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Abstract

Circularly Polarized (CP) antennas areicial elements in wirelessommunicationsand forgeospatial
applicationssuch as Global Navigational Satellite Syst€@NSS) theirRightHandCircular Polarization
(RHCP)is an essentiaproperty External feedig networks are responsible fine CP ofmanyantennas
whose functioris to excite twaorthogonal modegspecific to that antenn&) quadrature phasebut the
method at which this is achievedtimately depends on the type of antenh&o examples of specific
feeding networks are a) 4-port antennagi.e. Dielectric Resonator Antennas (DRAs) and Printed
Quadrifilar Helical Antennas (PQHAsbhat require an incremental 90° phase delay fed to eachapairt,
b) intrinsically Linearly Polazed (LP)antennasarrays that are fed in relativpiadrature phas® their
single pors (i.e. 2x2 array ofsequentially rotated microstrip patch antennas

This thesis explores the use of Low Temperaturdi@d Ceramics (LTCC) to highly miniaturizbe
aforementionedintenna feeding networksto Systerron-Package (SoP) solutiomgth SurfaceMount
Technology(SMT) andfull 3-D shield featurefor GNSS frequencied TCC technology offers the
advantages of reimagining common lumyedeiment circuits baskeon passive Surfaddount Devices
(SMDs) as extremely compact mtliiyer structures.

Quadrature phasand signal divisiomespective teachfeeding networks realizedasthe combination
of variousmulti-layer lumpedelementpower splittersand 90°/180°hybrid couplers In addition, sand
alonechips or die®f each circuiarepresented;omplemering thisthesisas commercially viablproducts
suitable fowideband or duabandapplicationsover the GNSS spectrurll circuits werefabricatedusing
14-layers ofFerroA6M LTCC substrate withn- 5.7, 0 A1 0.001 (from 1-2GHz)and a homogenous
layer thickness of 90um

Simul ations were conducted with ANSYSO® andi gh

Ke y s s Adiahcéd Design System (AD$®hichare in good agreement with measurements
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Chapter 1
Introduction

Spectrumallocatedo traditional sitellite based navigation systeraach ashe Global Positioning System
(GPS) are headed towa/erwhelmindgevels of congestiodue toagrowingdemand fomobileservices
that encumbetheir narrowsinglebandswith high levels of interferencfl]. With the expectationthat
future electronic devicesvill adoptsome form ofnavigationalreceivers the Quality of Service (QoS)
provided by these systeml inevitablydeclineunless aolutionis proposedo accommaodie more users
GNSS is amaturingtechnologythat aims toaddress thisssueby widening the limited spectrum It
realizzsa single navigational systess thesummatiorof severapreexistingsystemsunitingtheir allocated
spectrum and operational satellitEhesubsequerftequencyrangeisinstead duabandwith a much wider
spectrumthanary singleband offered bymindividual system A wider distribution of usersis achieved
throughthislarger bandwidththusleadingto reducednterference and improved Qd&.addition to many
other baefits added by GNS8Chapter 2, reusing dzens ofexisting satellitesprovides exceptional
coverage tambstructecenvironmentdurdenedy limited Line of Sight (LoS) (i.e. tall buildings in urban
settings) Prior to GNSSusers wereestriced toasingle systensuchasGP S 6 3 0 faexample.l i t e s
Although epurposingexisting satellite infrastructe is acosteffective solution for addressing the
sudden growth in navigational usgBINSS has yet to reach its full poteniabome areas of thechnology
remainundevelopedFor example, xclusivereceives must be designed to interface NS uni que
duatband introduéingc o mp | ex <chal | enges progreaskeceivertypieallytoasish nol o gy
of many individualRF circuits, whose characteristisgch as size, efficiency, and operational bandwidth
dictate theaccuracyand integrityof geospatiakervices
GNSS operates ovarelativelyflowofrequencyspectrumgenerally definedvithin theL-band (1GH:
2GHz). Lower frequencies, and thus larger wavelengtisnuagesthat distributed, of ransmissioriLine
(TL) based RF circuits are inherently large structgieen their dependency on fractional lengths of the

carrierwavelengthi.e._1t, _J¢, etc.) Itisimportanttoemphasizé¢ hat moder n el ectroni cs



application, whose fundamental goal is to push the liofitsnctionality without compromising physical
size Distributed circuitsare thereforeproblematicover this bandjiven their bulkysize rendering them
incompatiblewith GNSSreceives. Alternativeswhich moveaway from wavelength dependendgserve
consideation, such as lumpedlement circug and innovative miniaturization technologies.

