancecaused by the impurity atoms, and
it dominates under the reverse bias condition. It can be calculaigd as

C. _Co

: Vi (1.2)
@)

0

whereCo is the zerebias capacitance, V is the reverse bias voltages Yuilt LQ SRWH@WLDO
constantit is 1/2 for an abrupt junctionl/3 for a graded junction, antl to 2for a hyperabrupt
junction. The diffusion capacitance is caused by the injected minority charge, and it dominates
under the forward bias condih. It is proportional to the minority carrier lifetiméhereforerelated

to the switching characteristic &fie PN junctiondiode

Capacitance
A .- n
| Diffusion
| Capacitance
|
|
|
|
|
|
Depletion I
Capacitance |
Z 1 ~
Voltage
v, = volad

Figure 13: Junction capacitaneeoltagecharacteristiof PN junction diode



Application

The PN junction diodes can be found in the applications of detecttfiereenodulator, switch,
demodulatiortircuit, clamping circuit, clipping circuit, clamping cir¢cuetc.[2]

1.1.1.2 Point-Contact diode
Construction

Similar to conventional PN junctio,ointContact dbde is also one of the most basic forms of
diodes. Ithas beenleveloped during the Second World Wandis often usd as mixeror detector.
As depicted in Fig. 4, it is made by a cat whisker metal wipkacedon a piece of Nype
semiconductofl, 2]. During the formation o& PointContact diode, a relativelyigh curent will
pass through the cathigker wire to the semiconductgrart of the metal will migratento the
semicondator, a small Ryperegionwill be formed in the vicinity of the point contact, thus a PN

junction is formed which behavéise same as a ceentional PN junction.

Sk
Lead

Metal (b)
post

Cat-whisker—»
Paint wire
Cat-whisker —) /contact

wire ¢ P-region Point contac P-region
Crystal — I-region
Metal plate =3
Metal Neregion
pasl
Metal plate

Figure 14: PointContact diode. (a) Construction and constituents apg-(egion around point
contact{1].

Operation principle

The operation mechanism of Pefdbntact diode is quite similar to a conventional PN junction
diode.However, the characteristics are different under forward and reverse bias conditions, mainly
because of the smatbntact between the cat whisker and temisonductor.The resistance of
PointContact diode itheforward bias condition is larger than the conventional PN junction diode,

while the capacitance ithe reverse bias condition is smaller. The very low junction capacitance



leads ta better switchrg ability than a conventional Rhbde thusideal for many RF applications.

However, the small junction also limithe power handling o& high curren{1].
Applications

With the advantages &dist switchingand the small junction capacitance due to small junetiea,

PointContact diodes suitable ér high-frequency applications, such as mixer, deteatur.[1].
1.1.1.3 Schottky diode
Construction

The Shottky diode can be considered as aatan of pointcontact diode, it can be manufactured
in different forms, in which the simplest formagoint-contact diode (Fig. B(a)). As shown in
Fig. 15(b), the metalsemiconductor junction ithe deposited metabchottky diode is a surface
rather than a point contaft]. A large contact area between the metal ands#miconductor

enablesalow forward resstanceand low capacitance.

(@) (b)
Figure 15: Schottky diode. (a) Poirgontact type, (b) deposited metal tyjpe

Operation principle and chracteristics
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Figure 16: Energy band diagram for ideal Schottky barrier juncfin
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In a metal, the energy gap betwdbavalence band ancbnduction band is too small, so thasit
conductive By contrast, no free electraxists atthe Fermi levein thesemiconductobecause the
Fermi levellies within the energy gapVhen a metal atacts with a semiconducta, Schottky
junction is formed, anthe Fermi levels must align, the energy band diagramtéSchottky
junctionis illustratedn Fig. 16 [2]. Since the work function of the metalgreater than that of the
semiconductg an electrostaticbarrier is formedwhich enabls a Schottky dioddo have the
rectifying properties.

The currenvoltage characteristics of a Schottky diode is similar to that of a PN junction diode.
However, there are still some differencbg:using the same semiconductor material, the reverse
leakage current of a Schottky diode is higher, and the reverse breakdown voltage is lower than a
PN junction diode. While at a specific forward current, the forward voltage for a Schottky diode is

lowerthan a PN junction diode.
Equivalent circuit model

The equivalent circuit model of PN junction diode is shown in Fig[2,.3]. G and R represent
the nonlinear junction capacitance and junction resistance, respectivégnd®es théotal series
resistancehat includeghe resistance of the epitaxial layer and the substratkenotes the series

inductance, and epresert the packaging capacitance.

Figure 17: Equivalent circuit oSchottkydiode.

Applications

Similar tothe point-contact diode, the Schottky diodes dsnused in applications requiriiggh
switching spee, high power and high frequencgpacity. They have the following advantapgs

(i) Low turn-on voltage due to the high current density, it is-@3 V for a Silicon Schottky diode

that is similar taagermanium PN junction diode. The less waste of energy makes them suitable for

the applicationshatrequire highefficiency; (ii) High frequency capacity an@sgt recovery time



due to almost no minority carrier charge storage. Unlike the conventional PN junction diode that
relies on the recombination of holes or electrons whenrttose to the other side of semiconductor,
Schottky diode is a majority carrier deviqgi) Low noise generation; (iv)dw forward resistance

(v) Low junction capacitance due to thmall contact area. Theeductionof RC time constant
makes them fastéinan the conventional PN junction diogesich enables thesuitable for many
applications requires fast spedthe characteristics 0bWw parasitic parameteend fast recovery

time make them suitable for high frequency applications.

1.1.1.4 PIN diode
Construction

PIN stands for Rntrinsic-N, it is a PN junction device. Located between thgyge and Ntype
semiconductors, a minimally doped thicker layer or annsitisemiconductor is inserted, so that
a high resistivity is presentedIN diodes aresually constructed on Silicon due to its better pewer

handling capability, however, GaAs can be chosen if higher speed is rddlired
Operation principle and characteristics

WhenaPIN diode is forward biased, holes and electrons are injected ftgpeRand Ntype region

into the intrinsic regioffl-region) respectivelylnstead otombiningimmediately, a finite quantity

of charges will remain in thieregion The quantity of charges relies on theombination time or
carrierlifetime as well as the forward bias currehlie thick intrinsic layeincreases the transit

time for electronsto cross thd-region resultng in the accumulation of eleohsin the Fregion.

PIN diode acts as a traditional rectifying device up to about 100 MHz, and beyond this frequency,

the storage of chargestime I-regionmakesthe diode act as a valle resistangé].

When PIN diode is reverse biased, the reverse current flows untilggh is depleted of charges.

The switching time or recovery time is defined as the time required to remove the charges stored
in the Fregion due to the forward bias. When PIN dieslased as switch, the switching time can

be undersiod as the time to switch fromlowimpedance statgorward bias}o a highimpedance

state(reverse biag])1].



10

Ls

Cr Rs

(a) (b) (c)

Figure 18: (a) Equivalent circuits of PIN diode&simplified equivalent circuit (b) under forward
bias and (c) under reverse bjas?2].

Equivalent circuit model

The equivalent circuit of PIN diode is described in Fig(d).[2], it mainly consists of two sets of
elemensin seriesthe first part is simdr to a PN junction, it includes diffusion capacitangenC
parallel with junction resistanceg BRndjunction capacitance Cwhile the second part consists of
the undepletedegion resistanceiRnd capacitance;Besides the core parts; denotes the lead
inductance, Rrepresents the resistance of the bulk semiconductor and the cobialeiaptes the
packaging apacitances represents fringing capitanceof the structure which can be negéd

as compared to other capacitances.

Although the modeshownin Fig. 1.8(a) candescribehe physicamodel it is not practical in the
circuit design.lt can be simplified for both forward bias and reverse bias conditions. Wmeler
forward bias condition, the diffusion capacitance i€ large so that shorts out the junction
parameters. The charge carriers will be injected into-tegibn, the Cwill vanishso that only R
left. The equivalent circuit faheforward bias codition is simplified as Fig. 8(b) [1, 2, 4, 5], Rt

is the totalRF resistancéRs plusR)), whichis a currenicontrolled resistance.

Underthereverse bias condition, the diffusion capacitangeaishe, and the junction resistance
R; becomes large, only;@&mains. The RC; part will vanish if the reverse bias is high enough to
deplete the-fegion. The equialent circuit forareverse biasondition will be simplified as Fig.
1.8(c) [1, 2, 4, 5].

Applications

The presence of the intrinsic layprovides two benefits fothe reverse bias condition: high

breakdown voltage so as to have high power handling capacity, small junction capacitance due to
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the separation betweenrtye and Ntype semiconductors. The benefits make PIN diode useful for
high frequency and high power rdation application. Undethe forward bias condition, the |
region is controlled by the amount of injected charge carriers, which makes the possibility to control
the large RF signal with a small level of dc excitatibis extensively used ithelow loss and low
distortion applications, for instandeF switches, attenuators, phase shifters, limgadsamplitude

modulator, etc[1, 2].
1.1.1.5 StepRecoverydiode (SRD)
Construction

A SRD is usually constructed upon the PIN structure, althaugiinciple it can beconstucted

on any diode structurd@he difference with PIN diode is that the SRD is fabricated with gradually
decreased doping level as the close of the junction, which results in fewer charge carriers stored in
the Fregionso as to have shorter switnfitime[1, 2]. This advantage makes SRD suitable for

applications that require fast switching.
Operation principle and characteristics

The operation of a SRDelies on the charges storage and extraction characteristics in the
semiconductorAs illustrated in Figl1.9, n thepositiveconduction regioifforward bias)the SRD
operates like a normal diodbe RF current will follow the RF voltage wavefarthe charges will

be stored in théregion of thediode In the negativgortion ofthe RF voltage cycléreverse bias)

the chagesstartto extract from the-tegion. Once the free charges are removed frorhitégion,

the RF current suddenly redsde zero in a very short time. The rapid vanish of current in time

domain stands for rich harmonics in fuegcy domain.

Vb £¢ ______ 4 ] i i’ — ﬁr wt
W
v Applied

Figure 19: Diagram of current and voltage waveforms of SRP
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Figure 110: Equivalent circuit of SRD2].

Equivalent circuit model

The equivalent circuit of the SRD can be modeleadybining the forward and reverséiased
circuit with a switch, as shown in Fig.1D, in which the series resistancedenotes the voltage
drop across the diod&]. The switch is closed und#dreforward bias condition, the circuit consists
of a relatively large diffusion capacitance &ccounting fortte large charge storage in thesgion,

in shunt with a resistance.RInderthereverse bias condition, the switch is still closed untilled|
charges are extracted from the diffuscapacitance {the circuit also includes the depletion layer

capacitance C
Applications

Due to the fast switching times characteristic, the $RDitable for the applications of short pulse

geneastor, highefficiency highorder frequency multipliecGomb generator, etfl, 2].
1.1.1.6 Tunnel diode (Esaki diode)
Construction

Tunnel diode also called Esaki diodéasa junctionthatenablegunnelingtransport, classically

use P-type and Ntype semiconductorsThe semiconductorare heavily doped with impurity,
resulting in a depletion layer thin enough for majority carriers to dpasneling[1]. Since it is

the movement of majority carriers, the operation of tunnel diode is faster than conventional PN
junction diode. Differenfrom the conventional transit time concept, the time of tunneling is

propational to quantum transition probability
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Figure 111: Energy bands of tunnel diode at zdxias conditior{1].

Operation principle and characteristics

Fig. 1.11 illustrates the energy bands of tunnel diod#hazerabiascondition[1]. Only when the

filled state at Nside and empty state atsitle are kgned at the same level, turiimg will occur.

The currentvoltage characteristic of tunnel diode is presented in Figl2. Whenthe applied

forward biagncreaseselectrons start to tunneling from$ide to Pside, because the filled state at

N-side starts to align at the samedkwith anempty state at-Bide. When they are aligned exactly,

themaximum current will be reached, after that the current starts to decrease until a very low level.

With the further increases of bias, ordinary injection current starts to increase retigdbynevhich

is similar to a PN junction diode

Current
N

L f——p————

Negative
Resistance
I Region |
e

> Voltage

Figure 112: Currentvoltagecharacteristic of tunnel diode.
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Applications

Tunnel diode has advantages of high speed, low operation voltage, low noise generation, high peak
currentto-valley curent ratio, low cost and ligheight. It exhibitsanegative resistance undée
forward bias conditionthuscan be used in microwave oscillators and amplifiers. It also can be

used in microwave mixersgletectorsand binary memory.
1.1.1.7 Backward diode

The backward diode, slsoa form of PN junction diode. The operation maubm is similar to
the tunnel diode, the difference is that backward diode operates by turord{ingderthereverse
current conditionIn the backward diode, doping level in one side of the junction is less than the

other, the doping profile gives a freedom to modify some characteristicsifedonnel diodg6].
Operation principle and characteristics

Underthereverse bias, the tunneling effecttbé backward diode isimilar tothe tunnel diode,
while underthe forward bias the tunneling effect reduces and it is similar to a ctiomah PN
junction diode [6]. In other words, its name comes from the fact that the diode can be used

backward.

As can be seen from Fig.1B, the forwardV curve is similar to a conventional PN junction diode.
Zener breakdowatarts at a low reverse biasltage, the voltage remains relatively constant and is
independent of the reverse curreihtshould be noted that the negative resistance region is not

presented in the IV curve, because the tunggdinenomenon is only incipient

Current

N

> Voltage

Figure 113: Currentvoltage characteristic dfackwarddiode.
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Applications

The backward diodeasastrong nonlinearity aasmall signal region, anitldoesnot haveacharge
storage effec$o that it can be used as a deteatut rectifierat high frequencymore than 40 GHz)

with weak signalsand italso can be usddr high speed switching applicatisf6].
1.1.1.8 Resonanttunneling diode (RTD)

Resonant Tunneling Diode (RTD) a tweterminal quantum device, eébnsists of a quantum well
locating betweemwo quantum barriers. It works by thesonantunneling effecso thatnegative
differentialresistane regionsareoften presenn the currentvoltage characteristics, which enables
many highspeed applicationgn RTD can be fabricated withvariety ofsemiconductomaterials

anddifferentresonant tunneling structurgs §J.
Operation principle and characteristics

Fig. 1.14 illustrates the operation mechanism of a dodd@eier RTD[7, 8]. The charge carriers

in the quantum well only can present at discrete ensgeggs As the biaof RTD increasesthe

first confined state is close to Fermi level, the current increases, as shown from point A to B in Fig.
1.14(d). Asthebias further increases, the first confined state becomes lower than Fermi level and
fall into the bandgap, the current decreases, as shown from point B to Cinl&{d). When the
second confined state is close to Fermi level, the current will incagase, as shown from point

C to D in Fig.1.14(d).

Current

(d)

Voltage

Figure 114: Operation mechanism of douHbarrier RTD.Energy bands for three different bias
(a)(c); (d) IV curve of RTD.
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Applications

Since the quantum tunneling effect through the thin barriers and quantum well is very fast, RTD is
capableof enablinghigh-speed and higfrequency applicatias) such as oscillators and switching

devices at terahertz frequenciés §].

1.1.1.9 MIM Diode
Construction

MetakInsulatorMetal (MIM ) diodeis similar to a semiconductdiode, it consists of an insulating
layersandwiched two layers of mef@t11]. It is based othetunneling mechanisnThe insulaing

layer should be thin enough in the order of tens of atom lagetté tunneling. The fabrication
processof thin film deposition foran insulaing layer with a few nanometers thickness was
achieved in the 1960s, the simple materials and fabrication technology make the MIM diode more
competitive with other techniqueMultiple insulatng barriers can be builin MIM diode to

overcome the thermal voltage lir@ion of a Schottky diod§9, 12].
Operation principle and characteristics

Two operationmechanismsnvolve in a MIM diode, namelyguantum tunneling and thermal
activation (also called Schottky effed9, 13]. The geometry of the insulating layer, such as
thickness, barrier height as well as temperature, will deterthendomination of each mechamis
Tunneling will dominate only when the barrier is high and thin enolightwo mechanisntan

be sorted out bthe measurementer MIM diodes withtwo barrierthicknesses at twdifferent
temperaturegl4].

Applications

MIM diode can be used in the higipeed applications due to the tunneling mechanism and very
low junctioncapacitance, for instanaemixer at 148 THZ15]. It also could be used in the rectifier,
the stateof-the-art MIM diode with multiple insulating layetsasalready presented very similar

zerobias current responsivity with the Schottky di¢€e
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1.1.1.10Gunn diode
Construction

A Gunn diode is a type of transferred electron device (TED), it operates on the principlenof Gu
effect that is discovered by physicist J.B. Gunn in3][36]. It presentanegative resistance region.
Unlike other semiconductor diode consisting efaAd Ntype semiconductor materials, Gunn
diode is composed of onlf-type semiconductomaterial,therefore, t is nota unidirectional
device.A Gunn diode consistsf two heavily doped materials on the terminals, and a thin layer of

lightly doped material in the midd[&].
Operation principle and characteristics

In Gunn diode, the conduction electrons transfeween different energy levelgth the influence

of the electric field, it isalsoreferred to aFED. When the bias at the two terminalstbé Gunn

diode increases, the current increases. At a certain bias level, the resistivity of the thin middle layer
increases, which results in the drop of the current. In other wtresiGunn diode presenés
negative differential resistance region, in whibbk increases of the bias will cause a decrease in

current[1].
Applications

The propertyof negative resistance allows the Gunn diode can be used in the amplification
application at microwave frequency, such as amplifier, oscillatorGetan diode oscillator can be
used in airborne collisiorvaidance radar, antock brakes, radar speed gg, motion detectosir

traffic control, millimeterwave radio astronomy receivdis.
1.1.1.1IMPAT T diode
Construction

IMPATT (IMPact Avalanche Transit Timpediodes are semiconductordevices that use the
properties of avalanche effect and transit time of semiconduetissreferred to as avalanche
transit time devicedAs illustratedin Fig. 1.15, IMPATT diodeis made from deavily doped\-
typesemiconductor layeN" layer), besidevhichanothetightly doped layerN laye is deposited
epitaxially. At the other terminal, #ype semiconductor layer is heavily dopdd (ayer) [1].
IMPATT diodes can be fabricated with Si, GaAs or InP. TheeSed IMPATT diode can wortp
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to above 200 GHz with high outpamd is cheaper due to the simple fabrication process. By contrast,

theGaAsbased IMPATT diode has higher efficiency and lower noise than others.

Area of the highest
electric field

Anode Cathode
o— P~ P N N* |

!

Avalanche region

Figure 115: Schematic diagrarmof IMPATT diode.
Operation principle and characteristics

Although the structure of IMPATT diodare similar tatraditional Schottky or PIN diodethe
operationprinciple is quite different. Similar to &chottky diodeit will break down at a certain

level of reversdias, the IMPATT diodes operatethis breakdown region and based on avalanche
effect. Whena certain level ofeverse bias is applied, a high potential gradient is generated across
the PN junction due to the narrow gap, which rasualthe acceleration ahinority carriers. The
accelerated carriers will collide withe crystal lattice, as ag@alt more carriers will be freed and

accelerated. This process will cause avalanche breakdiosvto the fast multiplication afrriers
[1,17].
Applications

With the advantage of highower capability)MPATT diodes araised forsolid-state microwave
and millimeter wavepower generation Compared to Gunn diodesPATT diodes are more

efficientand have higher output power with lower power supply
1.1.2 Capacitive nonlinear devices

1.1.2.1Varactor

A varactor isatype of PN junctionhavingthe junction capacitance optimized foreverse bias

scenario. lpresentsa variable capatance with the control dhereverse biagl, 2].
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Operation principle and characteristics

A depletion layer is formed between &1d Ntype of semiconductors whemreverse bias is
applied, it can bseenas a dielectric between two semiconductivgh the increases of reverse
bias, the width ofthe depletion layer increases, thus jhiection capacitance decrea$gs?2]. The
C(V) charateristic ofavaractor is similar to a PN junction diode, as illustrated in FR).Iflalso

shares the same equivalent circuit model wi8chottkydiode, as shown in Fid..7.
Applications

Varactors are@sually used in the application of tuning circusitage controlled oscillator{CO),
parametric amplificabn, harmonic generation, frequency multipliers, mixer, microwave signal

synthesizers, active filters, sigragtection and modulation, tgonversion, etd.1, 2].
1.1.2.2Ferroelectric ceramic

Barium StrontiumTitanate(BST) [18, 19] andLeadZirconateTitanate(also called PZT)20, 21]
are two most populaferroelectricceramis. BST is made by the complete solid solution of
strontium titanate and barium titana®ZT exhibits piezoelectric effect, its shape changes with the

applied electric field.
Applications

BST and PZThave advantages of high dielectric constant, highability and lowdielectricloss,

it has been used in the application of phase shifsgacitor, microsensors, dielectric ceramics
with high energy storage, dynamic random access mem&{), pyroelectric infrared detector,
etc.[18-2]].

1.1.3 Inductive nonlinear devices

Ferrite isa type of ferrimagnetic material madeibyn oxide blended with other metallic materials.
In terms of magnetic property, ferrites cardbgded assoft ferrite, hard ferriteand gyromagnetic
ferrite. According to the type of crystal, the gyragnetic ferrite can be classified as spinelg.(

nickel ferrite), garnetse(g. Yttrium Iron Garne(YIG)) and hexaferritese(g.barium ferrite)[22].
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Applications

With the advantages of low dielectric loss, narrow resonance line width at microwave frequency
region, small saturation magnetism, Yik&an be found in the applications ofable filter,

oscillator, circulator, isolatgiphase shifter, bandstop filter, magnet recording [ &t2.3].
1.2 Emerging RF and microwave nonlinear devices
1.2.1 MEMS devices

A microelectromechanical system (MEMS) indicates a small size compsystam thaintegraes

both electrical and mechanidainctionalities.Micromachining techniques are the keyMEMS
fabrication process, & most generally used techniques ategface micromachining, bulk
micromachining, and.ithographie ,GalvanoformungAbformung (LIGA) technques. Assembly
techniques and packaging techniques are also essential for MEMS fabrication, which can transfer
MEMS devices to RF circuits, the most generally used techniques achifiassembly, solder

selfassembly, and wafdevel assembly2, 24].
MEMS switch

RF MEMS switch can be classified as resistive contactckmahd capdtive contact switch. The
crosssectional view of MEMS switghas well as the equivalent circuit of the two switches are

shown in Figl1.16 and Fig.1.17, respectively2].

Up position l

Down pasition

@ T Resistive contact (p,}

(a)
% C, Rq

Up position Down position
b)

Figure 116: (a) Crosssectional view and (b) equivalent circuit of resistive contact MEMS switch

[2].
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MEMS varactor

Similar to the capacitive contact MEMS switch which has two capacitive states, the capacitance of
MEMS varactor can be changed continuously by controlling the physical dimension of the device
with voltage[2].