However,substitutingdistributed RF circugt with lumpedelemens introducesa significanttradeoff
betweersize andefficiencyasthese components goeoneto higherloss from parasitic effecfgroportional
to their package size (i.e. 0402, 0603, etequivalent series resistancansdthe dielectric propertie®f
their host substratR]. In receiver designinsertion Loss (IL)is relatedto Noise Figure (NF) oradded
interferenceto the received signah crucial propertythat if poorly mitigated,will compromise th&€oS
experienced by the usergardless of congestio8ignals transmitted bsatellite systemsare,in general
significantlydegradd by fadingand multipath interferencksading to the reception of low powered signals
that are indistinguishableyt h e r ederaddulagorsiageif its noise floorbecomedoo high

Requirement®f small size andhigh efficiency warrants the conclusion that GIS receivers must
exhibit very low IL, while simultaneouslyembodyng someconflicting lossy lumpeeklement topology.
Exceptions to this contradiction do exisiwever andire realized throughmulti-layer Systemon-Package
(SoP) technologiesuchasLow TemperatureCo-fired Ceramics Reactivedlumpedelementsn LTCC are
insteadmulti-layer TL based structureghoseQuality-factors (Qfactors) aresufficiently high[3] [4] [5]
[6], and in most cases surpdhe performanceof SMT chips High Q-factor leads to lower IL, which is
furtherreduced byheidealdielectric properties of ceramics used in LT@@entheextremely lowO A 1
andstable- thatthematerialpossesssover an ultrawvideband.

Theoverlyingprincipleof thiswork is thereforeachievingRF circuitscompatible withduatband GNSS
receiverdyy taking advantage afTCCO miniature and high @roperties. These RFeircuitsserve akey
elementdor achieving the maithesisgoalof developingeeding circuitshatRHCP4-port DRAS/PQHAS
and ZXport arrays of 4 LP antennawith appropriateGNSS receivesize and performanaequirenents
Motivationfor pursuing this workalong withcontributions made to the field of Electrical Engineering, a
brief literature review, andn outlineto the contentf this thesisare illustrated¢hroughouthis chapter.
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1.1 Motivation & Challenges
Five leadingfactorsaredeemedesponsible fomotivating thedevelopnent oftwo RHCP antenna fead
in LTCC for GNSS receiveralongside their individual RF circuits The design procegsrioritized the
following goalsin order of appearance&) miniaturization b) efficiency, ¢) operational bandwidthgl)
mitigationof mutual coupling froninternalexternalsourcesande) commercialization
As stated throughout the introduction, designs with small form factors and efficient performance dictate
the circuitds appl i cabidppointingthese fack®ié e higheg priorityat i on s ,
Operational bandwidtlis a major design cordgrationtoo; however itdiffers basedon theci r cui t 6 s
topologyand is eithewideband or duaband Both types arapplicable taGNSspectrum thoughdual
band is preferredsit providesinter-band and outelband rejectiorirom neighbaring interfererswhereas
widebanddesignscan only provide rejectionto outerbandinterferas. The spectrum occupied by and
surrounding GNSS is laighly sought after band as radio waves in the range @f 500MHz have the
ability to penetrate grander obstructions such as buildings and rugged f&jraks a result, the FCC
allocates mobile, astronomical, aeronautical, and many other wireless applications to spejetcentto
GNSS[7]. Operational bandwidths of the RF circuits should therefore exhibit a frequency range roughly
Il i mi t ed t ointarhefarttoadtherGeNSeSifilteraajebtisn toout of band interference
Miniaturization suggestshe realization ohighly integrated designsith elementssuch asnductors
and capacitorplacedin close proximity Thisinevitablyleads tomutual couplingnternal to the structure
that could be detrimentaltoh e c i r c u i tdf courgeextermalsourses mfc@uplinglsoexistin
practically anyreceiver such as atenna radiatiomndhigh frequency switchinfpundin activedevices
(i.e. Low Noise Amplifier (LNA) transisbrs and Local Oscillators (LOsYor demodulatiop Signals
propagate throughout the receiver as a result of thegees andhavethe abilityto penetrag and disturb
anyunshielded mediunfstructuresalongtheir path
Finally, it was recognized thahe RF circuits designed famtegration withthe RHCP antenna feeds

hold significant value as staradoneproducts andre considered to have huge potential as commercially



viable products. Power splitters, quadrature couplersl@@dcouplers are widely used the RF fieldand
present the opportunity of packagingseeTCC structures as Surfaddountable Devices (SMDs). Well
known companies like MirCircuits®already offeisuchLTCC moduleshencgustifying their feasibility

to the markeas a competitive produch complimentary reason for commercialization was also due to the
collaborative nature of this thesis with Defense Research and Development Canada,(DRI3€)goal

is to provide the public sector with cuttheglge tehnologiesSatisfyingtheaforementionegoalshowever
requiresa solution to manypecificchallengeswhich in some casesereuncontrollable Challenges that

revealedhemselves throughout this waakesummarized as follows:

a) Circuit Miniaturization

The realization of densely populateitcuitsthat hold a high degree of miniaturization ultimat@tyits

the choice ofopology andimits the effectiveness athe respectivéayout A rudimentary example of
preferred selection would Henplementinga circuit that requireshe smallest numberof lumped
elemens. The secondhallenge, and arguably the most difficult, is tieenbinationof theseelements

within a tiny spacewhile simultaneously occupying the maximum amoungudistratél r eealt .at e 0
In contrastto planarPrinted Circuit Board (PCBJlesign the multi-layer aspects of LTCC requires
meticulousconsideration of component placement along all three, aatdser hanjust X- and Y-.
Though PCBs are capable eD3ealization, they introduce higher lesand sizecomparedo LTCC.

b) Mitigation of Noise Figure

Because NF is directly proportional to kircuitswith the least number of components, in addition to
somehigh Qfactor realization of tlese multi-layer componentsare thefundamental principlesor
achieving an efficient performande a practical setting, the number of compongnégardless of)-
factor andintegration methaodlinearly scals with IL. Moreover not everymulti-layer inductor and
capacitor topolog exhibits highQ-factors hence limiting the choice of componesglectionwhen
formulating a desigrDistributed circuits typically offea much lower IL in comparison to any form of

lumped implementation, so the miniaturization must outweigh the difference in noise added.



c) Adhering toG N S $@alBandSpectrum

Dualband circuit design imnatelya difficult processdemandinghattwo cente-frequencies antheir
respectiveFractional Bandwidths (FBWSs) must be considered insteadsbbne Significantly less
literature is available for duddand topologiess opposed to singleand which in the case of the
guadrature coupler presented in this thelgid,to a widebandtradeoff that sacrifices inter-band
rejectionin orderto preserveminiature siz€details inChapter 4.

d) Mitigation of Coupling andParasitic Effect§Sensitivily)

Strong internatoupling between lumpeelementswill create anoverwhelmngeffectona ci r cui t 0 s
performancdf neglected by poor layout techniques. Though this insgarsitive circuits more so

than others, eachTCC designwas subject to at leasbmie revised layout as a resultddtrimental

mutual couplingParasiticsexternal to these circuits that derive frdme overallreceiver are mitigated

by sufficienty shielding the LTCC structuresvhich unfortunately augments an enormtnasleoff

with size A shield in close proximity toeactive componeniaduces severe levels of shunt capacitive

parasitic that need to bmitigated by widening the gap between the shield amdpedelements

e) Packaging Circuits as SMProducts

Commercidly viable circuits require some form sélderable termination on the Inputs/Output®©$)
for PCB applications. Castellatipsdewalls and solder bumpare somemethods used to package
LTCC structures[8], however the manuéturer contracted in this work (Ecole de Technologie
Supérieure (ETS)) has limited experience in this f@ldUnconventional solutions need to be realized
insteadsuchas shearing large vias down the ceatrthe edge of the structuiecreate vertical SMT
leads. However, via diameters associated thigh. TCC structures in this case were limitech fixed
range introducing uncontrollable variation to the characteristic impedance of the 1/Os.