Applications

With the advantages of small size, low weight, low insertiss,lhigh isolation, RF MEMS switch
and varactor are used in the applications of phase shifters, tunable filters, impedance tuners,

oscillators, mixer, information storage, materials science, switching devices in cell phorj&k, etc.
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4
M |

Dielectric layer (gp)
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T e |

(a)
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(b)

Figure 117: (a) Crosssectional view and (b) equivalent circuit of capacitive contact MEMS

switch[2].
1.2.2 Magnetic Tunnel Junction (MTJ)
Introduction and construction

As is well known thatinelectron has a charge andpans in conventional electronidevice only
charges aretilized, and spins are ignored. Until the discovery of giant magnetoresistance (GMR)
of magnetic multilayers in 19825], people started to control the motion of electrons efficiently

by acting on the spins, which can be changed with the orientation of magnetization. This great

discovery promoted the developmentaiew technoloyg called spintronics (spielectronics)26].



22

The magnetic stack of thdTJ was deposited on a Si substrate and then etched into elliptical shape
pillars of nanometric dimensionAs illustrated in Fig. 1.8, the magnetistack consists of substrate
PtMn 20 / CoFe 2.27 / Ru 0.8 / Cox1Fey1Bz1 2.2 / CoFe 0.5/ MgO 1.2F&:8,, 2.5, where

the numbers following the composition are thicknesses if27mn

Figure 118: Description of the devicesketch on the right not to scale). Elliptical pillars have a
typical section of 8%im x 220nm [27].

Giant/tunneling

magnetoresistance Spin oscillation

' effect effect

|

Spin transfer Spin torque
torque effect diode effect

N

Figure 119: Four properties ancbrresponding applications of MTJ.
Operation principle and applications
As shown in Fig. 19, there are fouessentiaproperties in MTJ: (a) Tunneling magnetoresistance

effect, (b)Spintransfer torque effec{c) Spin oscillation effect, (d) Spin torque diode eff@d.

2007 Nobel Prize in physiagasawarded to Albert Fert and Peteri@bergfor their discoveries


http://en.wikipedia.org/wiki/Peter_Gr%C3%BCnberg
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of giant magnetoresistance. TB&R based sensor was succesgfapplied in the read heads of
hard disk drives ithe1990s. The research on tunneling magnetoresistance of MTJ esseatial
stepin the development of spintronics since MTJ can provide high TMRa&tomm temperature

[26].

Spin transfer torque effect (b) is tbppositeeffect of (a), which is considered as the promising
technique in the next generatidMagnetic Random Access MemofyIRAM) [29]. Benefiting

from the successful application in read heads and MRAM, intensive research on MTJ has been
done from different perspectives. Another application of spin transfer torque effect is the
microwave oscillator,ite polarized current caesultin the magnetization precessiontire free

layer, and hence excites steady state oscillation. The oscillation frequency is in GHz and can be
tuned bydc bias current and external magnetic field, this tunability and compatibility with
conventional CMOS process make MTJ based oscillator as a potential candidate for microwave

generatof30].

The MTJ also has rectification behavior due to the spin torque diode, efféextalso called
spindiode in this perspectivé&/hen applying a smaRF current to MTJ, the spipolarized current
whichis polarized in the reference layean caus@a magnetization precession in the free layer. As
shown in Fig.1.20, once the frequency of applied RF currisrdloseto the precession frequency,
this effect can excitaferromagnetic resonance (FMR) mode, and result in oscillation of resistance
and henca rectification[31]. It is noticed that the spin torque diode effect (d) is also the reverse
effect of (c).

Due to the tunnel magnetoresistance effeé}, the resistance of the structure depends on the
relative alignment of magnetizations of the reference and free layers. As described in the inset of
Fig. 1.21, the heterstrudure can have two stable states at zero volts, namely low resistance when
the magnetizations of the two layers are parallel (P) and high resistance when the magnetizations
are antiparallel (AP).Due to the different compositions and thicknesgha free layer and
reference layer, the currembltage characteristics of MTJs are not symmef8g]. For an
asymmetrical tunneling barrier, the resistamotage characteristic is roughly a parabola and the
maximum resistance is not at zero bias due to the asymmetryl(Ely. The nonlinearity of
resistancevoltage characteristic derives from the e of the tunneling probability, which is

inversay proportional to the barrier height. When the applied voltage increases, the barrier height
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decreases and then the tunneling probability inceeasehat the resistance decred88s34]. In
other word, the MTJs exhibit nonlinearity in both gpdirallel (AP) stag and parallel (P) state. This
nonlinearity isa crucialfactor for the nosresonant rectification that converts RF power into DC.

" Elj |
171

AR

time

time

Figure 120: Spin torque diode effect.

Figure 121: Measurementand modeling results of differential resistance of devices obtained by

taking the first derivative of voltage with respect to current.

The magnetic state @in MTJ can be changed upon the application of an external magnetic field
or a voltage via a physic@henomenon called spin transterque[35]. The state switching is
visible in Fig.1.22 at + 600mV. The mainstream use of the MTJ hard disk read heads and
magnetic random access Memory (MRAM). Since this technology is now widespread and will
continue to expand into new applications, all the tools are availabtenfiaiss production of RF

spindiodes.
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Figure 122: IV characteristic of spindiode. Transitions between the two magnetic states of a

spindiode are obtained for an applied voltage of 600 mV fetoAP and-600 mV for Rto-AP.

Table 12: Comparison of traditional and emerging nonlinear transmission line (NLTL) techniques.

Categary Nonlinear Type | Nonlinear Device Applications
N . semiconductor
traditional capacitive varactor pulse sharpener, shock wave,
NLTL true time delay linephase shifter,
techniques inductive ferrite harmonic generation,
comb generator,
emerging high power RF generation,
NLTL hybrid varactor and ferrite soliton wave, etc.
techniques

1.3 Traditional NLTL techniques

Traditional NLTL is atransmission line loadeperiodically with nonlinearelements such as

nonlinear capacitance or nonlinear inductacelisted in Table 1.2hetraditionalNLTL can be

classified as capacitive NLTL, inductive NLTL according to the types of nonlinear elements used

in the NLTL. There are three characteristics for NLTL, nonlinearity, dispersion asgati®n

[36]. The nonlinearity arises from the voltagependent capacitance or currdependent

inductance of the nonlinear elents. The dispersion means the variation in phase velocity with
frequency, which is caused by tipenodicity of the structure. The digmtion is from the

conductive loss of the transmission line and series resistance of the nonlinearseHEr can

befound ina variety of applicationsuch as ultrahort pulse generation, true time delay line for
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wideband antenna array, phase shifter, soliton wave, high power generation,ib@enenation,

filtering, etc.
1.3.1 Classification of NLTL

1.3.1.1Capadtive NLTL

Capacitive NLTL is implemented either by periodically loading nonlinear devices (vajactor
40], BST [41-43] or PZT [20, 21]), also called periodicl loaded NLTL, or by continuously
distributingthe nonlinearityin semiconductor substrafd4], also called fully distributed NLTL.
The arcuit diagram and equivalent LCrcuit model of a periodically loaded capacitive NLTL with

varactor are shown in Fig.2B And Fig. 124, respectively.

dr2 d d d d d d a2

Varactor

Figure 123: Circuit diagramof varactorloaded NLTL.

L/2 L

C(v) Cv C(v) C(v Cv C(v) C(v)

Figure 124: Equivalent LC aicuit of varactofloaded NLTL.
1.3.1.2Inductive NLTL

As shown in Fig. 25, inductive NLTL can be constructed by coaxial line loaded with nonlinear
inductance that arisérom ferromagnetic, such as ferrii¢5]. The equiaent LC circuit model of
inductive NLTL is shown in Fig. 25, in which the ferrite is magled as wariable inductanceA
particular application of ferrittbaded coaxial NLTL is fohigh-voltage pulsesharpeningand
microwavepower generation45-50]. The ferrite can be prbiased by alc current through the
center conductor of the coaxial line, then it will be driven to saturation regiarhigh voltage
pulseof 10- 100 kV.
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(b)
Figure 125: (a) Cross sectional diagram and (b) 3D model of the fdo@tded NLTL[48§].

1.3.2 Application of NLTL

Table 1.2 lists thepplications of NLTL. it can be classified by the balance of nonlinearity and
dispersion, operation frequency compared to Bragg cutoff frequency, small signal or large signal,
etc.[36, 51]. Becausehe input impedance of a NLTL is almost real, it is helpful for the wideband

matching.
Pulse sharpener / shock wave

For varactofloaded NLTL, the nonlinearity ariseBom the voltagedependent capacitance of
varactor As is known thatdifferent capacitare can result irdifferent phase velocityin other
words, the waveravek at different velocitieavhen voltages are differenyhich results in the
sharpeimng of either risetime or falktime of a puls¢40, 51-56]. By contrast, the dispersion of the
structure will expand the pulse. When nonlinearity and dispersion come to a balance, limited rise

time orfall-time is reache¢bl].

For ferrite loaded NLTL, the nomlearity arising from the current dependent inductance of ferrite.
High voltage with the order of kV is used in this case to drive the ferrite to saturation [#gjion

48,50, 57], asubnanosecondse time of pulse can be obtained.
True time delay line / phase shifter

NLTL is by nature a delay linephase shifter when operating in small signal reditig58-60].

The dc bias ofthe varactor controlsts capacitance, so as to control the phase velocity of NLTL.
The bandwidth ofhephase shifter is determined by the Bragg cutoff frequency as well as the cutoff
frequency ofthe varactor. Compared tthe phase shifter that is frequency dependeng time

delay linecan provideghe same delay time for a range of frequency, in othedg/¢he true time

delay line is frequency independeritcén be used for widebamthasedarray.In addition, br a
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true time delay linethe operation frequency is much smaller tfiagg the dispersion is negligible

overthe operatiorfrequencyband
Harmonic generation/ comb generator

NLTL can be used for harmonic generatig|owpass behavior can filter higher order harmonics
S0 agto increase the conversion eféncy[51, 61-63]. NLTL operates at intermediate dispersion
region which is less thaahalf of the Bragg cutoff frequency. When the operation frequency is
much less thathe Bragg cutoff frequency, NLTL can be used for comb genef&#r

High power RF generation

Ferriteloaded NLTL can be used to generateigh power RF and microwave signg tosub
gigawattlevel [43, 65-69]. Similar tothe pulse generator, pulse with the order of kV voltage needs
to be applied.

Soliton wave

When the dispersion and nonlinearity come to a balance, soliton wave will occur along the NLTL.
Soliton wave is a ultra-short pulse, it has special propagation characterist$;s/1]. Similar to

the pulse sharpener, soliton wave can be used in the applicatibraefideband communication
system, sampling oscillator, vector network analyzer, etc. the NLTL operates at high dispersion

region with the operation frequency closehieBragg cutoff frequency.
1.4 Emerging hybrid NLTL

In [72], the concept of hybrid NLTL was first proposed, which includes both nonlinear capacitance

and nonlineamductanceFor a lossless NLTL, the characteristic impedararebe expressed as
Z JL(i))/Cr(v), the phase velocity can be expressed/py 1/ JL({H)Cr (v), where L{) and

C(v) denotes thequivalentinductance and capacitance, respectively, per unit lefgghitional

NLTL is made by eithevoltagedependent capacitance and linear inductance, or cutepeindent
inductance and linear capacitance. Although the characteristic impedance of traditional NLTL is
real, it will change with the voltage or current which nslee matchingdifficult in a large
dynamic rangg72]. The proposal ot hybrid NLTL gives more freedom to manipulate the
characteristic impedance and phase vefoéibr instance, if Lif and Cy) are tuned in the same

manner(Fig. 126(a)), the characteristic impedancan bekept constant(Fig. 126(b)), while the
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phase velocity changdaster than the traditional NLTL, which results in a larger phase shift or
pulse compression for each unit of NLTh.[72], the nonlinear inductance is madedsaturding
ferrimagnetic inductor oA9 Ferroxcube coreThe experiments shoa/good agreement with the

theory.However the fabrication of inductors are compliczte

Since the lasfour decades, some warkelated to hybrid NLTL have beearonductedout only
based on simulatiofy3-77]. So fa, no further experimertas beenreported tamur knowledge As
it will be seen later, this thesis work discussespibgsillity to realizea hybrid NLTL at circuit

level.
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Figure 126: (a) Characteristics of nonlinear inductance and capacitance; (b) variation of delay
and characteristic impedance with bjiag].
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1.5 ThesisOutline

This thesisresearchinvestigates the traditional and emerging passive nonlinear devices and
nonlinear traemission line (NLTL) techniques$n addition, different microwave applicatiofts
nonlinear devices (thieft half in Fig. 1.27) and NLTiechnique (the right half in Fig. 1.27) are
explored.Four application$78-81] will be presented in this thesis. Application of a new type of
nonlinear device is investigated in Chapter 2, in widchottky diode ashspindiodeareanalyzed

for the applicatios of RF and microwave energy harvestingorder toachieve aigh efficiency

at low power environmer{R7, 79]. Three common applications of nonlinear device and NLTL
technique are implemented in Chapter 3, 4 anbh &hapter 3, egative resistance device and
NLTL-based phase shifter are utilized to reabreelectronic impedance tuner with reflection
coefficient larger tharone [80]. In Chapter 4a nonuniform distributed electronic impedance
synthesizer is developed based oN Biode and NLTL techniqud81, 82]. In Chapter 5ahybrid
NLTL is analyzed in both time domain and frequency doniRanameters of effective permittivity
and permeabilityare extractedased orthe f, and the theory is validatesith simulations and
experimentsThen,small signal and large signal applicasoof twedimensional tuning circust
arediscussedOurhybrid NLTL techniques investigatedaind developeth an attempt to overcome

the impedance matching problems.
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CHAPTER2  /2: 32:(5 +,*+()),&,(1&5)$1"
0,&52:%39( (1(5*< +%$59(67,1*

Much progress has beanade in the research and developnumectifiers since the first high
frequencypower detectors were fabricated by Hertz. In the last decades, Schottky diodes have
increased the efficiency of RF rectifiers while integrated electronic devices, folldvargdore's

law, have become less energy consunjid®) 84]. The result of this device research suggests the
ability to power simple devices, such as ldwty cycle sensors, microcontrollers and RF
transmitters, without a battery but powered instead by mead/otless Power Transfer (WPT)

[85]. Regarding the powering capabilities, RF and microwave WPT systems can be divided into
threetypes (qualitative outpudc powers are given with respect to FCC compliant systems)= Near
field Power Transfer (tens of watts, but limited to a meaege distance), Microwave Power
Transfer (MPT) or Power Beaming Transfer (tens of milliwatt, up to anfevers distance with a
limited space positioning freedom), and Surrounding or Ambient Microwave Power Harvesting
(MPH) (up to hundreds of microwatts, but without a distance limitation if the receiver is in the
proximity of a statistically concentrated aref RF transmitters or basgations like the areas
covered by broadcasting stations and cell phone systems).

The core enabling part of MPH and MPT system is the rectifying circuit. This is because it should
convertalimited available RF power into an@weitabledcenergy. The work of Brow[86] is one
of the most important milestones in this field. Before that, research was focused on obtaining
highest possible microwaue-dc efficiency. After that, effortshave beerredirected toward

pushing the maximum efficiency of rectifying circuit to the handling of a lower input RF power.

In the mid70s, using GaAs fast solid state diodes, the team of Brown yielded outst&fdilog
rectification efficiencies, such as 82.5% ®W input power reported if87]. In 2001, with the
introduction of a new diodg38], the record was brought to 84.4% overall rectification efficiency
for an input power of 105mW (~20dBr{89]. A high efficiency can be obtained at this power
level because the high barrier Schottky diode operatessagtch: an open circuit for applied

negative voltages and nearly a short circuit for applied positive voltages.
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However, the MPT community is facing a fundamental dilemma because RF rectifiers have a poor
low power efficiency and the efficiency decreagath transmission distance (Fig. 2.1, calculated
with [90]). In Fig. 2.1, neasured efficiency vs input power is extracted fi&% for the M/A-

COM device, fron{91] for the Powercast device and fr¢8®] & [93] for the Skyworks device at
medium power & low power, respectively. The data are presented to provide a qualitatio# view
the situation. Data are calculated and generated using the read range d§dptioth typical

value i.e. 1W of radiated power, 5 dBi circularly polarized transmitting antenna, 5 dBi linearly
polarized receiving antenna, CW frequency of 915MHz and efficiencies presented in Fig. 2.2.
Consequently, the outpudic power drops abrulyt as transmission distance increases. This is a
difficult-to-overcome issue because a high efficiencglahg transmission distance is needed to
maximize the powering range. An efficient low power rectifier could increase the effective range
of the recénna. The problem is similar for ambient RF energy harvesting. With current low power

limitations, the low surrounding energy cannot be harvested in most areas.
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Figure 21: Maximum rectification efficiency that can be expedienn stateof-the-art

commercial rectifying devices.

Comprehensive state of the art rectifiers reported in the literature with Schottky [@3d3; 95

102, CMOS[103-105 and transistorgL0g are preented in Figure 2. The corresponding works

are listed in Table 2.1 for simplifying the presentation. It gives a very good picture of the maximum
RF-dc conversion efficiency that can be reached for a large range of RF power. It also highlights

the criticd role of those nonlinear devices in the functionality of a rectifying circuit.
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Figure 22: State of the art microwave rectifier circuits (measurements). Color/shape of the
scatters indicate on which nonlinear device a cir@iihterest is based (see Table 2.1). Rectifiers
that do not include matching circuit losses are not reported here.

This is particularly obvious for rectifier designs based on SMS7630 Schottky diode. Although the
works reported in the graph are related tmumber of very different circuit architectures, harmonic
termination techniques, substrate and frequencies, the outcomes are all limited by the junction
nonlinearity. In other words, using the same diode would yield similar results. The cif@%} in

was an exception because the diode is directly mounted on a spiral antenna with neither matching
condition ror harmonic termination. In this case, most of the energy does not reach the junction.

This is a good example that reflects the difficulties of a broadband rectifier matching.

The devices operating at a power higher than 10 mW (transistor and high $aehattky diode)

are the only ones that can reach more than 80% efficiency. Due to the low ON resistance, the
matching is quiteeasy,and thedc power can be delivered efficiently to the load. To operate as a
switch, however, the device needs to be biasHeigased, which requires energy. For this reason,

those devices canhoperate withalow input power.

As for low power rectifications (UW and lower), the principle is significantly different because it

operates around the zeb@as point. Thus, it is thzerebias nonlinearity that plays a major role in
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the physical and electrical mechanism of-&Ri~conversion. On the other hand, the zbias
resistance (ZBR) is a strong limiting factor for the RF energy to enter the diode (matching
conditions and parag losses) and for thdc power to be delivered to the load. This limits the

conversion efficiency to only a few percent at uW level.

Table 21: Description of circuits reported in Fig. 2.2

Symbol Reference Year Rectifyingdevice Frequency
A [87] 1976 Custom GaAs diode 2.388GHz
e [89] 2002 MA4E1317 2.45GHz
A [89] 2002 MA4E1317 5.8GHz
v [90] 2006 HSMS2820 2.45GHz
—— [96] 2010 HSMS2820 2.45GHz

[97] 2009 HSMS2850 -
[107] 2010 HSMS2860 2.45GHz
—— [93] 2004 SMS 7630 broadband
e [92] 2010 SMS 7630 2.45GHz
—o— [108 2010 SMS 7630 2.45GHz
—— [108] 2010 SMS 7630 1.85GHz
—— [108 2010 SMS 7630 0.9 GHz
—— [109 2012 SMS 7630 1.96 GHz
[9]] 2008 CMOS 2.45GHz
[104] 2009 CMOS 915MHz
[105] 2009 CMOS 915MHz
- [110] 2012 GaN transistor 2.14GHz

The third operation region is related to the medium power. In this region, there is a progressive
transition from the zerbias nonlinearity to the "switch" behavior. To give a simplified explanation,
the device nonlinearity plays the same role as in the low power region. But the deviebiasself

resulting in a lower video resistance, thus leading to an improved efficiency. It should be noted that
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due to their ON/OFF behavior, the high barrierddis have a very highBR and therefore cannot
operate atilow power level. That is why a single device cannot operate in a large power span.

It can be concluded from this above discussion that the nonlinear device is the key of the rectifier
circuit. Even if ahigh-powerrectification has not been a challenge since a long time, there is still

a lot that needs to be done for low power scenarios. This chapter addresses the low power
rectification from the perspective of the zdras responsivity and the ZBR. It will be strothat

existing Schottky and CMOS devices exhibit fundamentally limited low power rectification
capabilities. A novel type of nonlinear device, called Magnetic Tunnel Junctions (MTJ), or simply
spindiode, is introduced and investigated in this chaptés.dévice is based on Spintronics, a new

field that explores not only the electron charge but also its spin €fé&tt€Exploiting the intrinsic
nonlinearity of spindiodes and given their significantly lower ZBR than Schottky counterparts, the
goal of this work is to determine the potential of MTJs dohievinga low power RFdc high

conversion efficiency.
2.1 Physical limitation of RF and microwave rectification

The principle of RF and microwave rectification is to transpose the energy carried by a wave at RF
and microwave frequency tic by a frequency conversion. During this process, the energy goes
through four loss stages that prevent a rectifying device from being efficient. The efficiencies
related to those different losses are displayed in Fig. 2.3 and explained in the following sub

sectons. The overall rectifying circuit efficiency is based on the follo/i&)

P -~
ﬁ K “K KoK (2.1)

n

Figure 23: Efficiency link of a rectifying circuit, from RF power tit power. 4, stands for

matchingefficiency, /g is the efficiency associated with parasitic lossé&ss the efficiency of

conversion that takes place in the nonlinear device (core conversionfgarid the efficiency

of dc power transfer from the nonlinear device todieéoad. (A full rectenna would also include
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the antenna radiation efficiency adddc converter efficiency). The efficiency link is illustrated
in Fig. 2.7 for SMS7630 diode.

2.1.1 Matching efficiency

Due toanimpedance discontinuity, the RF and microwave signal experiences reflection losses
whenit entersa nonlinear device. The reflectionan be canceled using a matching circuit, but
potentially with the disadvantage of narrowing operating frequency banedxhaginsertion

losses that can be troublesome at high frequency. Those effects can be seen in the single stage

matching network cadd 11]:

[EEN

Ka 1 Q (2.2)
Qe

but trends also stand for any matching networks. In (822),f {/ is the network quality factor

that shouldbe obtained to attaia matching condition, and ia function of initial unmatched

reflection coefficient ¢(Fig. 2.4). The net component quality facfdr f 1/R.  describes the
nonrideality of a real networkQ, is a function of the inverse of resistan&e, which is the
HTXLYDOHQW SDUDVLWLF UHVLVWDQFH R iz the@dte$idbdR UN TV |
efficiency, Q Q should be satisfied, which meanhat for a given matching network
technology, & should be minimized. Besides, the higher the frequésicthe more lossy the

matching cirait will be.

From Fig. 2.4, and assuming that the source impedance is the initial unmatched reflection

coefficient can be writteas[23]:

|M2 ]
R R 50°"C® 2 1

)

(2.3)

2 ad

~ ~2 2 ~2 2 2 2
R R 50°C*TR 1 ¢ RZ
¢ Rz

where Zis the pulsation or angular frequenéy, and RJ- are the junction capacitor and resistor

and RS is the series resistor (Fig. 2.4). For a better understanding, (2.3) can be simplified as

follows:
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2 2

50
50

R.
o 1= E (2.4)

I

G R Z 1
CR Z 1
From (2.4), it is clear that at high frequency or wﬁénRZ Z 11, only R is required to be
close toZ, 50 because the junction resistor is "shorted" by the junction capacitor. However,
an optimal operation is found at low frequenC)Rpc Ris close toZ, 50 . Therefore, since

rectifying diodes are not usedbove cuboff frequency, and sinc& !! R the main parameter to

enhance the matching efficiency is the junction resisthce
2.1.2 Parasitic componentefficiency

A portion of the energy of wave is dissipated in the parasitic resisBSnaad passes through
reactive parasitic componeﬁg of the nonlinear device and therefore cannot be convefted.
major limitation is associated with a lepass filter effecf112 where the junction resistandi; is
involved. Assuming that at zetwas R, !! R,

1

K . ;
1 2°STC R R~ (2.5)

J

For(2.5)and the following equations, the junction resistance is a function dttharent flowing

through the junctionl,;,, , that comes from selfiasing. The value of those cponents can be

extracted from $arametes measurements ar{/) measurements. The junction capacitaﬁg:e

is typically a function of the voltage across the junction. Special care should be given during the

fabrication process of ghnonlinear device and its packaging to minimize the parasitic losses.

R

'y

D CEER

J
o /

Figure 24: Model ofanonlinear component used in the analysis of this section.
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2.1.3 RF-to-dc conversion efficiency

At alow power level, the nonlinear part of a rectifying device cannot be considered as a simple
switch but needs to be modeled by a variable resistance. The nonlinearity of a device is inherently

described by thdc voltagecurrent relationship. This can bepaxnded in power series about.s:

) vl L. s~
V(I) v Ibias % I Ibias % I Ibias2 (26)

wherev! v?,...are derivative of/ i with respect td . For the powerange addressed in this

work, higherorder (larger than two)onlinearity terms can be neglected. If an RF current of

magnitude M and frequencyZ
i, t M cos X (2.7

flows through a péectly matched junction, the rectified voltage can be calculated by replacing

by it (t) in (2.6), and keeping only the terms for whizh0:

(2.8)

In (2.8), it is considered that no power goes to the harmonics (ideal harmonic terminations).

Keeping the term depending od will give the RF voltage across the junction:

.t MTos & %’ (2.9)

\'%

which can be used to calate the RF power absorbed by the junction, if we consider the later one
as an integration of the prodwdttheRF current and voltage over period T:

P, % 3t toat
0 (2.10)
M2 dv
Pf Iblas A a4
° 2 di

The voltage responsivity is the ratio of the outghivoltage by the input RF power and its unit is

[V/W]:
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VTEC
f ? (2.11)

With (2.8) and (2.10), one can extragt, from the 1(V) measurements.

dR
f 1. di (2.12)
"2 R
with R, %’being the differential junction resistance dependingl@n. Responsivity is a

parameter that is quite convenient to measure because it does not vary at low frequency, low power

and high load resistor, and can be thus eadtpinedexperimentally The open circuit voltage
responsivity f, can be linked to the short circuit current responsivityby the differential

junction resistancgl12:
f. iR (2.13)

The current responsivity will be used later because it does not depend on the junction resistance,
but rather on the process and diode technology. The gendpedver that will be dissipated in
thedc circuit can then be calculatéy

v 2

rect (2.14)

PDC B b
R R

with R, R Rbeing the video resistance. The conversion efficiency can now be expressed as a

function of the junction resistance

Pf0~,|:02 RZ
R R R

The trend observed in Fig. 2.2, for which the efficiency increases with power can be explained with

K (2.15)

(2.15) as follows. The higher the input power becomes, the more the nonlinearity of the device will
be used. This scena is in a very similar manner as in the case of a square law detector, the higher
the RF power becomes, the higherdb&oltage will be. Usually the current responsivity is limited

by junction technology; therefore, one can try to fabricate a device with low series resistance and
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high junction resistance to maximize (2.15). From the standpoint of conversion efficiémeysat

better to use a load that is small compared to the junction resistance.
2.1.4 DC power transfer efficiency

Once the RF wave is rectified¢c power should be used by the load, with minimum losses in the

diode. This is expressed with the wielowndc powe transfer efficiency78]:

1

/SCT =
1 R (2.16)

R

The nonlinear device can be seen by the load as a Thevenin gen¥jgtpiand R, corresponds

then to the Thevenin voltage resistance, respectively. Maxidwpower transfer fficiency is
obtained for low video resistance and high load. However, if using a Maximum Power Point
Tracking (MPPT) circuit that will show an optimum load to the rectifier,db@ower transfer

losses can be strongly reduced.
2.1.5 Overall efficiency

It is difficult to integrate the matching efficiency into a generalized analytical model because this
efficiency depends too much on the cirdeithnologiesbut trends can be considered and will be

discussed afterwards. Thusonsidering low power andeal matching conditions 4, 1and

R !'R), the optimum diode efficiency is found whéh R :

. §°
Re TR . 1 T p (2.17)
P, 2 1 ZT R R,

As a conclusion, the conversion efficiency competes against other losses when considering the
optimal value of the ZBR.

At low frequency (whed !'! 2 "C]-Z R R), itis desirable to have the highest possible junction
resistance. This statemenbsitd be tempered by the matching consideration. As a matter of fact,
most antennas have an impedance that is below Y so going too far witrR,- will result in a

decrease of the overall efficiency because of the matching lossegver, at high frequency
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(whenl Z "Cj2 R R), itis vital to have a ZBR that is as small as possible. As for intermediate

frequencies, it ipreferredto choose the ZBR depending on the operating frequency and diodes
inner parasitic. Therefe, it is highly desirable to have the ability to tune the ZBR, depending on

applications. This is not possible for Schottky diode technology but very easy for spindiode.
2.2 Strength and limitation of Schottky diodes

The exponential-V relationship of lonand high Schottky barrier heights are given in Fig. 2.5. As
it is emphasized by the differential junction resistance plotted in Fig. 2.6, the variation of resistance
of the high barrier diode is greater than the low barrier diode. The result is a-skettrehavior
but also a very high ZBR. The low Schottky barrier diodes (also calledbmsadiodes) are
sacrificing the strong nonlinearity and small series resistance to reach a lower ZBR. In the case of
a Skyworks diode SMS7630 used as a referenceisnsthdy, the responsivity value is about
P9 —: DQG LW KDV D =%5 RI NY )LJ 7KLY YDOXH LV U]

very high for a low power rectifying device.

Figure 25: | (V) curve of SkyworksSMS7630 low barrier Schottky diode (red dots) and M/A
COM MAE1317 high barrier Schottky diode
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Figure 26: Differential resistance of the devices obtained by taking the first derivative of the
voltage with respect to the curtgbata calculated from the spice model). Under high
bias(> 100mA), the differential resistance is very close to the series resistécAléo, under
low bias (< pA), the valutendsto the Zero Bias Resistance (ZBR). Note that in reality,
differential resistance does not reach value higher than few hundreds-Ohkiialue to leakage

current in the device.
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Figure 27: Study of the losses in a rectifyiegcuit based on the SMS7630 diode. Result are
given considering a perfect matching and no circuit losses based on circuit simulation (ADS). The
low power analytical model described in section 2.1 is plotted with boxes. Frequency is 2.45GHz

and output loadcV ~ NY
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Because of the parasitic elements and this®ion ZBR, the impedance changes rapidly with
frequency, thereby resulting in the impossibility to match it for a wide frequency band, whereas a
rectifier circuit would gainn rectifying a wideband signfl13. Moreover, at high frequency, this

ZBR is shoricircuited bythe low impedance shunt junction capacitor. This results in a-shitoff

frequency limiting the operation over the GHz range.

Fig. 2.7 provides a quantitative view of the operating losses. Data are obtained using Agilent
Advanced Design System (ADS)aiit simulation software. In order to show only the diode losses,

the device is considered as ideally matched, and the RF circuit losses are not taken into account.
The simulation is run in a typical condition, i.e. 2.45 GHz CW input signal with a loaN&f ) L J

2.7 also plots the efficiency calculated using the equations presented in section 2.1. This model is
good enough to describe the rectification mechanisms at pW level.

As it can be observed, the RIE conversion starts to be efficient from 100nWit there is no

impact on the overall rectification efficiency because of the parasitic lossele tradsfer losses

WKDW DUH ERWK LQGXFHG E\ WKH KLJK N Y-biaging st§ig ttW KH SR
operate and the junction resistancegpessively decreases, leading to a decrease dttinansfer

losses and the parasitic losses. Beyond 1mW, the breakdown voltage of the diode starts to have an

impact on the rectification, leading to a decrease of the conversion effi¢iely

Although the zerdbias Schottky diodes are better than high barrier diodes for medium power
rectification, they are not well adapted for uyW opienra under those conditions, mainly because
of their high zerebias resistance. If one looks for a new device capable of increasing the low power

rectification at high efficiency, focus should be given on the ZBR.
2.3 Use d spindiode for rectification

The spindiode is a MTJ composing of two ferromagnetic electrodes, called reference and free layers,
separated by an MgO insulating layleig. 28 compares the photograph of the MTJ device with a
millimeter-wave Schottky diode. It can be seen that thetjonarea of the MTJ is much smaller

(0.015 umz, cf. Fig. 28) than the Schottky junction, offering a possibility of hidgnsity
integration.The resistanceD UHD SURGXFW 5% RI WKH 0J2 MXQFWLRQ LQ
and thebit areavaries from WR 2 Thesamples can be classified in four subgsatip

ellipse with different hard axis, designed to be equal to 63, 85, 100 and 120 nm. In each group, the
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aspect ratio ranges from 1.7 to 2.5. For a given magnetic stack, the ZBR of tedspitan be

tailored to any resistance by simply adjusting the junction area.

Schottky Diode ¢

500.0

W Spindiode

0.0um

0.0ym 500.0

Figure 28: Photograph describing the Schottky diode MACOM MA4E13 (left) and theadar
spindiode (right) from Everspin Technologies. Three @adsised for measurement purposes
using a GrounébignatGround (GSG) RF probe. The spindiode area is less than 0.015um?2 and is

therefore not visible on the microscope image. Its location is indicated by a black dot.

2.3.1 Device modeling

The understanding of underlying physical mechanism is necessary prior to a spread use of the
technology. Early electrical investigations have been focused on the analysis of junction resistance
and tunnel magnetoresistance (TMR) as well as low frequerropiengl115-117]. Nonetheless,

the nature of the measurements done in those studies did not allow a comsipesaralysis of the

effects observable only at microwave frequencies. In a recent attempt to extract the peak power of
a spintransfer induced precession oscillator, a lossy capacitance signature has been idelrified

in the parasitic impedance of MTJ at microwave frequencies, but has been incorrectly attributed to
the top and bottom electrodes. It suggested that the samplethesidime test pads should have

the same parasitic impedance, obviously this is not trukdnreality. Actually, the parasitic
parameters of MTJ should be bit aigkgpendent.

2.3.1.1 Measurement setup
The samples of MTJs we studied in this work are from Everspin Technologies, Inc.-Waéeon
samples were fabricated for the applicationViRAM, andthere is no available datasheet and

commercial document. The set up used in this work was controlled by a Labview automation
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software to run 3 measurements in sequence, the frame and frostgfahelprogram are shown

in Fig. 29. First, the (V) curvas measured in order to extract the device nonlinearity and ZBR.
Those values were used to control the quality of the device. Then, RF measurements of S
parameter andic rectified voltage were done to evaluate the applicability of MTJ for RF and
microwawe applications. Finally, another I1(V) curve was measured to control the integrity of the

device after RF and microwave measurements.

| verify

DC (1-V)

DC (I-V)

Figure 29: The frame and front panel of the developed program for spin diode measurement.

]
iBias-T <511
Network
<V> Analyzer

Figure 210: Schematic diagram of the setup based on Vector Network Analyzer that is used to
measure voltage coefficient, the voltmeter is assigned to measure thespoant rectification
through a biag'.

The RF measurementgere mainly based on dc voltmeter and @& oneport Vector Network
Analyser (VNA) that is not only used to measure the voltage reflection coefficighb($ also
used as RF signal source for rectification measurement (F@. Al measurements wemdone
on a Summit Cascade Probing station, using GSG (G#8igrthtGround) GGB industry 150 pum
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pitch probes. It should be noted that the output power of VNA is frequency dependent, this should

be taken into consideration especially for the measuremeighatraquency. Fig. 21lshows the

diagram of power calibration with the internal-eé@bedding tool from VNA, and a power
correction was made to compensate the loss from VNA, cable and probe. It can be seen clearly that
the power correction was significaat high frequency especially abo® GHz. During the
measurements, the power delivered to the end of the GSG probe always remains cot2iant at
G%P : 7KH VHQVLWLYLW\ ZDV FRPSXWH GTRedddidgeXVLQJ W
were retri@ed using the bia¥ of the VNA and measured using a 6% digit HP 34401A voltmeter

with morethan 1s of integration time. I(V) characterization of the samples were done using an

Agilent 33250A as voltage source, an HP 3457A as ampere meter, and a HP 844@lifeter.

VNA calibration Probe calibration
' '

H gfg;; I

First step VNA Calkit Second step Probe Calkit

power correction

w
|

N
I

Insertion loss of Probe

power correction (dB)

o

Internal Insertion loss from VNA
1O'I3M 1:3 166
Power correction Freq (Hz)

Figure 211: Power calibration with dembedding technique and power correction.
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H

2.3.1.2 Equivalent circuit

Due to the novelty of this device, however, the research community working on the MTJ has not
yet come taa consensus on this point. In this work, it has been chosen not to enter the debate in
order to focus on targeted RF anccrawave applications. Similao emerging Xparameters, a
behavioral model will be considered (Fig. 2.1The model mergesr@nlinear description of the
junction tunnel magnetoresistance with a set of high frequency parasitic components. The former
is the core of the MTJ behavior, while the latter significantly yields adverse effect at microwave

frequencies. The junction ressice dependence with the bias voltage is approximated by:

Ri) R iv® #y® (2.18)

J
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for a very small current, wheng ? describes the zero bias detector capability of the MTJ and the

3 . . . .
parameten; ~ is mostly related to the I(V) curve point symmef8}. The zero bias resistané¢sg

is commonly defined as:
MR (R, R)/ R*100 (2.19)

where 7 is the angle between fixed layer and free layer.

Rs
Lj —_— C/
R’ AP
Ri 48, R

Figure 212: Equivalent MTJ model with nonlinear description of junction resistance and high

frequencyparasitic components. Test pads effect is not shown in this model.

The set of parasitic components comprise series resistance Rs, accounting for the access leads and
the top and bottom contacts losses. With the definition of magnetoresistance ratio
MR (R, R)/ R*100, our smples are supposed to have MR ratio of 80% since the MR ratio
measured at a constant voltage should be independent from the bit area. By measuring MTJs with
different bit area, it is possible to extract the series resistance Rs that makes the correetsa MR
independent of bit areaWith the correction dfIR (R, R)/(R R)*100,6 Rsis extracted and

KDV D YDOXH RI URXJKO\ jis¥ntidRatedt0 @piseim $@ ehdngé of MTJ
characteristics as response to magnetic field and current variations in the felebaragterials

andis extracted to be 0.1 nH for all samples. For a typical sample of R 'Y WKH LRSDFW R
on the MTJ behavior is negligible below 50 GHz. Interfacial capacitancand interfacial
resistance Rare used to express the spiepenént screening effect at the interface of
ferromagnet/insulatdrl19 120. The model has beaigorously checked on tens of samples for

every elliptic shape and size to allow more accurate inferences to be drawn from our measurements.
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As an electric field is applied to the MTJ, the buildup of electric charges gives rise to an electron
screening e#ct. The induced charges will impact the surface magnetization of ferronjagfet

12Q due to theexchange interaction. As a result, the unbalanced chemical potential between spin
up and spin down will result in a spitependent voltage drop at the interface, which is modeled in

Fig. 2.13 with the interfacial resistance,Rvhile the spin accumulatiaat the interface is described

by an interfacial capacitance. It should be noted that the use of a series branch of a resistor and a
capacitor in shunt with the junction resistance in an MTJ model has been properly applied to MTJ

[118, but was previously attributed to measurement artefacts.

The model parameters are extracted from €wYoltage characteristic measurements, impedance
measurements, and nroasonant rectification measurements. The details of extraction are shown
in the following sections. Errors are analyzed by taking the uncertainty from the measurement

instruments andxtraction method into consideration.

2.3.1.3 Linear model extraction and validation

The linear part of the model in terms of parameterd RGC and Ris extracted from impedance

measurements. Fig. 2.17 shows the real part (Re (Z)) and imaginary part (Im (Z)) of the impedance

in both antiparallel (AP) and parallel (P) states for two elliptical MTJs with different junction areas
DQG 2). Erferbaris added to the results by considering the uncertainty from the

VNA. SPICE simulations are compared to the measurements in the figures. The real part of the

impedance at low frequency is equal to the junction resistance defined by the tunnelinditgrobab

of the barrier and the junction areas. As frequency increases, the real part of the impedance

decreases as the alternating currents flow through the interfacial capacitance. The imaginary part

of impedance stays negative, which withesses the stepagitive property ahe magnetic tunnel

junction.

The interfacial resistance and capacitance are related to the unbalance of spin up and spin down,
and the amount of spin accumulation at the interface of ferromagnet/insulator. Therefore, they are
bit arradependent, and cannot be credited to the measurement procedure. As shown if(&)g. 2.1
(d), the interfacial resistance and interfacial capacitance in AP state are not the same as in P state,
which indicates the resistance shall be related to thenatiagtion of MTJ. More investigations

are necessary to establish what physical mechanism is standing behind this.
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Figure 213: Real and imaginary parts (Re(Z) and Im(Z), respectively) of the impedance for two
MTJIswith GLITHUHQW MXQFWLRQ DUH B boh AP andPGt&esEThe P
points with error bar denote the experimental data while the solid lines represent the simulation

data using the model.

The interfacial capacitance suggests also a few confuiigive observations. Firstly, by comparing
Fig. 2.4(c) and (d) with (e), we can see that the interfacial capacitanes$racted for MTJs are
much larger than the related geometrical capacitangsCcan be calculated from paralfghte

capacior theoryC, 47, AHh  where //denotes the permittivity of spacef? denotes the

relative permittivity of MgO that is around 9.7, A is the bit area of junction and h is the thickness

of MgO. The same phenomenon hasrbalready reported previouglyl5117], while some works
[119-121]] suggested the measured capacitance should be less than the geometric capacitance in
MTJ. Negative interfacial capacitandel5-117] has been introduced to explain the larger observed
capacitance. However, the physical mechanism of negative interfacial capacitance is not clear so
far. In contrast, positive interfacial capacitance has been demonstrated for alurriderhased

MTJs [119, 122]. More research needs to be done on the issue of a larger value of measured
capacitance compared to geometrical capacitance. Furthermore, contrary to our expectation, the

interfacial capacitance is not a monotonic function oalet.
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Figure 214: (a)- (d) Parametric study of interfacial resistance and interfacial capacitance with
error bar in both AP and P state. (e) Calculated geometrical capacitance for all of the samples
with different bit areaCircle and cross denote the samples with short axis 63 nm and 85 nm,
respectively, while star and triangle denote the samples with short axis 100 nm and 120 nm,

respectively.

2.3.1.4 Test pads effect extraction
The 3D electromagnetic model of the test pads haslieiilt in 3D full wave simulation software

High Frequency Structural Simulator (HFSS) based on the physical structure, while the equivalent
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circuit model has been built in AD3s shown in Fig. 2.8(a) and (b), test pads are patterned as
GSG mode inorder to be tested easily using a GSG probe, and the equivalent circuit can be
simplified as a low pass structure consisting of a series indugemnd.-a shunt capacitopCThe
inductance comes from the leads, and the capacitance comes from the narmavegathe MTJ

is placed. $parameters used here are to describe the transmission and reflection characteristics of
the twoeport network. As shown in Fig. 5(c), the parameters of test pads can be extracted when
similar results are obtained from the giation in HFSS and ADS, and the extractgéihd G are

30 pH and 35 fF, respectively.

Wave port 0
Position of MTJ %/ 10
7 2
§)
£
Lumped port g
20 +
a o
@ 3
4 Ten " : 2 Term L . . .
Tem? 7 lé‘ Term2 —— Simulation in ADS
e LelpnH CCpfF iz 0 — — Simulation in HFSS
= R= = = T
15 I L, 10G 100G 400G

= Frequency (Hz)

(b) (©)
Figure 215: (a) 3D electromagnetic model of test paaswhich the wave port is defined as port
1, and the lumped port is definedmst 2 (b) Equivalent circuit model in ADS. (c) Comparison

of S-parameters from two simulations.

2.3.1.5 Nonlinear model extraction and validation

There are two kinds of rectifications involved in MTJs: mesonant rectification operating as a
classical nonlingadevice due to the nonlinearity of curresttitage characteristic, and resonant
rectification due to spHorquedriven ferromagnetic resonance (6WR) [31]. The resonant
rectification voltage in our experiment is ignorable comparing to theresomant rectification in

both AP and P stateSo, we focus on the neresonant rectification in the absence of external
magnetic field. The physical mechanisms of mesonant rectification include tunneling effect,

spin mixing[9], and Seebeck effef123 which can generate a dc voltage due to the temperature
gradient crossing the MTJ junction. The effects of all the mechanisms are involved in the second
term of (2.18). The nonlinearaspects of the model are extracted from Cuségitage
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characteristic measurement and fmesonant rectification measurements. In this part, both the

uncertainty from VNA and volimeter are taken into consideration.

Input reflection coefficient was bejnconstantly monitored during the rectifying operation. It is
very valuable information that allows to retrieve the input impedance of the device, but also to
know what quantity of the input power effectively enters the device. To enhance the accuracy of
the device characterization, a nonlinear VNA (NVNA) could be used to operate a calibrated
measurement of the reflected energy at harmonic frequencies. However, in this workbasic S
results are enough to describe the main frequency behavior of the aodivece. The matching
efficiency denotes the proportion of power that is injected into the MTJ, and can be simply

calculated as:

K 1) (2.20)

The nonlinearity of the currembltage characteristic of MTJs, early reported by Julljgg4], is
responsible for the neresonant rectification. As a figure of merit to represent the nonlinearity, the

matched voltage sensitivityy, is defined as the ratio of the rectified voltage to thenput RF

power[129:
M Viea! (Fee/ W) (2.21)

where V., is the rectified voltageandPx: is the RF power from the VNA sourcéx: A,

represents the power that is delivered to the MTJ. The matched voltage sensitivity indicates how
much dc voltage will be generated per unit power. Figl&(a) shows the matched voltage
VHQVLWLYLW\RTJ®akKple, as carFbe seen that the sensitivity in AP state is higher than

in P state because of its stronger nonlinearity.

The parasitic effecFDQ EH VHHQ RQ WKH VWDFNHG DUHD FKBUW RI S
MTJ sample given in Fig. 26(b). The data presented in the figure are obtained from a harmonic
balance (HB) simulation in electronic design automation software ADS. As freqinmegses,

the matching between the source and the MTJ improves as a result of the drop of impedance,
resulting in more power is injected into MTJ. Nonetheless, less power is delivergdtthigh
frequencies and more power is dissipated in the sesegalece Rand interfacial resistance.R

At high frequency, the interfacial capacitance presents a low impedance path for the signal, and the
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lower impedance atiRnd G path compared tojiRath gives rise to less power go throughARy.

2.16(b) reveds the decrease of microwave current injected into the junction resistance due to
parasitic effect, leading to the drop of rectified voltage as well as voltage sensitivity that is shown
in Fig. 216(a). The nonlinear parameters are extracted from thenttuollagemeasurements and

validated by the nenesonant rectification measurements.

S’ [T T 100 TR
a inR;
=1 A AP state ) 3 I Power & R b)
\>_- i s P state 1 < 80 Power in Rg and R; =
= c [ Reflected power
.50 =
= 2 60
== 2 Reflected power
= =
N f

5 5 40 , : 8
0 25 = ~ Powerin Rgand R;
2 020 =
2 . Power in R;
= 0 0 |+ sl e rasnld vl

10M 100M 1G 10G 10M 100M 1G 10G

Frequency (Hz) Frequency (Hz)

Figure 216: (a) Matched sensitivity calculated from measurement of rectified voltage and
injected power, considering the uncertainty frédMA and voltmeter. (b) Stacked area chart of
SRZHU GLVWULEXWLRQ IVMJDsarhpé, Yhel qrdy partstands for tRe power
reflected towards the generator, the orange part represents the power passing through the
nonlinear junction resistaa@nd the green part represents the power consumed in the series

resistance Rand interfacial resistanca.R

The nonresonant rectification measurements were done under a small RF signal condition, the

effects of parasitic parameters can be summarizedyube parasitic factor metric that can be
calculated agl2q:k  /J,, while { indicates the voltage sensitivity when frequency tends to

zero hertz. This factor is a key parameter to describe the efficiency Milthesed in microwave
applications. It indicates how much the parasitic parameters affect the fregleparydent
performance of the MTJ, while no effect is observed at low frequenciesl]k The extracted
SDUDVLWLF |IDFWRUI s&npleidoth AP and IP states are shown in Fi72as can
be seen that the simulation based on the equivalent model agrees well with the measurement except
the small difference at high frequencies, and less sensitive to parasitic parameters is seen in P state

compared to AP state.
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Figure 217: Extracted parasitic factor is used to evaluate the performance of MTJs at microwave
IUHTXHQFLHV 7KH SRLQWYV GHQRWH WRHsatpRhvbile BAHAQ WD O G

lines are from simulation using the equivalent model.
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Figure 218: Analysis of (a) junction resistance (b) voltage sensitivity when frequency tends to
zero hertz, and (c) 3 dB cutoff frequency foradlsamples in both AP and P state. The points are

from measurements, the blue dash line is just a guide for the eyes.
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To give a full parametric study, the junction resistance and voltage sensitbgtyare also

presented with diffieent bit area. As shown in Fig.18(a), junction resistance of MTJ is inversely

proportional to bit area. Fig.8(b) shows that the voltage sensitivity is higher in AP state than in
P state, and the sensitivity decreases as bit area increases. gnce proportional to the

curvature coefficierd®i/dv’/(di/ dV), the nonlinearity in AP state is stronger than in P state, and

smaller bit area MTJ has stronger nonlinearity.

2.3.1.6 Cutoff frequency derivation

Cutoff frequency is an essential metric to quantify the maximum operation frequency of devices
and circuits. The8-dB cutoff frequency is defined as the frequency boundary at which energy

flowing through junction resistance reduces to half of the enejggtéd into the MTJ. After this

frequency, the performance of the MTJ degrades dramatically.

(b)

Vin Ci

Figure 219: (a) Complete model for MTJ including test pads effect. (b) Simplified model in order

to analyze cutoff frequency.

SinceLj, Lp and G only have impact on frequency beyond 50 GHz, they can be ignored when we
analyze the cutoff frequency that is in the range of hundreds of MHz. As shown in1Bi¢o)2.
Vin denotes the voltage across the MTJ whijg 8enotes the voltagerss the junction resistance.

The input impedance of MTJn&and the relationship of M:and M, can be expressed as:

R(R 1/j2)

" R R 1/jx (2.22)
vV R(R 1/ jZC

H out l( J )/ (223)

V, R R 1/ jzc™
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Then the injected power and the poweatgoes througlunction resistance can be obtained:

2-
P, Realé ) Rea% Vi 3 ) ‘”2 Rea% (2.24)
51 o

Pt Rea'(% ot Tout) Rea%Vouf ) F§ Realél (2.25)

where we consider 3y as a real value in order to simplify the calculation. According to the
definition of 3 dB cutoff frequency, we can express the power ratio as:

P Realti?), 1
= Rea @)/%ﬂ ) (2.26)

The 3-dB FXWRII IUHTXHQF\ & €& FDQ EH REWDLQHG E\ VROYLC
calculation is complicated, we did reftow the final expression ofdB cutoff frequency here.

As shown in Fig. 2.8(c), the3-dB cutoff frequency for all our samples is been 80 and 650

MHz, we believe that the high interfacial capacitance is responsible for this limitatitime Otiher

hand, contrary to a typical microwave device that has a cutoff frequency decreasing with higher
area, in the MTJ the cutoff frequency ieases as bit area increases, which means MTJs with higher

bit area or lower junction resistance are less sensitive to parasitic parameters and then can be
applied at higher frequency. It also can be seen that cutoff frequency in P state is higher Ehan in A

state.

In fact, due to the current divider nature of the MTJ equivalent circuit, the interfacial resistance is
limiting the current flowing through the parasitic capacitancd kerefore, Rcould be engineered

in the future design to improve the parasitic factor. Increasing the unbalance between spin up and
spin down should increase the interfacial resistance, which in turn, wouldthkmperation of

Spintronics devices at higher frequgnc
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)

(b)

(c)
Figure 220: Comparison ofa) Si1, (b) real part and (c) imaginary partiofpedance between
two spindiodes with different junction resistances and a commercial SMS7630 Schottky diode.

During measurement, power entering the nonlinear device was kept ké®aBm.



58

2.4 Comparison of Schottky diode and indiode

2.4.1 Comparison of parasitic factor and parasitic components

, QS XW UHIOHFWLRQ FRHIILFLHQWY UHIHUHQFHG WR Y IRL
having different pillarsection are plotted in Fig. 2.@0. As expected, due to a lower ZBR, more

RF powe enters the spidevices. As it can be seen in Fig.®I® and (c), the impedance varies

much less than in the case of the Schottky diode, especially for low ZBR MTJ. The spindiode will

then support higher efficiency, wider band matching capability @S chottky diode.

The parameters given in Table 2.2 are extracted from the impedance measurements. Interfacial

resistanc® that reduces the low pass effect of the junction capacitance is another advantage of

spindiode over Schotykdiode for high frequency operation. A nice example can be seen in Fig.
2.21 with the measured parasitic efficiency. At high frequency, the Schottky diode curve decreases
abruptly, but the slope of the spindiode is small and even becomes positive.etheaticlusion

RI WKLV IDFW LV W K D WofiMriédtie@rircbnBrioniMused @ WoHd ghad dridekidn to
describe the capabilities of the spindiode as rectifying devices. As expected, the junction resistance
has a strong impact on the paradibsses, and a low ZBR provides a better efficiency, even for
ZLGHU DUHD VDPSOH OLNH WKH Y GHYLFH LQ )LJ

® SMS7630 Schottky diode (meas.)
P 900 O Spindiode (meas.)
@ 300 Q Spindiode (meas.)
—— SMS7630 Schottky diode (model)
=900 Q Spindiode (model)

=300 Q Spindiode (model)
0.01 PEPIPPPTYY PRI TTIT EEPEPw T |

100k 1™ 10M

0.1

Parasitic factor

el s aaasad o

100M 1G 10G 100G

Frequency (Hz)

Figure 221: Efficiency related to the parasitic losses. Data shown are calculated as the square of
measurd responsivity, normalized to low frequency value, with a compensation of insertion

losses.
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SMS7630 Schottky Y Y
Symba COMMENT diode spindiode spindiode
Cp Package capacitance - 35 fF 35 fF
|_p Package inductance 0.35nH 0.01 nH 0.01 nH
|_j Junction inductance -- 0.275nH 0.14nH
R, Series resistance Y 1Y Y
C, Junction capacitance 90 fF 10 fF 20 fF
R Interfacial resistance -- Y Y
C Interfacial capacitance -- 0.88 pF 1 pF
a Coefficient f0r|| v -- 4.9e3 2.55e3
b Coefficient f0r|| \Z -- 2.84e4 4.73e5
C Coefficient f0r|| \Z -- 2.39e3 1.04e3
fo Zero-bias Responsivity 100 mV/pwW 128 pv/pw 47 pV/pw
ZBR Zero-bias Junction 7000 Y Y
Resistance
| SMS 7630
g Resp= 200mV/pW
‘; 300k /
g ,
4 —e Calculated from I(V)
e -300kk Measured at 20MHz
-40pu -3bu -ZBu -16p 0 16p Zéu 36u 40u
A . . . Bias current . .
A
200F
g/ 0 \ .
%‘ 900 Q Spindiode
‘@ -200f Responsivity= 128pV/pW A
% — SPICE model
o 4np A | Calculated from the fit of 1(V)
Measured at 20MHz
-600 4 4

-40p

i ' 1
-30p -20y -10p 0

Bias current

1
10u 20 30 40

Figure 222 Calculateddc responsivity from 1(V) measurements results. The point located at

zerabias indicates a low frequency low power measurements to validate the responsivity

extraction.
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2.4.2 Comparison of responsivity

As described in section 2.1, the responsivity can be usedbtoate the device nonlinearity. Fig.

22 FRPSDUHV UHVSRQVLYLW\ YDOXHV FDOFXODWHG IURP WKF
the SMS7630 Schottky diode. For verification purpose, the responsivity is measured directly from

a low RF signal of 20 MEL Thereareabout 3 orders of magnitude of difference between the two
technologies. That may seem an extremely large ratio, but it should be noted that the nonlinearity

of Schottky diode is a result of more than 40 years of development, and that theviestiyated

in this work is in fact a MRAM bit, operating as a spindiode, but optimady for memory

applications.
2.5 Discussion of capability ofspindiode rectification

With their scalable ZBR capabilities, the spindiodes are very promising devicksvi@ower
rectification with highefficiency, but also for low power mixer applications. Unfortunately, the
spindiode sample measured in this work does not have enough nonlinearity to be used for a practical
rectifier demonstration. However, a proper datesign should lead to a significant improvement

of the RFto-dc conversion efficiency. The magnetic stack deposition process is also a key element
that could be optimized in several ways. For example, the tunnel barrier could be optimized to
enhance thaonlinearity, and consequently the sensitiyit®7. TheMTJ ferromagnetic resonance

could also be adjusted to coincide with the input signal frequency. In this configuration, the low
nonlinearity of the spindiode would be compensated by an enhanced magnetic susceptibility. A
recent work presented conditionsaiotain a 500 PDJQHWLF W X Q@ng & sénsitiQity WL R Q V
of about 1000 mV/mW [12§. This factor combined with the improvemeantparasitic losses

would lead to a surpass of the current Schottky diodes (which do not have any room for

improvement).

Although the model in Fig. 22 works up to 20 GHz, complex mod€ig. 2.23)could be used for
up to 40 GHZ129]. Fig. 2.24 shows the low power efficiency

R, .

calculated using thelc value of the current responsivitf, and the parasitic efficiency data

measured at 30 GHz. As stated earlier, the MTJ samples measured here would not provide a
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satisfying low power efficieng but following the projection dfL28], the spindiode can surpass

the diode, therefore paving the way for a bright future for low RF and microwave power harvesting
and rectification with higtefficiency. In particular, millimetewave todcrectificationwill benefit

from the special features of spindiodes.

3

—&- optimum spindiode (500 Q)
—8- SMS 7630

—&— spindiode (900 Q)

—€- spindiode (300 Q)

overall efficiency (matched) (%)

10p  100p 1n 10n 100n 1 10p 1001
Input RF power (W)

Figure 224: Low power diode efficiency under the matched conditions and the load condition
R R. Data were calculated based on tteasurement of responsivityBR and parasitic

efficiency at 30 GHz

2.6 Conclusion

This present work has highlighted electrical and physical behaviors and limitations of the Schottky

based low power REo-dcrectifiers. It has been shown that MPH circuits based on spindiodes are
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a promising alternative. Besides, this work shows the role of the nonlinearity as well as the value
of the zero bias resistance in the-®Fdc power conversion. Detailed analysis anddeling are
carriedout to suggest the advantageous features of spindiodes as the next generation of active
devices for RF and microwave rectifications and other nonlinear applications. The concluding
remarks have been supported by theoretical and expetal results as well as physical

explanations and discussions.
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CHAPTER3  1(*$7,9(5(6,6731&%%$6('(/(&7521,&
,03('$1&(781(5

Negative resistance can manifesisome electronic devices or circuits, such as tunneling diode,
Gunn diode, IMPATT diode, transistand operational amplifier with feedback, etc. The intrinsic
amplificationhasbeen applied ifPA and oscillatof130, 131]. As a matter of fact, the negative
resistancean alsdo be used in electronic impedance tunesdmpensate the inner insertion loss

and therefore enabtbereflection coefficienup to the full unity

In RF characterization systems, electronic tusenost often found imichemarket ascompared

with its electromechanical and actigeunterpartsalthough it has advantages of small size, low
cost and fasuning.In fact, therealizable maximum reflection coefficientdgstematicallyimited

by its large insertion lo4432. To reach a larger reflecticcoefficient, one has to compensate the
loss by an amplification. A reflection coefficient larger than one means that the reflected signal is
somewhere amplified by the circuit. From the standpafimhpedance, this implies that the signal

has to be reficted by a negative resistance.

The main contribution of this work is to use the amplification property of a negative resistance
device tocompensate the loss stemmed framelectronic tunerSomehow it is similar tanactive
tuner, but it is more cosffective due to its simplicity and low power consumption. Interestingly,

the veryintuitive operation of this circuit could be used for pedagogical purposes.
3.1Principle of negative resistancebased tuner

The proposed topology includes a wideband phasteishnd an impedance tuning circuit (Fig.
3.1), in which port 2 is usually connected to , while port 1 presents different impedance states
As depicted in the ideal circuit i@z 3.2(a), the core part is a shunt tunneling diode and a series
PIN diode. The tunneling diode is biased to the level that presents a negative resiRiancélie

PIN diode is forwarébiased in order to provide a variable positive resistaneg)(R

Without considering any parasitic effect, this topology generates @t sapedance points by a
negative resistance in parallel with an equivalent positive resistaggafter considering the 50
SRUW HIIHFW )LJ E 7KH WRWD @, V(kY W.D)Q&edly-DQ EH F

when Rqis swept fiRP ORZ UHVLVWDQFH H J WR KLJK UHVLVWDC
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Fig. 3.2(c), the generated impedance points will be distributed from center to open circuit, then to

outside of Smith chart (negative resistance region).

NLTL-based Phase Shifter Impedance Tuning Circuit

Y Bias T T Rsy T

i 100 pFE i C; PIN Diode 100 pF i

[ || I Il N 1] .
30 LR 5
= i 100 pF 1S
= H HN

; Varactor i Bias it Ry |

Y Choke T

' ! i Tunnel i

i 22 Sections : : Diode " §

Figure 31: Diagram of electronic tuner: it consists of a wideband Nbaked phase shifter and

an impedance tuning circuit.

Figure 32: (a) Ideal circuit of the proposed topology; (b) Simplified circuit to generate
impedance values; (c) Operation principle illustrated on Smith chart.

One criterion to evaluate the electronic tuner is Smith chart covi82ga simple way to improve

the coverage is to use380° phase shifter before the impedance tuning cirégtshown in Fig.

3.2(c), the set of impedance points generated by the impedance tuning circuit will be rotated by the
360° phase shifter. With the advantages of broadband, easy impedance matcHow loss,
nonlinear transmission line (NLTL) technigea good solution for controlling the phase shift over

a wide frequency range.

However the tunneling diode and PIN diode are not pure resistapaeasitic parameters can not
be ignored ovethe GHz frequency range. The consequence is that the impedastabution

would be distorted. Therefore, two adjusting componendsar@d R, can be presented in the
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impedance tuning circuit in order to adjust the impedance distribution (Fig. 3.1). The values will
be determined according to the operation frequency range as well as the impedance distribution on
Smith chart.

3.2Modeling of tunneling diode and PIN diode

Since parasitic parameters from device and connection pads have impact on the impedance,
accurate models of tunneling and PIN diodes should be established prior to the design. A behavioral
model, more relevant in field operation, geveloped froml(V) characteristic and @)

characteristic as well as measurefdé®ameters.

It is important to mention that thé\) curve of the tunneling diode is measured with a known
positive resistor in parallel with it, in order to avoid unexpecbsdillation and irregular
discontinuity in thd (V) curve[133. In Fig. 3.3a), the equation of th€V)curve of the tunneling
diode is expressed in a Symbolicdllgfined Devices (SDD) model"drder polynomial is applied

to fit the measuret{V) curve that is shen in Fig. 3.3b)

i(v) 1.% 5 0.01879v 0.18638°  0.1517F

. (3.1)
7.16518V* 45.47° 110.9539°  97.13568

The derivation of thé(V) equation is also shown in Fig(l8. As it can be seen, the resistance

remairs - LQ WKH ELDV UDQJH RI W R 9 3DOUDAHYWLF SD
related to the long lead, series resistance R DQG WRWD OORDB) arE bxveoted- H &
from Sparametes measurements. It is worthwhile to nakat there is still no proper model that

can represent the RF characteristics of a tunneling diode. The parasitic parameters of tunneling

diode extracted ithis work are only approximate.

So far there is no accurate SPICE model for PIN diode, mainly beaaghows distinct features

under reverse and forward bias conditions. A PIN diode under forward bias condition can be

modeled as a curregbntrolled series resistance with a parasitic inductance (Fig. 3.4(a)). The series

resistance can be extractednr&parametesmeasurements under different biagesdepicted in

Fig. 3.4(b),t KkH 3,1 GLRGH FDQ EH FRQVLGHUHG DV D YDULDEOH 5)
ZKHQ FXUUHQW LV VZHSW IURP $ WR P$ OHYHO +BRa&HYHU L

source is required. The parasitic inductance is dependent on the package, which is 0.7 nH for

SMP1320 with package of SI®.
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Figure 33: (a) Tunneling diode model with Symbolically Defined Devices (SDD)I({) curve
and extracted resistance of tunneling diode MBD5B28X from MACOM Technology
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Figure 34: (a) SPICE model for PIN diode under forward bias; (b) Equivalent series resistance
Rs of PIN diode SMP1320 from Skyworgslutions Inc.
3.3Design of NLTL-based phase shifter
3.3.1 Theory of NLTL -based phase shifter

Fig. 3.5 shows the LC model of unit cell of NLTLg4 S the capacitance of varactog,dnd G are
equivalent inductance and capacitance of the transmission line. Thadedlcharacteristic

impedance of the transmission line can be expressed as
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Zy \/g (3.2)

The loaded characteristic impedance of the NLTL is

Lt
Z, /Ct c (3.3)

L/2 L/2
C J‘ CtJ‘
1l

Figure 35: LC model of unitcell of NLTL.

It means the impedance of NLTL is also a real value, so that it is easy to eealideband

impedance matdhg. In order to remaira wideband matching when tunitige capacitance of

varactor from the minimum dzin to the maximum @nax usudly the impedance of NLTL at a
PLGGOH GnkULQYW BW& DV D LV FRHIILFLHQW dmnaRd Bh&DW W KH
conditonsaH UHDVRQDEOH 7 Ké&ha#sLueualp ¢hoseR adaNge.signal capacitance,
however, it is not the dimized case since the phase shiftenismall signal application. The
coefficient . can be optimized in simulation according to the tuning randkeofaractor. In this

work, .=0.5is chosen.

Define the loading factor as

Cdmax
X — 3.4
G (3.4)
Then the loaded impedance at middle point can be written as
L L Lt Z
z L t 0 50 3.5
LJctacamaqu aquc;(laXJlax 59)

It can be rewritten as

Zo 50J1 ax (3.6)
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The transmission line cahereforebe designedrom the unloaded impedance, Afterwards the
HTXLYDOHQW efddrube carilate8 W\ 0

According to the Floquet analysis in Chapter 1, the lowest cuteffuéncyfgagdmin can be

calculated at the condition ofifax

1 1 c/ | ks
SLG Cimad  JL(G xQ) &L x

(3.7)

fBragg |min

Then we have

c/ /Féff
Sl x fBragg |min

After calculating the distance per section, the equivalent inductandecapacitance of the

(3.8)

transmission line can be calculated by the distance and unloaded phase vgl¢s#ly v

d Z0
L 3.9
t Voo (3.9)
and
d 3.10
Zo Vo (3.10)

wherev,y ¢/ | H . Then the relationship between the maximum capacitasega®d loading

factor x can be calculated from (3.4), which can be used as a criterion to Ghposger

commercial varactor.

Let us efine the ratio of the maximum capacitaneg4cand the minimum capacitancené of

varactor ag Cuamax . Larger y denotes larger capacitance variation. Then the minimum and
Cdmin

maximum phase velocityf NLTL can be calculateds:

1 cl | i

JL(C Cima) V1 X

(3.11)

Vp |min

and
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1 cl i
e TC Gam E XTy 342
The time delay per unit can be obtairsed
w S (W1 x 1 x7y) (3.13)
Vp Imin |max C/\/E
and thephase shift per unit can be calculased
1z w2 1s—9 (L x T xly) (3.14)

c/\/E

Finally, knowing ' / itis possible to calculate the number of sections required to &#@frphase

shift:

n == (3.15)

Rt Lt
—A—YY N
Rs
Ct =
CdI

Figure 36: LC model of unit cell of NLTL with loss

To be integrateavith impedance tuner, the NLThased phase shifter deesignedon microstrip

line technology Thelossesof microstrip line includes dielectric loss, conductive loss as well as
radiation loss, in which the first two domiteaSince the conductive loss is much larger than
dielectric loss, in this work, we only consider the conductive loss. The analysis of NLTL on Chapter
1 is based on lossless transmission line, by taking the conductive thedrahsmission line and
diodeloss into consideration, the unit cell model is modified as Fig. 3.6, in whidbri®tes the

skin resistance per unit, and lRpresents the series resistance of varactor. Then the loss per unit

cell is expressed 4434
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2
jcd mastZL Rt
2 27,

D eractor 1@ (3 . 16)

where Gmaxis used to calculate the largest insertion loss of each varactor. In other words, (3.16)
represents the largest loss per unit cell of NLTL. Then the total insertion loss of NLTL can be
calculated

Lo N"D8.686 dE (3.17)

Input parameters
Substrate: Rogers 6002, 30 mil thickness, |
designed frequency=2.5 GHz, fg,50 | min=6GHz, )
a=0.5, y=5, R of varactor

Step 1

Sweep X, calculate
Step 2 Z,, d, C, Cymax AB, number of section,
loss per unit, total loss

Choose proper x and commercial varactor

St according to Cy,,, and total loss

Step 4 Adjust R, y and a according to the chosen varactor

Are all the
parameters
easonable?

NO

Fix all the parameters

Step 5
P Design transmission line according to the substrate and Z0

Figure 37: Diagram of design procedure of NLIdased phase shifter.
3.3.2 Design procedure of NLTL-based phase shifter

Based on the design principle of NLTasedbhase shiftein the previous section, the diagram of
design procedure is described in Fig. 3.7. The most important step is to ehcosenercial
varactor according to the calculategh& since there are limited choices. As discussed in Chapter
1, for a true time delay line, the Bragg cutoff frequency will be chosen as 5 times of the highest

operation frequency, the time delay is independéftequencies. However, thimay result in a
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small d as well as small capacitance, which is not easy to realize by PCB technique and commercial
varactor. In this work, it is not necessary to hawele time delay for the tuner, since the tuner is

for single tone rather than broadband signal. Themmum Bragg cutoff frequency is chosen as 6
GHz at the condition of &ax

120}(a) 130

T

~ 100 125
G

~—

N 8ol 120

Number of Section

60+

Total Length (m)

oss of varactor / unit

Capacitance (pF)
o
o
(o))

Insertion Loss (dB)

AO (degree)

11.0

N
Total Insertion Loss (dB)

- - . : — A . +—0.8
0 2 4 6 8 10 0 2 4 6 8 10
Loading Factor x Loading Factor x

Figure 38: Design results of NLTibased phase shifter.
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Following the design procedure in Fig. 3.7, the NEddsedphase shifters designed on Rogers
6002 with thickness of 30mil, and the designed frequency is set to 2.5 GHz in order to verify the
amount of phase shift. Fig. 3.8 shows the calculated reanttfhe loading factor x is chosen as 3.

As shown in Fig. 3.8(c), the mamxum capacitance is around 1 pF, varactor of MA46H{t@Mh
MACOM is chosen to provide 0.151.1 pF capacitance with bias fredbV to 0 V. The distance
betweenevery two sections is chosen to be 5.27 mm so as to have a minimum Bragg cutoff
frequency of 85Hz (Fig. 3. 8(b)). Fig. 3.8(d)(h) are calculated results for the designed frequency
2.5 GHz, as can be seen that the 360° requires 17 sections, in order addngeephase shift for

low frequencies, the number of sections is chosen as 22.
3.4Validation of the proposed tuner
3.4.1 NLTL -based phase shifter

The fabricated circuit is shown in Fig. 3.9, the long transmission lipbase shifteis bended in
order to reduce the total circuit sideasurement results thfe phase shifter are presentedHig.
3.10. It can be seen that 360° phase shift realized at different frequencies withdifferent
voltage tuning rangso as to limit the maximum loss to 3.d8ince the wideband tuning is for

single tone signal rather than broadband signal, diftdbias is not a problem.

22 Sections NLTL-based Phase Shifter

(L LN ELL R  pad
2 3 4 5

[T

l
cm 1

Figure 39: Photo of the fabricated electronic impedance tuner.
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Figure 310: Measured phase difference of the NLbased phase shifter.

Figure 311: Measured 25740 impedance states for the proposed electronic impedance tuner at (a)
1.5 GHz, (b) 2 GHz, (c) 2.5 GHz, (d) 3 GHz, (e) 4 GHZ, and (f) 5 GHz. The blue circle in (a) and
(f) stands for the reflection coefficientugs to 1.
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3.4.2 Impedance tuner

Ideally, the bias of the tunneling diode could be fixaag the bias of the PIN diode svawept

from 0.3 to 0.8 V \hile the bias of phase shifter svawept from15 to 0 V, in order to generate
impedance points all over tisnith chart. However, the parasitic parameters distort the impedance
distribution, and a fine bias of the tunneling diode becomes necessary (swept from 0.14 to 0.7 V)

to adjust the impedance distribution on Smith chart. The adjusting componeatsl & are
FKRVHQ DV S) DQG UHVSHFWLYHO\ WR KDYH-B EHWWF
GHz.

For an analog tuner, the impedance can be tuned continually. In other words, there are infinite
impedance states. 25740 impedance states are festedch frequency with the automatic test
program, and the results for different frequencies are shown in Fig. 3.11. The maximum reflection
FRHIILFLHQW + LV ODUJ9KHz wh& DE6 GHY HVHIR W is in the range of 0.8
1forotherfUHTXHQFLHY 7KH LQVHUWLRQ ORVV RI WKH SKDVH VKL
E\ WKH LPSHGDQFH WXQLQJ FLUFXLW ZKLFK PHDQV WKH PDJL
3.11(a)).However,in practice, we only care about the coverage indi@eSmith chart without
considering the impedance outside of Smith chart.

The comparison of the proposed electronic tuner with the recent work as with asnventional

mechanical tuners listed in Table 3.1. The proposed tuner presents the larg8sfloP X P+
compared twther work, which can be used in the noise characterization system for active device
ZLWK LPSHGDQFH QHDU W DOVR SUHVHQWYVY WKH ORZH"
consumed by the tunneling diode and PIN diode. Limited byuheeling diode, the maximum

operation power of the proposed tuner is aro@dddBm, which is lower than the MOS FET and

PIN diode based electronic tuner and the mechanical tuner. However, this power level still can be
used for noise measurement, sineedhtput power of the noise source is always befwdBm.

Further work can be done to improve the power handling capability. For instance, two transistors

and linear positive resistors could be combineddenerate negative resistartbat can handla

large powef135.
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Table 31: Comparison with the stata-the-art workof electronic impedance tuner

This work [136] [137] [138
Frequency band
15-5 130- 170 0.3-0.8 0.8-8
(GHz)
Smith chart ) . ,
High Small High High
coverage
Varactor,
. . , Mechanical
Nonlinear device PIN diode, MOS FET PIN diode
probe
tunnelingdiode
Maximum
>1 0.5 ~0.87 0.9-0.98
Gamma
Power handling -25dBm 8 dBm > 30 dBm 1414 W
Power
_ 3mw - - -
consumption
Loss 2 +25dB 6 +22dB <2dB <1dB
Repeatability 25 dB -- -- 45dB

It should be noted that the proposed electronic tuner requires precise bias sources for both PIN
diode and tunneling diodeA small variation of biases may lead to the shift of impedance.
Repeatability is presented to describe the stability of tuner, vdgiobtes the difference between

two Sparametes measurements. As can be seen in the Table 3.1, the repeatability of the proposed

tuner is around 25 dB, which is limited by the stability and precision of the bias sources.

Over the GHz frequency rangthe distorted impedance distribution, caused by the parasitic
parameters, can be corrected for different frequency sdrygeplacing the adjusting components.
Small footprint devices and shorter connection pads can be chosen to further reduce the parasit
effects so as to improve the performance. In practice, the high insertion loss of the proposed

electronic tuner will be calibrated prior to the noise measurement.
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3.5Conclusion

In this work, we illustrate the potential use of a negative resistance device in the development of
an electronic impedance tuner. The experiments exhibit a good performance of the electronic tuner
over the frequency range 186 GHz. The proposed topolpgan be an alternative solution for
on-wafer noise characterization systems. Although only parts of frequencies can have impedance
states with reflection coefficient larger than one, accurate modeling of tunneling diode and PIN
diode can be further invegated to predict the impedance distribution efficiently. In addition, large
power negative resistance devices can be studimdkethe electronic tuner woror high power

condition.
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CHAPTER 4 12181,)250< ',675,%87((/(&7521,&
,03('$1&(6<17+(6,=(5

A growing number of wireless communication devices sold per year rethatdlse suppliers of
PAsor radio moduleso dramatically increase their testing capabilities. Positioned at the output of
PA or radio module, an antenna generally &lisited areaand issusceptible to human factor and
environmental effectAs a result, a whole set epecifications othe PAsor radio modules must

be evaluated with stress test under different impedance conditions simulating a mismatch of the

antenna.

Industry s using an electromechanical impedance tuner, aestdblished technique for the field
testing. This equipment allows fawvery high level of mismatch and power but with the costrof
extremely low tuning speed. For-wrafer measuremesjtelectromechdnal impedance tuner can

only be placed far away from device under test (DUT) due to its large size and weight. Additionally,
the adjustable positioner also limits the flexibility and accuracy of measurement. The iheigstry
therefore greatly promoted tdevelopment o fast tuning electronic impedance synthesizer (EIS)

in the past years. The tuning speed of the EIS is in the range of milliseconds whereas tuning speed
of electromechanical impedance synthesizer in the range of seconds. The synthissamaist
instantaneous anchn reduce the measurement time dramatically. This is very important for full
range testing of severdc and RF parameters of BA or a radio module in production runs,

especially whem large throughput is required.

Beside theapplication in characterization system, EIS has also been widely usetuaable
matching network (TMN) for reconfigurable devices or systgh3®-147]. The development of
softwaredefined radio (SDR) and new generation communication systems require a number of
reconfigurable devices that can operate in different frequency bands and with different
communication sindards. In a reconfigurable PA, TMN can be placed in both input and output of
the PA to match the impedances so as to improve the power transfer gain and efficiency. In a

reconfigurable antenna, TMN can improve the maximum radiation gdwd.

A traditional digital EIS is made by a set of switches combined with fixed capacitors, which are
placed periodically along the transmission line. The switches can be PIN diotlesi4?],
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varactorg143 144, 148 149, MMICs or transistor$150-155 and MEMS switche$139, 140,

145 146 15€. The position of a capacitean be varied virtually along the transmission line by
choosing the appropriate switdh.such a configuration with a number of n switches, the EIS can
only provide limited impedance state$)(By combing different states efvitches: ON and OFF.
The EIS was mostly developed based on the topology of sstgjbe doublestub and triplestub
[157)], pi-structure][144, 147, 159, T-structure[159, as wd as multi artificial transmission lines
[153 and transmission line with tunable impedafibg(.

The topology with the distributed transmission line technique has been proved having better
performance than doubler triple- stub topology[139, 140, 152 154 157, 161-163, mainly
because of the physical features of distributed structure. In the distributed-dimgblES[140,

eighty sections of minimatontact MEMS varactors are located periodically along the transmission
line. Although it has a uniform Smith aft distribution, a limitedsoltage standing wave ratio
(VSWR) is realized, and large number of varactors and control signals are needed for low frequency,

which increases the complexity of control circuit.

In fact, uniform topology is always a compromiselution, it does not guarantee the best
performance. Nowniform distributed structure has been demonstrated in sampling Y264k

with better performance thatraditional uniform topology. The distance between two sections
decreases along the propagation direction, the Bragg cutoff frequency increases so as to have a
sharper rise time or fall time for the sampling. Although the application is different,nheptamf
nontuniform distributed topology could be implemented for an EIS.

A type of nonuniform distributed EIS has been presented in a pfté8}, in which only one PIN
diode is turned ON at any time, and it is not fully turned ON. The PIN diode in series with a
grounded capacitor somehow sltite a varactor but with large series resistance, which results in
a large dissipation loss. Although this EIS can be applied to wideband applicatidaliyturned

ON PIN diode will cause serious intermodulation distortion problem in high power apphic
Based on the same namiform distributed topology if163, EIS comprising two arrays obkd

state tuner and a combiner network has been propt6&d The combination of two arrays with

a total of 2*N switching elements can only generatémpedance states in lieu of, 3omehow it

is a waste of resources agpace. In both wos[161, 163, a prime number relationship of the
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physical lengths of transmission lines was proposed to avoid generating repeated reflection

coefficient, however, this relationship does not guarantee the best Smith chart coverage.

Adjusting ciruit Distributed circuit

Zy5 ,da1 Cat Zy,da2i 1Zy,d; Z; ,d; Z3,d; Zyadna Zy,dy ZwsrAun

*‘D—[{—’ ] i (1 T
Ca1 Ca2
Caz
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| CONTROLLER

1.0
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Figure 42: lllustration of the effect of the adjusting circuit. Impedance distribution on Smith
chart when PIN diode is (a) ON, and IfF; (c) the total effect of the adjusting circuit on the

improvement of Smith chart coverage.

In this work, we propose a namiform distributed EIS, it consists of an adjusting circuit and a
nonuniform distributed circuit (Fig. 4.1). Not only the tramssion line length, but also the
impedance and loading capacitance for each section arenifonm. The distributed circuit
comprises a high impedance transmission line-urtformly loaded with different valigeof
capacitors. The adjusting circuit corgas a small value capacitor (e.g., 2 pF) in parallel with a
combination of large value capacitor (e.g., 30 pF) in series with a PIN diode. When the PIN diode
is turned ON, the total capacitance is around 32 pF, it almost does not have impact on thecenpeda
distribution of the distributed circuit (Fig. 4.2(a)). By contrast, when the PIN diode is tuffed O

the total capacitance is around 2 pF, which can rotate the impedance distribution in

counterclockwise direction on Smith chart (Fig. 4.2(b)). Astithted in Fig. 4.2, the role of the
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adjusting circuit is to compensate the uncovered area so as to improve the Smith chart coverage, at
the same time keep the total circuit length as short as possible. The adjusting circuit can be replaced
by a variable pase shifter or the combination of several different TLs with switches, which can
rotate the distributed points in clockwise direction. However, the circuit proposed in this work is

simpler and smaller.

So far, except the doubtdug distributed EI1$140, 169, it is difficult to have closediorm design
process for other topologiehie to the unpredictable jumping of impedance states. This work

addresses the design and optimization of the proposedmfmmm distributed EIS.

4.1 Semiclosed form design procedure

A semiclosedform design procedure is proposed for uniform distributed topology in order to
obtain the initial values and boundaries for the multiple parameters. The range of loading
capacitance is firstly determined from the approximate estimation of the maximuctioafle
coefficient. Then the maximum distance d between each two sections is determined by the Bragg
cutoff frequency according to NLTL theofyt39, 165 166, while the minimum distance d is
determined by the rule of that total length should be larger than half wavelength of the lowest
frequency so as to have a large Smith chart coverage.

A quantitative analysis of Smith chart coverage, which describes the percentage of Smith chart
covered by an EIS, is helpful fdre evaluation andptimization of the EIS. Visual observation on
Smith chart was always used to evaluate the cové¢l@$162. However, a subjective judgment

leads to different results from person to person, and it is not helpful for the parametric study and
optimization. To yield a meaningful result and build a goal function for optimizatiorgrditative
analysis is therefore required. Although the Smith chart coverage has been studied for tunable
matching network141, 147, this definition is not applicable to the case of EIS due to the different
scenario. In this work, a similar criterion is developed for the EIS. As shown in Fig. 4.3(a), let us
first discretze the whole Smith chart, and make sure there are enough points at each constant
VSWR circle. In other words, the discretization process should guarantee enough resolution for
applications. We predefined 1116 impedance points in this work for the whole Smart, the
number of the predefined points varies with the application. Then the measured 4096 impedance
points (Fig. 4.3(b)) are projected to the predefined Smith chart, and the redundant points are

removed, during which the point with minimum lospiieserved if several points are close to each



81

other. Finally, Smith chart coverage can be expressed by the ratio of the selected predefined points

to the total predefined points.

@ o L R )
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Figure 43: (a) Predefined 1116 impedanpeints on Smith chart; (b) measured impedance

points; (c) selected measured points; and (d) selected predefined points.
4.1.1 Determination of the range of loading capacitance

As shown in Fig. 4.1, the input admittance &f the EIS can be calculated from the load side easily.
In order to simplify the scenario which is similar to the real calibration condition, the admittance

of source and load are setyas Y,  0.02. Fig. 4.4 illustrates how the impedancev@® on Smith

chart when multiple capacitors are loaded along the transmission $imanfe seen in Fig. 4.4(a),

only when the impedance distributed in the capacitive part of Smith chart, the loaded capacitance
can further increase the reflection coefficient. For finding out the maxirhuwe need to focus

on the capacitive padf Smith chart. Sice the total length of N sections transmission line needs
to be longer than half wavelength of the minimum frequency, there must be at least N/4 times to
load capacitors in the capacitive paftSmith chart for each frequency. Therefore, the maximum

* can be estimated approximately by only er@asmission lindoaded withc "N/ 4. Then the

input admittance can be calculated by
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Y Y jZXNI4 4.1)
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(4.2)

7KH PDJQLWXGH RI HVWLPDWHG + QHHGV WR EH-ODUJHU WKD

| =S t
J@Y,/N? ()

| * *

req

(4.3)

Then we can obtain the lower boundary ofltieling capacitance

req

(4.4)

req

To have as large as possible Smith cloakterage an#teep the impedance points distributed in
Smith chart as uniform as possible, another restriction conditibrbe applied. When only one

capacitane C is loaded, the reflection coefficient should be smaller tt@required *

req ’
otherwise most of the impedance points will distribute at the edge of the SmithTtlisudan be

expressed as

*| Z: *
I @) (X’ 1 (4:5)
Thenwe can obtain the upper boundary of the loading capacitance
YS *req
G do = (4.6)

1

req

For a requirement of - 0.875, the maximum and minimum loading capacitance are plotted in Fig.

4.5 as a function of frequency for a 12 sections EIS. A proper capacitance can be chosen ideally to
have operation bandwidth more than 1 octave. In practice, the resuftpenand lowerdundary

of frequency bandare not good. For low frequencjethe impedance distribution will be
concentrated on the center of Smith chart due to the small loading capacitance, while the impedance
distribution for high frequency will be close to the edg8miith chart because of the larger loading

capacitance. As a matter of fact, the operation bandwidth of a real circuit is smaller than 1 octave,
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which is limited by the parasitic parameters from the commercial PIN diode and capacitor as well
as the pads.

Figure 44. Impedance movement after (a) loading capacitance on the capacitive part of Smith
chart, (b) loading withC "N/4 (N =12), (c) loading with capacitance on the inductive part of
Smith chart; (dRequired constant reflection coefficient circle.
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Figure 45: Lower and upper boundaries of loading capacitance.

4.1.2 Determination of the range of distancel

When all of the PIN diodes are turned ON, the distributed circuit (Fig. 4.1) is similar to a

conventional NLTL[54], and the Bragg cutoff frequency witle applied due to the low pass
property[23, 139 166

f 1 1 c
Bragg EW\/E 4.7)
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whered denotes the distance between two sections, c is the speed of theédighs, the effective

dielectric constant of unloaded transmission line. The scaling factor K is expressed as

kK 1 &%
d ./ ks

(4.8)

whereC is the loading capacitancey i8 the impedance of unloaded transmission i cutoff

frequency should be larger than highepérationfrequenchragg | fy, otherwise it will cause

serious loss problem (Fig. 4.5). Then the upper boundary for the distaanebe expressed as

2

a S CZ,) 2 3 g
o J( Z) 7 (4.9)

SrBragg@ «

The effect of Bragg cutoff frequency are illustrated in Fig. 4.6, where the transmission response
and loss feature with different d leading fgragg of 3 GHz, 4 GHz and 5 GHz are shown. The

loss will increase dramatically after the affifrequency, and higher cutoff frequency will result in
lower loss in the operation frequency band, but at the cost of a smaller d. In other words, more
sections will be needed to have a high Smith chart coverage, which in turn increase the total loss.
So that a tradeoff needs to be made, in this work, a cutoff frequency of 4 GHz will be chosen for

the EIS with operation frequency band of 0.8 to 2.5 GHz.

0 rTrTrErGH AN
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Figure 46: (a) Transmission response and (b) loss feature of EISf\g,i&Eb of 3 GHz, 4 GHz
and 5 GHz. Only the conductive loss and dielectric loss are taken into consideration in the total

loss. The ripples in transmission response are because of the mismatching at this impedance state.
Note that it is aly the response of the impedance state with all the PIN diode turned ON.
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To guarantee there are enough impedance points at the starting frequency point, the total length of

transmission line should be larger than half waveleafithe lowest frequencyhen the distance
between two sections should be

d Q./2(N 1) (4.10)

Compared to the strict limit factor in (4.9), the lower boundary of d is more flexible. If a small
starting frequency and a high Bragg cutoff frequency are chosen, cuaiflietcur between (4.9)

and (4.10). In this case, restriction of (4.9) should be followed. In general case, (4.9) and (4.10)
will limit d to a small range, which is critical for the design.

The Smith chart coverage and mean loss are investigated fetSheith different numbesrof

sections (Fig. 4.7) while keepin@ragg as 4 GHz. As can be seen that widas limited by (4.9),

the Smith chart coverage can be improved by increasing the number of sections, but with the
sacrifice of I@s.It also can be seen from Fig. 4.7, the minimum coverage within a certain bandwidth
always occurs at both sides of the frequency range. Therefore, the relationship between the
minimum coverage for a certain bandwidth and the number of sections N eclddiined, which

can be used as a preliminary guidance to determine the minimum N according to the required
coverage.

@ @
k= I}

Smith chart coverage (%)
»
o

20

Average loss (dB)

N it . .
1.0 15 2,0 2.5 3.0
Frequency (GHz)

Figure 47: The investigation of (a) Smith chart coverage as well as (b) mean loss of the EIS with

different number of sections while keepilryelgg as 4 GHz. Mean loss is the average loss for the



86

selected impedance points. Reactive parasitic parameters from commercial PIN diode and

capacitor are not taken into consideration in the loss.
4.1.3 Selection of PIN diode and determination of £

ThePIN diode hasvide intrinsic layer, therefore it can handle high RF volfd@&] and then has
good linearity[168. In addition, a PIN diode has fast switching tidié9 17Q. In this work,
commercial PIN diodes will be selected for the design of the EIS mainly based asgects: the
parasitic parameters and the posmandling capacity. Tradeoff needs to be made between series

resistance and capacitance because of their opposite relationship with junction area.

The powethandling capacity and nonlinearity of an EIS laighly dependent on the performance
of each PIN diode. Thereforne PIN diode needs to be evaluated prior to applying it in the design
of an EIS. Appropriate biases of PIN diode for both ON and OFF stitdx determined firstly

from theintermodulaion distortion (MD) measuremes.

For OFF statethe PIN diode can be considered agadtage controlledcapacitor in series with an
inductor (inset in Fig. 4.8(a)), the IMD is dominated by the nonlinearity of depletion capacitance

with reverse bias (Figt.8(a)). The thirébrder intercept point can be predicted]by1]

IP3 6.5 10log(f'Z*> d°C /dv®) dBn (4.11)

where % denotes the characteristic impedance of system, sanddv? denotes the second
derivative of C(V) characteristic. It should be noted that the breakdown effect has not been
consideredn (4.11), so the reverse bias close to breakdown voltage will result in a decrease of IP3.
It has been demonstrated that PIN diodid whicker intrinsic layehas flatterC(V) characteristic

due to the small portion of depletion layer compared to the overall thickiiEBsThereforethe

third order intercept pointiP3) for OFF state is proportional to the width of intrinsic layer, and
inversely proportional to the operation frequency.

For ON state, PIN diode can be considered as a current controlled resistor in series with an inductor
(inset in Fig. 4.8(b)), the nonkar IV characteristics in intrinsic layer is the main source of IMD

(Fig. 4.8(b)). The thirebrder intercept point can be expressed theoretical[yt b}

IP3 69 15log(l M Rs) dBm (4.12)
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where F VWDQGV IRU WKH IRUZDUG FXUUHQW 2 GHQRWHYV WKH |
lifetime, and f represents operation frequency whidedsRthe high frequency resistanc®nce
R W/21lp ZKHUH : LV WKH ZLGWK RI LQWULQVLF @3 i¥ DQG L

proportional to forward current and operation frequency, and inversely proportional to the width of

intrinsic layer.

In order to have a higher IMD for both ON and OFF states, PIN diode needs to be chosen with a
tradeoff. In this work, SMP1320 /) IURP 6N\ZRUNV 6ROXWLRQ ,QF ZLWK
and BAR95 /6 IURP ,QILQHRQ 7HFKQRORJLHYV afd thdsen for PheL Q W U L
experiments to handle at least 0.5 watt CW power. The IMD test of PIN diode SMP1320 under
different reverse bias and forward currents are depicted in Fig. 4.8(c) and (d). A low input IP3 (IIP3)

is measured when a small reverse bias alldiorward current is applied. In this case, smaller test

power needs to be used for IMD test, otherwise too high test power will result in stronger
nonlinearity[173. As can be seen from Fig. 4.8(c) and (d), the theoretical calculation based on
(4.11) and (4.12) can be used to predict the péweding capacity of the PIN diode. Finally, a

half of the breakdown voltag@5 V is selected for OFF state, and forward bias 30 mA is selected

for ON state, so that single PIN diode will have [IP3 more than 50 dBm.
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Figure 48: Nonlinearity of (a) R(If) and (b) G (Vr) characteristics of PIN diode SMP1320.
IMD test for both (c) OFF and (d) ON states. Dots denote measurement while line denotes

theoretical predictions.
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Similar to NLTL theory, the initial impedance of unloaded transmission ling Zet to a high
YDOXH LQ RUGHU WR NHHS WKH ORDGHG LPSHGDQFH FORVH
Zoimproves the Smith chart coverage of the EIS, but a higleats to a narrow trace, where

soldering the commercial components becomes challenging.

4.2 Optimization

For an EIS with N sections (Fig. 4.1), 3*N+6 variables will be involved in the optimization process,
including N loading capacitors, N+1 lengths of transmissiine and N+1 impedances for
GLVWULEXWHG FLUFXLW FDSDFLWRUV DQG OHQJWKV RI
complexity of the optimization problem grows with the number of sections. This work is the first
to introduce Particle Swar@ptimization (PSO) to solve the mufiarameter microwave design
problem of an EIS, which can dramatically shorten the development cycle.

PSO is an emerging heuristic search method, which is inspired by the collaborative behavior or
information sharing mchanism of biological populations, such as flocks of birds, schools of fish.
As a populatiorbased search method, the best solution can be discovered by moving around a
population (swarm) of candidate solutions (particles) in the rdutiensional searchpace. The
movement of each particle is guided not only by its lbeskknown position, but also by the best
known positions of the entire swarm so as to move the swarm toward the best solution after several

iterations.
4.2.1 Definition of fithess function

A fitness function is a figure of merit that indicates how close the design solution is to the goal.
Smith chart coverage will be considered as the fithess function since it is the most important
criterion to evaluate an EIS. In addition, several criterizhsas loss, uniformity factor, power

handling also can be integrated into the fitness function according to different appdication
4.2.1.1Loss

Three loss definitions, transducer power gain power gairs,, and available power gai@g,

[174], can be utilized for a mismatched two port network in either logarii# 141, 145 or
linear format[139 146. The selection of loss definition depends tbae different scenarias

explained inFig. 49.
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Figure 49: Fourdifferent scenarios to use EIS: (a) Calibration with VNA; (b) L-Gadl
characterization system; (c) Noise measurement; (d) TMN for reconfigurable PA or antenna.

Except acting as a ormort variable load, EIS is normally used asn@-port network in four
VFHQDULRV )LJ ,Q WKH FDOLEUDWLRQ SURFHVV )LJ

VNA, then wehave*s * 0. In this case, the power g&a, the ratio of power available from

the network and powenput to the network, is suitable to describe the loss of the EIS. It describes

the power dissipated in the network, and it can be simplified as
2
S

2

L sy

(4.13)

P

6LQFH WKH (,6 ZLOO QRW EH XVHG LQ SUDFWLFDO DSSOLFDWL

definition only can used as a reference.

When the EIS used as a load tuner in -Badl characterization system (right side in Fig. 4.9(b)),
the impedanei DW WKH RXWSXW SRUW RI '87 LV XQNQRBR&d EXW QF

* 0. Power gainG, only can be calculated and it has the same simplified form as (4.13). In

practical applicationthe impedance of the EIS will be swept until maximum power is detected by
the power meter that is placed at the output of the EIS, then we consider the output of DUT and the
input of the EIS are conjugation matched. From powerdgyaive can estimate the output power

from the DUT. In fact, the optimal impedance and maximum power at the output port of DUT are

what one expects from Lodull system. Since the load tuner scenario shares the same loss
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equation with the calibration scamo (Fig. 4.9(a)), the loss from the calibration process can be

considered as a reference for load tuner.

In source tuner scenario (left side in Fig. 4.9(b)) or noise measurement (Fig. 4.9(c)p,and
0, wewill select available power gaa, that is defined by the ratio of power available from
the EIS and power available from the sour@g.can be simplified as
2
S,
2
L[Syl

(4.14)

A

from which we can estimate the power output from EIS or the power input to DUT if the

conjugation matching is considered.

When an EIS is used as a TMN for reconfigurable devices (Fig. 4.9(d)), both sides are probably
QRW ZKLFK B&hD V0. Inthis case, we select transducer power Gairwhich

is defined by the ratio of power delivered to the load and power available from the source, because
we care about the maximum power transfdrto the loadG, considers the power dissipated in

the EIS and the mismatching loss on both sides, as well as the conductive and dielectric loss. It can

be expressed as

1 [*f 1%
G EYi (4.15)
N -
where
%2%1 L
*
N s, (4.16)

From the above analysis, one knows that the loss is not always describing the power dissipated
inside the EIS. As used in most of work, the definition of (4.18)sigchoserin this workfor two

reasons: 1) It is simlaw R WKH UHDO FDOLEUDWLRQ SURFHVV ZLWK E
Although it is not suitable for all the scenarios, it is the only measurable loss cdrfgpatkers,

and the measured results can be used to verify the theory.
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4.2.1.2Uniformity factor

The ideal EIS should have a uniform distribution, which can be understood as same number of
impedance points distributed in an equal area. The Smith chart coverage criterion cangrovide
total number of useful pointbut it does not show where those peiare distributed on Smith

chart. A high coverage does not guarantee a uniform distribution. We propose to apply the criterion
of uniformity factor from TMN[14] into the EIS so as to compensate the deficiency of Smith
chart ®verage. It is a numerical solution to roughly estimate the uniformity of distribution on Smith
chart, therefore it also can be used as restriction condition in optimization. A lower value indicates

a better distribution over the entire Smith chart.

The wiformity factor calculation process is described as the following: first the Smith chart will
be divided into Nand N subsections from radius and phase directions, respectively (Fig. 4.10). It
should be noted that namiform division will be done in radius direction in order to ensure each
subsection has same area. Then the number of impedance points N (i,j) in sackigukvill be

counted. Finally, the uniformity factor can be expressed by calculating the variance

NN N

11 (N , Niotal 2

}ioen S @17
N, N,

U,

I plane

Figure 410: The division of Smith chart to calculate the uniformity factor.
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4.2.1.3Maximum peak voltage

Voltage distribution theory developed in this section is to estimate the power handling and
nonlinearity of the distributed EIS in an easy way. It helps to know the peak voltage at any position
of the dstributed structure. During the optimization, we can improve the power handling of an EIS

by limiting the maximum peak voltage to a certain level.

Powerhandling capacitys defined as the maximum average power that could be delivered to EIS
without degradhg its performance. The 1 dB gain compression point (P1dB) is often used as a
metric to evaluate the powbandling capacity. As a matter of fact, every electronic component or
system has some degree of nonlinearity, which can be described by the hPBADotest. As

listed in Table 4.1, limited workasbeen done on the powbandling capacity andB simulation

but only for a limited number of impedance stdiesause theimulations and measurements are
time-consuming and inefficient, especially ftwetstatistic study of an EIS involving thousands of
iImpedance states. They are always used as verifidd8n157], which are, however, not able to

be considered in the design and optimization process.

_1 | | 1 | l_ ...... _I '_-l-_.l |_-|__| }_
(&

11 .
11

Figure 411: Traditional topology of distributed electronic impedasgsthesizer.

It is quite a challenge to measure the voltage distribution, so that simulation of voltage distribution
is commonly used to verify the impedance sté189, 140, 157], or predict the powenandling
capacity qualitatively162. By contrast,lte proposed voltage distribution theory in this work can
prove to be very useful to predict the pov@ndling capacity and nonlinearity quantitatively for
distributed nonlinear circuits. Since the nonlinearity of EIS comes from the nonlinear devices (PIN
diodes) in the circuit, the power hdimg) capacity of an EIS iselated to the operation status of
each PIN diodeThe analysis of voltage distribution enables to find out the maximum peak voltage
along the transmission line. Larger maximum peak voltage will result in lower gameling
capacity, and vice versa. Consequently, if the relationship between-panding capacity and

maximum peak voltage can be established from a small amount of simulations (e.g., 20), it is
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possible to estimate the poweandling capacity as well as nonlinearity by the proposed voltage
distribution theory, and then use a criteria in the design and optimization process to boost the

powerhandling capacity and linearity.

Table 41: Studies of powehandling capacity and nonlinearity of EIS.

Reference _Vo_Itage P1dB IP3
distribution
[157] Simulation Measurement, 24 dBm Measurement, 33 dBm
[139 Simulation Measurement, 28.5 dBm Measurerent, 31 dBm
(sel-actuation power)
[14Q Simulation -- -
OHDVXUHPHQW
[179 B B dBm
[158 -- OHDVXUHPHQW --
Measurementl dBm
1 - ’ -
[154 (PouldB)
[147 -- Measurement, > 40dBm -
(162 Simulation Measureme_nt, 36 dBm B
(self-actuation power)
[161 -- Measurement, 38.5 dBm --
This Theory Measurement & Simulation| Measurement &imulation
work & Simulation 35 dBm [IP3 =57 dBm

In order to simplify the analysis of distributed topology, lossless transmission line is first
considered (Fig. 4.11). Fig. 4.12(a) shows the circuit ef)ffrand n{" sections of the distributed
EIS. The circuit before the @h" diode can be replaced by Thevenin voltegg,, ,, and

Thevenin impedancgy, 1 (Fig. 4.12(b)).Zy, ,.11s the impedance seen the left sidehe diode

m-1 by considering the voltage sourceRisshort circuit. In Fig. 4.12(c), the rightanded side
circuit is considered as open circuit when calculating the Thevenin voltage at node m. The voltage

and current at position z can be expressd@3s

V(i) Ale'” €7) 2 AoS(Ez (4.18)

@) jzzﬁsin(ﬁ) (4.19)

0



94

The voltage at z -l can also be calculated by

. . Sz
VD) Viam: 10D Zgm: Vam: JZA%SIH(E) (4.20)

0

From (4.18) and (4.20), one cahtain the coefficient A

A \/tl.w,m 1

2(cos( 1) jsingl )%)

(4.21)

Substitute (4.21) into (4.18), the Thevenin voltage at node m can be obtained by letting z = 0, and

Vinmcan be iterated until m 1. IfZ, Z,, thenVyp1 Vg€ J E, where \4is the source voltage,

and it is expressed & 8 R feal(Z;). In order to further simplify the scenario, we assume

the PIN diode used here as an ideal switch. As illustrated in Fig. 4.12(b), the Thevenin voltage

Vt'h,m 1can be calculated frofy, ., ; by the theory of voltage divider,

. Z, .
Vim 1 Vinma ﬁ (4.22)
c h,m-1 1

whereZ, 1/jX,, and %1 denotes the status (0 or 1) of e 1)M"PIN diode. Withiteration,

one could obtain the relationship between the Thevenin voltage at each node and the source voltage

as follows,
\/lhm VS E 1 ' L l '
' fal Zthm 1 fal Zthl
cos(&) jsin( B——="— cos(1g jsin (I =
ZO ZO
1 . . (4.23)

C C

cos( 1) jsinE|)% Ze Zywi S0 Zo Zu S

where m> 2. As depicted in Fig. 4.12(d), the voltage at node m can be calculated by

inm ~

Z
V, V.

m th,m
Zin,m Zth,m

(4.24)
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Figure 412 Diagram for voltage distribution analysis. (a) Equivalent circuit eflffnsection;
Thevenin equivalent circuit (b) at nodeInwith open termination; (c) at node m with open

termination; (d) at node m with load.
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Figure 413 Equivalent unit circuit model with PIN diode at (a) ON state, and (b) SDE.

Loading capacitor is still considered as ideal capacitor in order to keep the calculation concise.

The biasing circuit is not shown in the model.

In practice, the switch and capacitor, as well as transmission line are not ideal components, the

equialent circuit model can be describedrag L J LQ ZKLFK . GHQRWHV WKH C

conductive loss of transmission line. Let us take the parasitic parameters of PIN diode into account,
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PIN diode atON state can be described by sefigductor Ls and series resistorsRhe Rs is
controlled by forward current.l On the other hand®IN diode alOFF state is described by series
inductor Ls and total capacitor €& which is controlled by reverse voltage.VThe loss of
transmission line cabe included in the calculation by replacifbE \ . Min the above calculation.
The Zin (4.24) is then changed to

1 .

Ze T, J4ds Rg (4.251)
1 : 1

. — |4

c i Cq | 4ds 7 Co (4.252)
for S, 1 landS,, 1 O, respectively. And (4.22) will become
ZC

hm 1 Vinma m (4.26)

Through the voltage divider theory, the peak voltage on theiN diode will be obtained (Fig.
4.3)

jwL, R
V V S S 7
PIN,m ml/jWCd WL R (4.27-1)
forSy, 1 1, while
jwL, 1/ jw
Wk, 17 WE, (4.27-2)

V,
meT g we,  jwl, 1/ jwe,

for Sy, 1 0. Although the voltage distribution theory developed in this work is based on the

distributed topology as shown in Fig. 4.11, similar method can be applied to any other distributed

topology to help understanding the nature of voltage distribution.

Since he peak voltage is proportional to square root of power, it should have linear relationship
with P1dB or 1IP3 (dBm) under a linear power regiohisTrelationship can be integrated in the
analytical model, then we can calculate the pelaardling capacityand nonlinearity for all the

impedance points quickly.
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Figure 414: Diagram of optimization process using PSO.
4.2.2 Description of optimization process of PSO

Fig. 4.14 shows the diagram of optimization process of an EIS, the engineering problem with
multiple parameters can be considered as a multidimensional space in PSO, and each combination

of parameters will be a position in the space. PSO algorithm cons$ititsee steps, namely,
JHQHUDWLQJ SDUWLFOHVY SRVLWLRQV DQG YHORFLWLHV YH
algorithm, the initial positiorx,; and velocityy,; of each particle are generatetchdamly based

on the upper and lower bounds of each particle. In this work, we directly use the initial parameters

that are obtained from the seniosed form design procedure. The initial position will dramatically

reduce the searching time for the be$titson.
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In second step, the velocity of particlat time k+1v, , ; will be updated from its current velocity

v, ; by the equatiof17§:

P % o 9 % (4.28)

V,
t S

ki Q% Qb

where p stands for the best position for particjevhile g, represents the best global position

value in the current swarm. It shows that the next search direction for each patrticle is influenced
not only by its best position, but also the best position in the swarm. Three weight factors are

introduced to expresshe portion of influence for each term, namely inertia facar,self
confidence factorc,, and swarm confidence factar,. In addition, two uniformly distributed
random parametens and r, are applied to guarantee a good coverage and avoid local offtireal.

last step of PSO in each iteration is to update the position with the following equation:
X1 X Mot (4.29)

The ypdated parameters after PSO will be used to evaluate the fitness function. One important step
to calculate the Smith chart coverage is to remove the redundant impedance points and choose
useful poins. Several restriction conditions can be applied in this step for specific application, for
instance, limit the maximum loss to 10 dB, limit the uniformity factor to a certain value, and limit
the maximum peak voltage as a certain level. In order to hdwghacoverage for the whole
frequency band, in each iteration, we will find out the minimum coverage versus frequency. Then
in PSO, we will define the optimization goal as maximizing the minimum coverage. The best
solution will be obtained when the maximuteration isreached,or the optimization goal is
satisfied. It should be noted that the developed optimization method can be applied to optimize the

specific area on Smith chart if special requirement is asked in the application.

Optimization resultshow that the difference of impedance of N+1 transmission lies roat
improve the results obviously. Therefpree can remove some optimization variables in order to
reduce the optimization time. PSO is inherently a continuous optimization methodnonediéy
it to handle discrete design variables according to the comrheatie of capacitors. Actually,
slight change of capacitance does not have muchteffethe performance of an EBherefore

we can just replace the optimized capacitance éylibsest practical capacitor value.
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About the computational efficiency of PSO, for an optimization with 27 parameters, it averagely
takes about 1.5 seconds for each iteration when the number of particle is set as one. In this work,
20 patrticles are sedff PSO, it usually can reach the optimal value aftete2@tions which means

10 hours for the optimization of an EIS with 27 variables. It is worthwhile to note that the total

optimization time will decrease when the number of parameters iduce
4.3 Experiment

In order to validate the design procedure and the optimization methodgéme®l purpose EISs
(Fig. 4.1%a) - (c)) are proposed for 0.&2.5 GHz. Only Smith chart coverage and loss are
considered in the fitness function of optimization to simplify the verification of the theory. As
shown in Fig. 4.15, three circuits are optimized and fabricated on Roge2ssG0strate with
thickness of 20 mil. Circuit 1 is B2-sectionuniform distributed topology witd = 4.71 mm, G=

1.8 pF, and ¢g= )LJ D %DVHG RQ FLUFXLW FLUFXLW
15(b)), in which Giis 1.8 pF, and & is 30 pF (Fig. 4.1). All the parameters of circuit 2 are
optimizedas different values (Fig. 4.4d), the distance d in circuit 3 varies from 1.48 t0 9.16 mm,
while the loading capacitance C varies from 0.7 to 9.1 pF. It is apparent that the circaiia 3 ha

smaller size than circuit 1 and 2.

The three circuits (Fig. 4.18) - (c)) are measured automatically with the software FDCS from
Focus Microwaves Inc., and a controller is dedicated to switch the states of EIS. The measured and
theoretically calculad Smith chart coverage of these three circuits are depicted in Fig. 4.16.
Theoretical result of circuit 2 has a Smith chart coverage 10% better than circuit 1, whichsalidate
the effect of adjusting circuit. Theoretical result of aomform circuit 3 futher improves the

Smith chart coverage compared to circuit 2. However, the measurement results for all three circuits
deviate from the theory at high frequency. Measurement results prove the effectiveness of non
uniform topology and PSO method, even tHodlye deviatiornis observed between theory and
measurement. Parametric studies are carried out to investigate the intrinsic reason of the deviation,
which show that the series inductance and series resistance are the two main factors resulting in
the devidéion in Fig. 4.16.
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Figure 415: Fabricated uniform and namiform circuits, biasing wires are not shown. (a)
Circuit 1: 12 section uniform distributed topology without adjusting circuit. (b) Circuit 2: 12
section uniforndistributed topology with one section of adjusting circuit. (c) Circuit 3: 12
section noruniform distributed topology with one section of adjusting circuit. (d) Circuit 4: New
13 section nowniform distributed EIS with one section of adjusting circuit.

The EIS is sensitive to every parasitic parameter in the real circuit, so the equivalent circuit model
of a unit circuit of the EIS is necessary to be built. As depicted in Fig. 4.17, the commercial
capacitor is modeled by a series circuit of RLC. Thgik around 0.4 nH for a capacitor with 0402
footprints which is obtained by fitting the saktsonance frequency of the capacitor. The PIN diode

at ON state can be modeled by a series indugt@rand a series resistopR, while OFF state is
modeled bya series inductor dwy and a series capacitop Lein is dependent on the footprint
selection of PIN diode. The effects of connection pads and via holes can be modeled as an inductor,
which is around 0.20.4 nH obtained from modeling the measurgubfmetes of a unit circuit.

Among the parasitic paranggs, the series inductance from the PIN diode, the capacitor, and the
connection pads and via holes has critical effect on the performance of an EIS, since it will resonate
with the loading capacitor near the operation frequency band. The effect ofdbiparductance

is studied at the impedance state with all PIN diodes are turned ON. When the total parasitic
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inductance L is 0, the Bragg cutoff frequency dominates, when L increases to 0.8 and 1.5 nH, the
resonance frequency starts to dominate. Theemurence is that the loss increases dramatically

near the resonance frequency. The effect of parasitic inductance on the performance of an EIS is
also studied for all the impedance states. The Smith chart coverage at high frequency are distorted
seriouslydue to the increases of the parasitic inductance, and the mean loss at high frequency

becomes worse.
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Figure 416. (a) Comparison of measured and theoretically calculated Smith chart coverage for

four fabricated circuits.
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Figure 417: Equivalent circuit model of a unit circuit when PIN diode is turned (a) ON and (b)
OFF.
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In addition tothe parasitic inductance, the series resistance is also a critical factor leading to the
degradation of performance at high frequency. In a circuit with high standing wave, a small
parasitic resistance will cause obvious loss problem due to the mulkysath The sweep of
UHVLVWDQFH IURP WR OHDGV WR DQ LQFUHDVH RI WKH OF
study of the series resistance on the performance of EIS for all impedance states show that the
increases of resistance reduces thetlsehart coverage more th&9% andincreases the loss

more than 10 times at high frequency.

In the circuit 1 td3, PIN diode of SMP132079LF from Skyworks Solution Inc. is chosen, which

has series inductance around 0.7 nH. Therefore, the total parahititance should be around 1.5

nH after considering the inductance from a commercial capacitor (0.4 nH) and the inductance from

the connection pads and via holes (0.4 nH). It will resonate with the loading capacitance near the
operation frequency band. Wever, only 0.9 nH parasitic inductance was considered in the first
experiment due to the inaccurate modeling for the parasitics. In addition, total series resistance
VKRXOG EH DURXQG DIWHWRWDNLQRPL@QMW R BFIF X HEHS DQC
UHVLVWDQFH RI IURP WKH FRPPHUFLDO FDSDFLWRU DQG
parasitic inductance was considered in the first experiment. In summary, the inaccurate modeling

of series inductance and series resistance lead to the dewatween theory and measurement at

high frequency for circuit-B.

After considering the parasitic parameters in the design of PIN -thasied EIS, some degree of
correction should be made on,(@®) and (9). However, these complicated corrections calohe

in the optimization process instead of the design procedure. By contrast, the EIS based on MEMS
[139 140 does not suffer from the parasitic problem, so that it can bgrassbat millimeter wave

frequency band.

The first experiment (Fig. 4.15(ajc)) shows that the meuniform topology not only has smaller
physical size, but also have a better Smith chart coverage than the uniform topology, which
validates the effectiveness of the proposed nwmform topology. In order to further eliminate the

gap between measurement and theory at high frequency, a newifam circuit is designed and
optimized (Fig. 4.15(d)). Two steps are done to reduce the paradilitance. First, PIN diode

of BAR95-02LS from Infineon Technologies with parasitic inductance of 0.2 nH is selected. Then

shorter and smaller connection pads and larger via are made to have minimum parasitic inductance
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around 0.2 nH. Even so, the totarasitic inductance is around 0.8 nH, and the total parasitic
UHVLVWDQFH LV DURXQG +RZHYHU WKH\ DUH QRW DYRLGI

Since the minimum parasitic inductance 0.8 nH is determined, the maximum loading capacitance
will be limited to 2 pF so as to keep the resonance frequency at 4 GHz. From Fig. 4.4, we can see
that this restriction will largely narrow the choices of loading capacitance. In other words, the small
selectable capacitance will reduce the Smith chart cgeena the desired frequency band,
especially for low frequency. As illustrated in Fig. 4.7, one solution to improve the Smith chart
coverage is to increase the number of sections. In this work, we dhetstal number of sections

as 14, which includes one section of adjusting circuit and 13 sections of distributed circuit. One
reason is that the improvement of Smith chart coverage is not obvious with section number more
than 14. Another reason is that the test limitation with thertaantroller from Focus Microwave

Inc. is 14 bits. It should be noted that the fabrication on wafer will not have so large limitation

thanks to the small parasitic inductance, e.g. MEMS technique.

In circuit 4 (Fig. 4.15(d)), we ushe same capacitanced @ pF for all the capacitors ithe non

uniform topology. Then PSO is applied to optimize the distances between sections, and the
optimized circuit dimensions are listed in Table 4.2. Compared to circuit 3, the limitation of fixed
loading capacitance inrcuit 4 leads to a larget in order to have as large as possible the Smith
chart coverage. The circuit is bended to reduce the total size. Fig. 4.18 depicts the good match
between measured and theoretical results of S parameters for two impedanoatbtatithe PIN

diodes are turned ON and OFF, respectively.

Table 42: Final dimensionof nolXQLIRUP GLVWULEXWHG (,6 8QLW FDSDFL
distance: mm.

Ca1 2 dy 8.26 ds 4.49
Ca2 30 d 8.82 do 8.55
Zai, Za2 50 d3 8.62 dio 8.55
21~ 214 74.4 ds 8.82 di1 7.98
Cd1r~ Cua13 2 ds 8.82 di2 8.58
a1 3 ds 8.27 di3 4.64
daz 2 dr 8.75 dis 8.82
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Figure 418: Comparison of measured and theoretical S parameters for impedance states with all
PIN diodes are turned (a) ON and (b) OFF. Dots denotes measurement, while solid line denotes

theory.

4.4 Evaluation

A variety offigures of merif FOM) have been presented to evaluateTthiN [139-142 145 and
the EIS[146, 156, 177,178 in previous works. Indeed, the core of a TMN is an EIS, therefore, the
evaluation FOM for a TMN and an EIS can be studied together. Table 4.3 lists all the FOM that

have been used to evaluate TMN or EIS. Certain FOM can be selected from them for specific
application.

Tuning range

For either optimization or evaluation of an EIS, a quantized criterion is always helpful. Tuning
range of EIS usually can be represented by Smith chart covgrdtel4?, uniformity factor

[145, maximum VSWR14(Q, or maximuntreflection coefficienf179. Most of published work

used one or two of them, however, each criterion has its own pros and cons. None of them can

describe the tuning range alone. In this work, we listfathem according to their significance.
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Figure 419: (a) All 16384 measured impedance points; (b) Selected points for the calculation of

Smith chart coverage.
Smith chart coverage

After removing the redundant points as described in the definition of Smith chart coverage, useful
impedance points are selected from the measured points (Fig. 4.19(a) and (b)). The measured and
simulated Smith chart coverage are compared in Fig. 4.16Sittil chart coverage of circuit 4

is lower than circuit 3 mainly because of the limitation of loading capacitance. However, the
measured resultshowa good match with simulation after eliminating the impacts from Bragg
cutoff frequency and resonance pmh, the difference is within 5%. In other words, the design of

the EIS is reliable after considering the accurate parasitic parameters.

The measured and theoretical impedance distribution on Smith chart at several frequencies are
compared in Fig. 4.20. Since the impedance generated by the EIS is sensitive to the parasitic
parameter, it is difficult to have exact point to point matching/eeh the theory and measurement,
especially for the EIS with soldered commercial components. For theliBtlé based EIS, the
acceptable differences presented in Fig. 4.18 and Fig. 4.20 indicate that the theory can be used to

predict the real performance@oximately and statistically.
Uniformity factor

An ideal distribution should have Smith chart coverage as high as possible, at the same time, have
uniformity factor as low as possible. The calculation of uniformity factor has been described in

section 42. A lower uniformity factor indicates a better distribution on Smith chaf 16 and
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N of 64 are chosen to divide the Smith chart from radius and phase directions, respectively. As
shown in Fig. 4.21, the measurement results show good match vatly.the

Table 43;: Summarization of criteria to evaluate TMN and EIS.

Tunable Matching Network (TMN) | Electronic Impedance 8thesizer (EIS)
Reference
Criteria This
[139 | [14Q | [14H | [147 | [142 work [177 | [179 | [1569 | [14€
Smit_h chart Coverag % % %
(subjective)
Smith c_hart Coveragg % % % %
(numerical)
Tuning range Maximum ) VSWR x x

constant circle
Uniformity factor X X
Maximpm reflection % % %
coefficient
bandwidth X X X X
Loss X X X X X X X
Case study X
Voltage distribution X X X

Power

handling
P1 dB point test X X
Nonlinearity | Linearity test X X X

Noise figure X X
Tuning accuracy X X
Tuning resolution X X X
tuning speed X X X

Other gsp

concerns i i

_Slze, w_elght,ease of % % <
integration
Others: spurious
oscillations, X X
temperature drift
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Maximum VSWR

In practical application, it is important to have enough points for each constant VSWR circle, which

is useful to check the performance of the DUT by varying the phase while the VSWR keeps

constant. The VSWR s larger than 15 for 152 GHz, and largahan 10 for 1.2 1.4 GHz and

2.3- 2.5 GHz. In fact, this criterion is not so accurate because of the subjective judgement on the

irregular distribution.
Maximum reflection coefficient

OD[LPXP UHIOHFWLRQ FRHIILFLHQW + pdiht bivay ¥rokVtRe Aéhtet o) D G L X Vv
6PLWK FKDUW &RPSDUHG WR WKH SUHYLRXV WKUHH FULWHU
since it is only one impedance point that carries on very limit information. Fig. 4.22 depicts the
comparison of required, estimdtG WKHRUHWLFDO DQG PHDVXUHG PD[LPXP
PHDVXUHPHQW UHVXOWY DUH FORVH WR WKH WKHRU\ DQG E
HVWLPDWLRQ RI PD[LPXP + XVLQJ LV ORZHU WKDQ WKH L
because the parasitic inductance limits the loading capacitance to 2 pF which is too small for the

low frequency (Fig. 4.4). If no restriction is applied to the loading capacitance, the estimated
PD[LPXP + VKRXOG EH ODUJHU WKDQ WKH UHTXLUHPHQW

Bandwidth

Bandwidth describes the frequency range over which a minimum given Smith chart coverage,
maximum uniformity factor, and maximum VSWR are satisfied. Bandwidth must be not wide
when satisfying these harsh criteria. Nevertheless, we could choose diftduest for those three
criteria according to different application. For the fumiform topology in Fig. 4.15(d), the
bandwidth is800 MHz when we choose minimum Smith chart coverages@®, maximum
uniformity factor a$00, and maximum VSWR ak0.
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(i) Theory at 2.4 GHz (j) Measurement at 2.4 GHz

Figure 420: (a) Measured and (b) theoretical impedance distribution at 1.2 GHz; (c) Measured

and (d) theoretical impedance distribution at 1.5 GHz; (e) Measured and (f) theoretical
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impedance distribution at 1.8 GHz; (g) Measliand (h) theoretical impedance distribution at 2.1
GHz; (i) Measured and (j) theoretical impedance distribution at 2.4 GHz. The blue circle
UHSUHVHQWY WKH FRQVWDQW 96:5 FLUFOH
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Figure 421: The comparison of easured and theoretically calculated uniformity factor.

Figure 422 &RPSDULVRQ RI UHTXLUHG + EODFN GDVK OLQH HV
WKHRUHWLFDO PD[LPXP + RUDQJH VROLG RPO[QR XA W KEFRLUH O

solid line with triangle marker).

Loss

As discussed in&tion4.2.1, the measurable loss is considered as a reference for the load tuner
scenario. The sources of the loss of the EIS includes dielectric loss, conductive loss, pafasitic R
from PIN diode, equivalent resistance of capacitor and connection pads. In addition, parametric

studies show that it will be largely affected by the resonance caused by the parasitic inductance and
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loading capacitance. Fig. 4.23(a) and (b) show the¢tieal and the measured loss for the selected
impedance states at 1.5 GHz, it can be seen that the loss increases with the increases of reflection
coefficient because of thultipath lossat high reflection condition. The comparison of measured

and theoetical mean loss at different frequencies (Fig. 4.23(c)) presents good match between them.

Figure 423: (a) Theoretical and (b) measured loss for the selected impedance points at 1.5 GHz;

(c) Comparison of theoretical anteasured mean loss over frequency.

Power handling analysis

Voltage distribution theory for a traditional distributed EIS has been developed in section 4.2,
similar theory can be applied to the proposed-moifiorm distributed EIS, and maximum peak
voltageDW WKH SRVLWLRQ RI HDFK GLRGH FDQ EH PRQLWRUHG 9
FDOOHG WKH KLIJKHVW = DQG ORZHVW = ZLWK ZI
(a) and (b). Simulations with ADS have been presented to talidatheory, because it is not able

to measure the voltage distribution in real circuit. As can be seen that the theory matches the
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simulation very well. Due to the inhomogeneous property, the standing wave that presents at the
input port (steady statdy not as same as the one exists along the transmission line. Two
observations can be highlighted from Fig. 4.24. Firstly, large peak voltage always appears at the
position of PIN diode with the OFF state. Since for the ON state, the series resistana#, is s

small voltage will be assigned to the PIN diode according to the power divider theory. In the OFF
state, compared to the loaded capacitarcto€l capacitance of PIN diode S small. According

to the theory of two series capacitor, PIN diodd geft most of the voltage. Secondly, the VSWR
presented at the input port is not the same as the VSWR existing along the transmission line. For
LQVWDQFH LQ WKH ORZHVW = FDVH e¥WtésehtétTaXtheYilpGx HagtVW§ Y R O W
1.02, whilethe standing wave existing in the transmission line is arouti

Figure 424: Comparison of theoretical and simulated voltage distribution along the transmission
OLQH XQGHU DYHUDJH SRZHU RVWDIADMWW +HRU WRE GD EK IOQIKZA

+

The nonlinearity of the EIS is mainly caused by those PIN diodes with OFF states. Larger
maximum peak voltage existing on the transmission line will lead to a lower power handling
capacity. Under a lineaperation power, the maximum peak voltage is proportional to the input

power (dBm). The voltage distribution theory has been proved to be able to predict the P1dB

without doing the actual power handling fH#€69. As depicted in Fig. 4.25(a), 20 impedance states

with large maximum peak voltage have been chosen for Harmonic Balance simulation in ADS with
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input power of 0.5 watt. Then linear fitting (solid line) is applied for the 20 simulations, and the
extensionihe (dash line) can be used to predict the P1dB for impedance states with low maximum
peak voltage. And this linear fitting has been proved can fit all the impedancd@eﬂ shows

that the PIN dioddéased no+uniform EIS tas P1dB higher than 33 dBm. In other words, the EIS
can handle 0.5 watt average power linearly.

Nonlinearity analysis

Ideal EIS should be as linear as possible. The 1IP3 can be applied to express the nonlinearity of
the EIS. Similar to the prediction 8f1LdB, the IIP3 can also be estimated from a small amount of
simulation in ADS without doing actual IMD measurement. As illustrated in Fig. 4.25(b), the 11P3
of the PIN diodebased no+uniform EIS is higher than 53 dBm.

Figure 425: Simulated relationship of (a) P1 dB and (b) IIP3 with the maximum peak voltage
along the transmission line for 20 impedance points under input power of 0.5 watt. Solid line is
the linear fitting curve of the selected 20 points, while the daslslitie extension of the fitting

curve.
Noise figure

For any active device, high noise figure stands for significant influence to the noise performance
of the system. The EIS will introduce noise to the practical application, therefore the noise

performance of the EIS itself is significant. In this work,seasource, noise analyzer and a tuner
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controller along with an automation program are presented to measure the noise figure of the EIS
automatically. Fig. 4.26 shows the results for 816 selected useful impedance states. As can be seen
that, the noise fige of the EIS increases while the reflection coefficient increases. Although the
EIS has maximum noise figure of 17.5 dB Jab GHz, it can be calibrated in the noise

characterization system without affecting the accuracy of the noise figure test faythe D
Other concerns
Repeatability

Repeatability indicates the differences gp&ameters among several time measurements for the
same impedance state. It shows how well the EIS can repeat each impedance state. The EIS used
in nonreaktime measurement dgsn requires prealibration. Therefore, it is critical for the EIS

to repeat the same impedance state, which means that the EIS should be stable. The repeatability
test must be done over a large number of impedance states and a range of frequendidgeto fin
worst case. The proposed rRoniform EIS exhibits at leasi5 dBrepeatability. It will make the

test data precise enough when evaluating®her radio module.

Tuning resolution

Tuning resolution of the EIS refers to the resolution of impedance points generated by the EIS. An
EIS with high resolution is important for precise measurement. Traditional EIS exhibits irregular
impedance pattern with unpredictable jumping of impedatatessso that it is difficult to have an
exact value for tuning resolution. However, the tuning resolution can be described by-the pre

defined density in the discretization process when the Smith chart coverage is calculated.
Tuning speed

Tuning speed ithe time taken by the impedance synthesizer moves from one impedance state to
the next one. The switching time of the selected éltide is in the order of 0.1spso the switch

time of the EIS from one state to another state is also in the same ortle. drecalibrated
procedure, the speed is mainly limited by the VNA and also the reading via GPIB interface, in the
order of 0.1 s. In the real application, the speed is limited by the controller, which is in the order of
10 ms Even so, it only need avieseconds to finish the measurement with 1000 useful impedance
states, which is much faster than electromechanical tuner. In other words, the EIS can be used in

the application where high measurement throughput is required.
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Figure 426: Noise figure of the proposed nomiform EIS at 1.5 GHz for 816 selected

impedance states.
Temperature drift

Temperature drift can describe how the performance of the EIS changes when temperature varies.
Experiments with thermotank show that when temperature varies #@mto 40 °C, the
repeatabilitykeeps50 dB, which means that the EIS works stable when teahyperchanges in

this range.

Cost, size, weight, ease of integration

The advantages of EIS compared to electromechanically tuner and active tuner are the size and
weight. They are essential for thewwafer test. Although the size of the EIS in this wisrkround

36 mm x 32 mm, the whole circuit can be further integrated on the wafer for high frequency if
other switching technique, e.g. MEMS, can be adopted.

45 Conclusion

We have presented a seohbsed form design procedure for a uniform electronic impedance
synthesizer (EIS). Initial values and boundaries of multiple parameters have been determined in
this procedure. Then Particle Swarm Optimization (PSO) method isuciddo solve the multi
parameter optimization problem of the proposed-moifiorm the EIS. The effectiveness of the
proposed nowniform topology and the optimization method are validated by experiments.

Experimental results show that the proposedunaform distributed topology not only has better
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Smith chart coverage, but also has smaller size than uniform topology. Parametric studies
demonstratéhat inappropriate consideration of parasitic parameters can degrade the performance
at high frequency. Witlaccurately modeling of parasitics, the measurement oundorm EIS

present a good match with the theory.

This work providescomputer aided design for the noniform EIS. The successful utilization of

PSO can shorten the development period of ant&l& few hours. Different criteria can be
configured in the fitness function of the optimization process so as to satisfy specific requirements
for different applications. Furthermore, comprehensive figures of merit (FOM) are studied and
summarized, diffesnt FOM can be chosen to evaluate the EIS according to their application.
Although we designed a general purpose EIS in this work, the PSO and complete list of FOM give

more freedom to design EIS for different purposes.



116

CHAPTER 5 TWO-DIMENSIONAL TUNING CIRCUIT SAND
APPLICATION S

In this chapter, the theory @fvo-dimensional(electrical and magnetiduning circuis usinga
ferrite-based hybrid NLTLtechniquewill be proposed andtudied.Firstly, the hybrid NLTL
technique will be analyzed in both time and fregpyedomain. Secondlynextractionmethodof
complex permittivity and permeability will béeveloped basedn the Sparametes. The theory
will thenbe validated by experiments and simulatiémsthe case of monmagnetic material,
NLTL with varactors a well as YIGbased microstrip ling=inally, small signal and large signal

applications of twedimensional tuning circustwill be discussed.

5.1 Analysis ofhybrid NLTL technique

In order to characterize the periodically loaded structusehgbrid NLTL, both time domain and
frequency domain analgsare carried outThe ime domain analysis gives the phase velocity as
well as characteristic impedance. The frequency domain method Floquet Tdmapplied

to find out the Bragg cutoff frequen, since thdrequencydomain analysis imore suitable

to analyze the lapass nature dperiodically loaded structure.

5.1.1 Time domain analysis

Although this time domain analysis is basedafully distribued hybrid NLTL, which is a
trarsmission line consisting of uniforiyn distributed nonlinear shunt capacitantiee cowrlusions
are also validated faferrite-based transmissn line loaded with varactor pedically when the
unit length is muchraaller than the waveleng{bl]. The hybrid NLTL can be chararized by a
variable inductance per unit lengthiLénd a variable capacitance per unit lengt¥),G{s shown
in Fig. 5.1.

Figure 51: Equivalent circuit model of fully distributed hybrid NLTL per unit length.
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Assuming V and are differentiable singlgalued functios of distance z and time t, and applying
.LUFKKRIIfV YROWDJH DQG FXUUHQW ODZ

(5.1)

(5.2)

Since the principle of superposition of forward wave and backward wave are not applicable for
nonlinear differential equatione method of characteristics is appliedthis cas 180. A
ILQHDU FRPELQDWLRQ RI WKHVH WZR HTXDWLRQV FDQ EH PDC

(5.3)

(5.4

By introducinga nonlinear mapping

(5.5)
(5.6)

four ordinary differential equations, also called characteristic equations, can be obtained

(5.7-1)

(5.7-2)

(5.7-3)

(5.7-4)
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From (5.71) and (5.73), the propagation velocity of the forward and backward traveling wave can

be obtained as
(5.8)

From (5.72) and (5.74), the characteristic impedance of the forward and backward traveling wave

can be obtained as
(5.9)

5.1.2 Floquet analysis

Figure 52: EquivalentLC circuit model of unit cell of periodically loaded hybrid NLTL.

Floquet analysissi applied to the periodically loadhybrid NLTL to capture the lowpass nature
of the structur. Fig. 5.2 shows the equent LC circuit model ofhe unit cell of hybrid
NLTL, then the ABCD matrix can be written as

(5.9)
By usinga Floquet analysis, we can obtain the dispersion equation
(5.10)
Since the rightiand side of (5.10) is real, the solution will be either or RUE& :KLOH

in the hter case, there is no propagation along the transmission line. By solving the dispersion
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equation undethe condition of RU E WKH DS Sfore gkirésstoref Bragg V H G
cutoff frequency can be obtain

(5.11)

It can be seen that tih@wvpass characteristic is performed in the periodically loaded hybrid NLTL.

5.2 Study of ferrite

The hybrid NLTL of interestin this work is based oaferrite substrate. This section will explain

the operation principle of ferrite. As is well known thetglectron has two properties: charge and
spin. In most solids, the spins of electrons usually occprirsbut with opposite directions so

called spin up and spin down, resulting in a negligible net magnetic moment. In a magnetic material,
e.g. ferrite,although the number of spin up and spin down are unpaired, the random orientation
leads to a small net magnetic moment. When an external magnetic field is applied, the dipole
moments will align along the same direction of magnetic field, a large magratiem will be

generated

Two frequency concepts will be used in the following anal. Larmor frequency or

precession frequenc§ can be expressed as

(5.12)

ZKHYUHV WKH SHUPHDELOLW\ RI YDFXXPgis theVappliddrextekndR PD J Q F

magnetic field. And another frequency concept can be expressed as
(5.13

where M is thedc saturationmagnetiation. The relationship of magieation M and internal

magnetic field H can be expressed véttensor susceptibility$,

(5.14)

where the tensor elements can be calculated as
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(5.151)

(5.152)

According to the relationship between the magnetic flux density B and magnetic field H, we can

obtain
(5.16)
thenthe permeability tensdr ] with magnetiv field bias iz direction can be given as
(5.17)
where
(5.181)
(5.182)
Thenthe effective permeability can be calculated as
(5.19)
$V FDQ EH VHHQ LQ ZKHQ WKH RS HUIDNKamR @fhiteHAiX HQ F\ &

phenomenon is called gyromagnetic resonance.

By considering the loss of the ferrite, the resonance frequency becomes complex
, Where . is the damping factor. Then the susceptibilities in (5.15) becomes complex

(5.201)

(5.20-2)
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And the elements of permeability tensor in (5.18) also become complex
(5.22-1)
(5.21:-2)

The effective permeability can be calculated as

(5.22)

The linewidth of ferrite is related to the damping factor. In the curve of versus magnetic
field biasHo, the linewidth is defined as the width of H when the magnitude of decreases to

ahalf of its peak, and it can be calculated as

(5.22)

A small linewidth represengslow loss. For the YIG used in this work, the linewidth is around 17

Oe, and the saturation magnetization is 1780 Oe. Fig. 5.3 shows the relationship of

permeability tensor elements and effectivenpeability with the external applied magnetic field at

anoperation frequency of 12GHz, the effective permeability is calculated based on (5.22).

Figure 53: Permeability tensor elements and effective permeability vensgsetic bias.
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When the magnetic bias is perpendicular to the ferrite platedimrection), the internal magnetic
bias H is related the shape of the ferrite and the direction of external magnetic bias, it can be

expressed a@

(5.23)

whereN = Nx , Ny orNzrepresents the demagnetization factor of external bias in different direction.
Different ferrite shapes result in different demagnetization factors, and they have the relationship
of Nx+ Ny + Nz .LWWHOYfV HTXDWLRQ

(5.24)

can be used to calculate the gyromagnetic resonance frequency. Based on (5.24), Fig. @4 shows
linear relationship between gyromagnetic resonance frequency and external magnetizbias in
direction.

Figure 54: Gyromagnetiaesonance frequency versus external magnetic bias.
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Figure 55: Effective permeability versus external magnetic bias at different operation frequency.

Fig. 5.5 shows the relationship of effective permeability with the exteraghetic bias at different
operation frequencies. As can be seen that, in the tunable circuit application, the effective

permeability can be tuned from 1 to almost 0, and the magnetiwitide swept from 0 €sla to

a certain value less than the cor@sing magnetic field of gyromagnetic field.

Figure 56: Effective permeability versus operation frequency a# @e4la magnetic bias

condition.
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Fig. 5.6shows the relationship of effective permeability with the operation frequency at€skb
external magnetic bias. It can be seen that the YIG is very dispersive when close to the
gyromagnetic resonance frequency. When the magnetic bias increases, the corresponding
gyromagnetic resonance frequency increases, which results in the influeloge feequency.

Therefore, for a tunable circuit, the operation frequency is higher than the gyromagnetic resonance.

5.3 Parametersextraction of complex permittivity and permeability

Prior to the design ad hybrid NLTL, the characterization of ferrite material over a wide range of

frequencies should be studied fisttremendousimountof method4181-199 have been used to

extractthe complex permittivity and permeability from the measured S parameters of the material

sample As shown in Fig. ¥, three measurement setups are usually used for the measurement of

S parameters, namely free space measure -mem|t|196, air-filled coaxial configuration|192

and waveguideonfiguration|185 193. The first twotechniquesre based on TEM propagation

mode in a broadband frequency range, while the last one is basedomdde with a limited

frequency range.

Figure 57: (a) Free space measurem@, (b) airfilled coaxialline configuration|192, (c)
Waveguideconfiguration‘185 .

The conventional transmissiwaflection (T/R) method is the NicolsdtossWeir (NRW) method

181 182"192"193 , it gives closedorm solutions. However, one or more resonances are observed

in the extracted parameter at frequencies corresponding to integer multipleshaffomevelength,

as shown in Fig. 5.8This phenomenon has been investigateld 88, because the phase o S

becomes unstable and uncertain when the magnaticd: close to 0, so as to result the
ambiguity problem. Alternative methods have been studied, includingoreeo and higrorder

approximation methofll88, phase unwrapping meth¢ti85(18¢, iterative method182(183,
1storder regressiori_L84 , KramersKronig techniqug194], multiline method 197"198 . However,

most of the methods only work for certain scenarios, egdhsume the permeability as arredo
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not havea unique and stable solution according to different tolerance in numerical methods. The
analysis in this work is based on the modified NRW method and time domain smoothing technique.

Figure 58: (a) Measured -parameters, (b) extracted impedance, (c) extracted permittivity and

(d) extracted permeability.
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5.3.1 Methodology

5.3.1.1 Analysis of air-filled coaxial line configuration

Figure 59: Diagram of setup of atilled coaxial line.

In order to simplify the analysis, the calculation is basetheair-filled coaxial line with cutoff
frequencyat zera As shown in Fig. 59 WKH UHIOHFWLRQ FRHIILFLHQW + DW

sample can be defined as

(5.25)

where Z is the nomormalized characteristic impedance of transmission line filled with sadple,

is thereference impedance of the systems the normalized impedance. Then we have

(5.26)

The characteristionpedance can also be calculated from the measurech® $1[181{|182(184

195

(5.27)

In the conventional NRW method, the reflection coefficient can also be calctitatadthe
measured S and $:

(5.28)
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where

(5.29)

The sign in (5.28) is determinég the restriction of ,W VKRXOG EH QRWHG WKDYV

response while gis a steady response which can be explained by the reflétction theor .
2Q0\ ZKHQ WKH OHQJWK RI W Kgdal\oCaR 3©ddn bé/sde@ frar@GROH K+ ZL O (
becomes algebraically unstable whan &proaches zero, which in turn results in the ambiguity

problem. Then the propagation/transmission factor T can be found as
(5.30)

The propagation factor is also defineﬁ
(5.31)

wKHUH LV WKH SURSDJDWLRQ PRYVHWDOQW R IGHDYRANW YK LDRAXXW K
DQRG GHQRWHV SKDVH FRQVWDQW )URP WKH SURSDJD\

(5.32)

The propagation constant can be also expressed as
(5.33)
wherethepropagation constant at vacuughcan be calculated from the wavelength at vacuum

(5.34)

0 LW LV FRD[LDO OLQH WKH F ZLOO Eetahd®@VLGHUHG DV LQII
(5.35)
JURP DQG ZH FDQ REWDL&Q DA¥aH DQDO\VWLFDO UHVXC

(5.36)
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(5.37)

Intheair ILOOHG FRD[LDO OLQH D Q G DDRVGrfdoxliie Spaiéhhkekerdegal D F W H (
to the parameters of the material. Howevera inicrostrip line or CPW line is used in the
PHDVXUHPHQW W HD G Gwaté EhE BffeicBveRperittivity and permeability of the

whole structure. The parameters of material then can be calculated based on the filling flaetor of

microstrip line or CPW line.

5.3.1.2 Analysis of microstrip line

For free space measurengrdomplex tessetup as well as precise calibration are required, and
the extraction ranges limited by the test antennas. Microstrip line or CPW Ihmavever,can
operate acrossmuchbroacer frequencyrange In this case, thdine needs to be fabricated on the

materal that is used as a substrate.

In the previous analysis, the geometry structure ofilld coaxial section and material filled
section are the same, so that same geometrical factor can be applied. However in the measurement
of amicrostrip line, thesection of connector and substrate are different, the geometrical factor of
microstrip line must be considered. In this ¢cas®malized impedance cannot be used dubedo
different referenceandthe nonnormalized impedance will be usetstead The imgedance in

LV QRUPDOL]HG WR WKH V\VWHP L P $bradized-irpsdanbew LV

can be expressed as
(5.38)
The nonnormalized impedance of microstrip line can be calculated as

(5.39)

where is the wave impedance of free space, and g is the geometrical factor of microstrip line,

it can be calculated
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Ll : K” (5.401)
, if W/h>1 (5.402)

From (5.38) and (5.39), we can obtain
(5.41)

7KHQ WKH DQDO\W DRIHTab be\obktarat\rorI(5185) and (5.41)

(5.42)

(5.43)
Actually, W Kdd aidd et are enough for the design of circuit if the same topology will be used.
However, if material parameters are needed, one more step is needed in order to extract the

parameters. The relationship between the effective permittivity of circuit and permittivti
substrate can be expressed according to the parametieesyotrostrip Iine

Ll : Ke (5.441)

| if Wih>1 (5.442)

By using the duality relationship, the relationship between the effective permeability of circuit

and permeability of substrate can be expressed as
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Ll : Ke (5.451)

 If W/h<1 (5.452)

From (5.42) and (5.44), the permittivity of substrate can be extracted. Similarly, the permeability

of substrate can be extracted from (5.43) and (5.45).
5.3.1.3 Time domain smoothing technique

As shown in Fig. 5.10(a), one amore resonances occur in the measurgzirf@meters, which

results in the resonance in the extracted impedanes zvell as and , SO that the

extracted parameters of material are not accubatiene domain smoothing technique can be used
to eliminate the resonance of extractedrmd thereforeliminate the resonance in the extracted
and [189.

Actually, in (5.36), the within the frequency range is flat, the resonance of extracted

shown in Fig. 5.10(c) is due to the resonance in the extracted impedance (Fig. 5.10(a)). The main
idea of the time domain smoothing technique is to filter the time domain response of the resonance
in thefrequency domain. Firstly, the frequency rangeeml part and imaginary part of impedance

(Fig. 5.10(a)) that covers the resonance will be truncated and transfortieditoe domain by

aninverse discrete Fouri¢éransform (DFT)189

(5.461)

(5.46:2)

ZKHUH N N-1is¢he index in frequency domain, and n¥0« N-1 is the index in time

domain, N is the number of measured data pointsand  are the real part and imaginary part
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of impedance, respectivelyhe time domain responses of the resonanteeireal and imaginary
parts ofimpedance are shown in Fig. 5(&Pand (c). Then time domain rectangular windows are

applied to filter the zertime components, the modified time domain impedance can be expressed

as
(5.47-1)
(5.47-1)
where the window functions and filter almost only the zertime components, they
can be defined as
(5.48)

The windows applied ithetime domain means applying a lowpass filtethia frequency domain.
In other words, this process only keéipe data in the starting frequency range and rigtf the
resonance data. The modified time domaapedances are shown in Fig. §d)0and (d).

Figure 510: (a) Norwindowed and (b) windowed real part of time domain impedance, (¢) Non

windowed and (d) windowed imaginary part of time domain impedance.
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Finally, the time domain impedance will be transforn@the frequency domain bthe forward

DFT, and the modified response can be expressgiB8gs

(5.461)

(5.46:2)

Since the time domain response of real and imaginary parts of impasddifterent, the window
width in (5.48) can be chosen differently, as long as the modified region&e46)aresmooth

enough. Time domain window with=n0 indicates that only zeitime components afgeserved
5.3.2 Validation

The validation of the parameter extraction theory is from three experiments and simulations. The
first experiment is fora norrmagnetic material, which is based on the measurement of a
transmission line orthe substrate of ROGERS 6002. The second experiment is based on the
simulation of NLTL with commercial varactors in ADS, effective permittivity is extracted under
different reverse bias conditions. The third experiment is based on the simuladianoodstrp

line on YIG substrate in HFSS, effective permeability is extracted under different magnetic bias
conditions. The effective permittivity and permeability will be used in the desigry&s-based

hybrid NLTL.

5.3.2.1 Non-magnetic material

A microstrip line onthe substrate of ROGERS 6002 is designed and measured. The thickness of
the substrate is 0.508 mm, the width and lengththefmicrostrip line are 0.5 mm and 10 mm,
respectively. The measured and modified frequency domain resmimisgedance are shown in

Fig. 5.11 as can be seen that the resonance in the truncated frequency range (graig edpady
eliminated, replacely a flat curve.
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Figure 511: Frequency domain response of impedance with and without time demawthing

technique. The gray region indicates the truncated frequency range.

Figure 512: Extracted permittivity with and without time domain smoothing technique. The gray

region indicates the truncated frequency range.
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Based on the modified impedance, the extracted and are shown in Fig. 52land Fig.

5.13, respectively. As can be seen that, the time domain smoothing technique is demonstrated as
an efficient way to eliminate the resonance problem. By using the theory in Section 5.3.1, the
extracted real part ahe permittivity of thesubstrate is 2.92 0.05, which is close to the datasheet

2.94+ 0.05. If more resonances occasimilar process could be done for each reson ﬁ

Figure 513: Extracted permeability with and without time domain smoothing technique. The

gray region indicates the truncated frequency range.
5.3.2.2 NLTL with varactors

Since the NLTL loadedvith varactors is a periodic structure, the total circuit can be equally
considered as a uniform transmission line. The loading of capacitance means the increases of
effective permittivity, in other words, the effective permittivity can be tuned by trerse bias
voltage. The equivalent model of varactor MAVR011020 from MACOM Technology Solutions
has been used in the ADS simulation, six units circuit with detailed parasitic parameters of pads
has been designed. The total circuit length is 8.25 mm, analitlth of the transmission line is 0.5

mm. The permittivity of the substrate is chosen as 15, which is the same as YIG.

The effective parameters extractions are based on (5.42) and (5.43) with the simulated S
parameters from ADS. The reverse bias is tufteth 0 to 15 V, the corresponding loading

capacitance is from 0.275 pf to 0.05 pf. The extracted effective permittivity at three frequgencies
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shown in Fig. 5.4, as can be seen that the effective permittivity decreasestivaeversebias
increases da to the reductiof loading capacitance. The missed points at 9 GHz at low bias
conditionsare due to the influence of Bragg cutoff frequency, a smaller distance between svo unit
will result in higher Bragg cutoff frequency, which in turn improve the performance at 9 GHz. It
also can be seen Fig. 5.4, the difference between different frequencies become larger when the
loading capacénce increases, other word, the dispergin becomes strong.

Figure 514: Extracted effective permittivity at three frequencies for NLTL with varactor.
5.3.2.3 YIG -based microstrip line

In this section, microstrip line witthethickness of 0.5 mm on YIG substrate witlethickness of

0.762 mm is simulated in HFSS. And the effective permeability is extracted based on the simulated
S-parameters. From (5.42) and (5.43) we can see that the extraction does not include the
informationon gyromagnetic resonance. In addition, Fé.and Fig. 56 indicate that YIG is very
dispersive. If YIG is used in a tunable circuit, frequencies higher than gyretagaesonance
should be choserbecause the low frequencies will be influenced by the corresponding
gyromagnetic resonance duritige tuning of the magnetic field. In addition, the YI&hould
operateat saturation region in order to reduce the I. The applied ngnetic bias is
perpendicular to the YIG substrate, and the bias setting in HFSS is internal bias instead of external

bias, as expressed in (5.23).
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The extracted effective permeability at three frequens®&sown in Fig. 5.%. Compared with Fig.
5.6,they have the same trend, although Fig. 5.6 presents the calculated permeability of YIG, and
Fig. 515 presents the effective permeability thie YIG-based circuit. Due to the influence of
gyromagnetic resonance, the magnetic bias larger than 800 Oestiibyl the performance at 7

GHz, while the magnetic bias larger than 1300 Oe will destroy the performance at 8 GHz.

Figure 515 Extracted effective permittivity at three frequencies for Yd&ed circuit.
5.4 Small signalapplication of two-dimensional tuning circuits

One of the small signal applicati®of two-dimensional tuning circustis phase shifterHybrid

NLTL technique can be utilizeandthe NLTL with commercial varactoraill be fabricated on

the YIG substrateThe tuning of capacitance will not affect the permeability characteristic of the
structure, and the tuning of magnetic bias will not affect the permittivity characteristic of the
structureln other words, the tuning of permittivity and permeability adgependent. The extracted
parameters in Section 5.3 could be used to desigvo-dimensional tuning circuit ithe same
structure is used. Compared to pure electric tuning or magnetic tuning circuit, ttartercsional
tuning circuit ha more freedom to anipulate the electrical and magnetiddgeso as to keep

impedance constant while changihg phase velocity rapidly.
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Figure 516: Calculated characteristic impedance of hybrid NLTL when tuning the internal

magnetic biasind reverse voltage bias.

It can be seen from Fig. Blland Fig. 5.5 that the operation frequency will be limited by the
gyromagnetic resonance frequency of YIG and the Bragg cutoff frequency of NLTL. Based on the
extraction of Fig. 4 and Fig. 5, the claracteristic impedance of YH3ased NLTL at 8 GHz can

be calculated by (5.39), and the result is shown in Fig, &4 can be seen that the impedance
increases when the magnetic biagletreases artiereverse bias voltagerVhcreases. It is easy

to find a combination of Hand \ that can result in the constant impedance.

The phase velocity can be calculated as

(5.47)

wherec is the speed of light. The result is shown in Fig7pak can be seen that the phase velocity
increases whenikhcreases and\Increaseslt can be seen from (5.4the delayariation ofthe

hybrid NLTL is larger than the capacitive or inductive NL Bt the same time, the impedance can
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be kept constantor a certain value of delay of thEha® shifer, alessnumber of unitwill be

required for the hybrid NLTLActually, it is alsoeasy tofind a combination of Hand M that

resulsin aconstant phase velocityhile the impedance changes rapidly

Figure 517: Calculated phase velocity of hybrid NLTL when tuning the internal magnetic bias

and reverse voltage bias.

5.5 Large signal application of two-dimensional tuning circuits

It can beseen from (5.26) and (5.47) that the hybrid NLTL could have higher comprestgon ra

than the traditional capacitive or inductive NLTL while keeping the input impedance constant.

For a small signalapplication the circuit operates ialinear condition, and thparametersf the

circuit are tuned by the external bias&y. contrast, ér a large signal application, e.g. pulse

sharpener, the hybrid NLTL negtb be driven by the signal itseadf largedc bias

The capacitive componeim a hybrid NLTL can be varactoBST or PZT, and the inductive
37-40] in NLTL can be driven by the signal with
amplitude from a few volts to tens of vQIBST |[41-43

component is usually ferrite. Theractor

can be drivetny the signal with amplitude
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from hundredsof volts toa few kilovolts, PZT can be driven bya few kilovolts. The
ferrite is usually driverto its saturation regioty a high voltagepulseof 10 - 100kV [45-50]. It

can be seen tharoper ceramic dielectric material and feriggnbe choseror the design of a
hybrid NLTL, a possibletopology can benultilayers or alternate material bloghks which the

materialscan be driverby the sam pulse signal. However, the applicatioraofextremelylarge

pulse signal is out of the scope of this work.

One of the goalof this workis to explore the possibility ofieveloping aybrid NLTL using
varactor and ferrite, which means the maximum amplitude of the signal is tens of kieltgork
in providesa possible way to drive thabruptjunctionvaractos and ferritebased inducter
with asmaltsignal plushias or a largesignal plus biasHowever, the largéossin the inductomat
high frequenciedimit s the cutoff frequency in the range of MH30 far, there ismexperimerl
work of hybrid NLTL has been done at microwave frequency, mainly becauseegfuiredarge
magnetidoias for ferrite at microwave frequency ranghbe relationship between current bias and
externalmagnetic bias could be investigated firstligen nmore work could be don&om the
following aspectsl) If the required magnetic bias is high, the YIG substrate can beigsed
close tothe saturation region, and then use #meplitude of thesignal to tune the permeability) 2
If the small ferrite core is used, the induatan be fabricatedith a small sizeit cannot only
work at microwave frequerng but alsorequire a similar biaslevel as varactors.3) Use the
microwave ferritematerialat low frequencyegionsince higher fregaency needs higher magnetic

bias(Fig. 5.19, the equiredmagneticbhias mayreduceto the similar biaslevel as varactas.
5.6 Conclusion

In this chapter, we analyze the fersiiased hybrid NLTLin both time domain and frequency
domain Then,parameter extraction of complex permittivity and permeability have tieezioped

and validatedThe twadimensional tuning theory can provide more freedom to manipulate the
electrical and magnetic fiedabf the circuit in order to haveeconstant impedanea constant phase
velocity. Finally, the smalsignal and largsignal applicatiosaof two-dimensional tuning circust
have been studied theoretically
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CHAPTER 6 CONCLUSION AND FUTURE WORK

Conclusions

This PhD thesis explores the traditional and emerging nonlinear devicesrdimgar transmission

line (NLTL) techniques and their microwave applications. So far, the research work has resulted

in 5 journal publications and patent. The princigl scientific contributions of thisesearch work

can be summarizeakfollows:

X

X

An equivalent circuit model is developed for spindiode up to 20 GHz.

Investigaion ofthe use of spindiods conducted folow-power wireless power harvesting
application.Detadled analysis and modeling are carriegt to suggest the advantageous
features of spindiodes as the next generation of active devices for RF and microwave

rectifications and other nonlinear applications

A negative resistanceetlice is demonstrated foring in thedevelopment of an electronic

impedance tunewhich can generatereflectioncoefficientbeyondone

A semiclosed form design proceduesedeveloped for the distributed electronic impedance

synthesizer (EIS).

A nonruniformly distributed EISS proposedndit hasa smaller sizandbetter Smith chart

coveragehan theuniform topology

A Particle Swarm Optimization (PSO) method is introduced to solve the-pawn#meter
optimization problem of the proposed roniform EIS.The successfultilization of PSO

can shorten the development period of an EIS to a few hours.

A voltage distributed theory is developed fbe distributed EISandit can predict the
power-handlng capacity and nonlinearifyom its linear operationegion In addition the
voltage distribution analysis can largetgduce the computation complexity of EIS,

especially involvinghousands of discrete impedance states.
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x Comprehensive figures of merit (FOMj EIS and tunable matching network (TMBbe
studied and summarizedifferent FOM can be chosen to evaluate the EIS according to

their applications.
X Hybrid NLTL is analyzed in both time domain and frequency domain.
X Parameters extraction method of complex permittivity and permeability is developed.
X Small-signal applicatia of two-dimensional tuning circustis studied theoretically.

x Future work ofhelargesignal application of twalimensional tuning circustis discussed.

Future Work
The research presented in this thesis could be continued from the following aspects.
For theapplicationof wireless power harvesting with spindiode

x In this work we only focus on the neresonant rectification of Spindiode. Actually, there

are two more rectification mechanisms present in Spindiode: resonant rectification and

Seebeck effet |123. These two mechanisms could be studmedefrom thephysics point

of view. And then the rectification with the combination of two or three mechanisms could
be studied theoretically and validated with the experiments. Although the current spindiode
with nonrresonant rectification is much lower than Schottkgde, it has potential to
compete with Schottky diode if two or more mechanisms could be implemented
simultaneously.

X The spindiodes we used in this work were designed for MRAM instead of real diodes,
more physical studies could be done to find out theial physical parameters that could
result in a better current responsivifjhenphysical construction could be optimized to

improve the characteristics of the spindiode
For theapplicationof electronic impedance tuner

X In this work, we focus on theedign and optimization of the electronic impedance tuner,
more studied could be done from the application side, such asRidbslystem and noise

measurement.
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X More importantly, thedesign of electronic impedance tuner could be modified to tunable
matchirg network, so that it can be used in the reconfigurable devices, such as PA and

antenna.
For theapplication of hybrid NLTL:

X The parameter extraction method for NL:-Bbased circuit need to be further improved.
Although the time domain smoothing technigun csolve the jumping problem in the
extracted parameters, it filters most of the componendslamge frequencyegion. More
investigation need to be dofer the influence of the missing components.

X The theory hybrid NLTL needs to be further validate@dtgh the experiments. The NLTL
on ferrite substrate should be fabricated and measured

X Since the phase velocity of hybrid NLTL varies faster than the traditional NLTL while

keepng the impedance constanbw-power highspeed AnalogDigital Converter (ADC)
with high dynamic rangenaybe possiblyrealized by the hybrid NLTL techmues.
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