f) UncertaintesRelated td_ TCC Manufacturing

As will be discussed in detail throughout this thesis, there is a high degree of uncertainty associated
with the reliability of ETS granted that it isnainstitution for academic research rather than an
established manufagter. This has negative implications on several aspectiraidit design, forcing
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tradeoffs with size and consistengyaddition to the expectation of dissimilarities between simulations
and measured resultsor examplesmaller conductor widthg~50 - 75um) are achievedia laser
ablation whereas traditional screen printing technigpesducewider geometries (~125150um).
ETS preferscreen printingdetails inChapter ? andavoids laser ablatiomue toinaccuratagesultsin

the pasf4] [6], ultimately leadhg to the realization of larger structures.

1.2 Research Contributions

The main objective of this work was tdesignpassive 4port GNSSanenna feeding circutin LTCC
technology Achieving tiny feeding structures consisted of developimgd combiningmultiple RF
componentsallowing the following work to be consideredique. Al circuitswere developed in LTCC

andfeature designs that afdly shielded,SoP,surfacemountable, and miniaturized

1. 6 L u mp e dB&and PawarlSplitter

A noveltwo-way equal power splittehat covers the duddand GNSS spectrurihis design ishased
on the application oflumping transmission line theorfChapter2) to the traditionaldistributed
Wilkinson power splitterThe lumpeeelement realizatiomugmentsa unigue Low-PassFilter (LPF)
effecti addingvaluableupperbandinterference rejectioto GNSS receivex

2. 6L C L ad dBand®owPrisplitter

Another novel twewvay equal power splittesperating ovethe dualband GNSSpectrum buis instead
based onnductorCapacitor (LC)adderresonatorshat duals as a Barféhss Filter (BPF)a desirable
characteristic for both uppemlnd lowerband rejedon. This topology exhibited uncontrollable
amounts of parasitic couplirapdwas therefore omitted from the feedicigcuitsi sening this thesis
instead as gensitivity studyto aid future research

3. CascadedranchLine 90° Wideband Hybrid Coupler

An aiginal interpretation of thevell-known cascade®ranchLine coupler that covers tivedeband
GNSS spectrumrhis circuit is alsobased orthe application olumping transmission line theoty the

classicdistributed topoloyg.



4. 6 R-8t c e 6 WideBadd Hybrid Coupler

A redesign ofan existing LTCC Rat-Race couplerthat transitioed the original model to a
commercially viablgoroducti with theaddition ofshielding and SMT features.

5. RHCP Feeding Circuits for-BRort GNSSAntenna Applications

Thenovel combination of theircuitsmentioned above t@alizetwo miniaturized Sof5ENSS antenna

feeding circuitdhat RHCPa single4-portantennaor an array of four Jort LP antennag 6 é&rd B.6

1.3 Literature Review

This section reviewdifferent academititeratureor commercially availablenterpretations of circuits that
share the same topology to those developed inthik, serving also asomparativaeference taertain
gualities or featurefNamely, power spliers,-3dB 9P couplers,-3dB 180 couplers, and RHCP antenna
feeding networks tailored toward GNSS antennas are discuSsedall circuit size, performance (i.e.
reflection coefficients, outpugolation, phase delays, etc.), and operational bandsadththemajor topics
of discus#on. Reviewing this literature served mspirationfor this thesis to improve preexistidgsigns,
while alsoobtaininga broader perspectiva commonly used design methodsie contents provided in

this section assume theader has a basic understanding of the aforementioned RF circuits.

1.3.1 Power Splittersn LTCC

The classicWilkinson Power Splittefl0lc an be argued as the basis for
theoreticalderivation and design. In its basic tmay equal power splitting stati€s purpose is t@qually
divideaninput signal into twasolatedoutput signalsvith halvedor -3dB amplitudesf the incident signal.

However, he irrelevantnarrow singleband opeation and bulky wavelength dependencl Wilkinson
splittersrestrictedts literal implementatiorinto this work but thefundamental principles of this topology
offeredvaluable insight to thdesign procesgresentedaterin Chapter 3Instead, atterdn was given to

two-way power dividersrelated toduatbandor widebandoperation in some form of lumpedement
realization using LTCC, which in almost every case derived from some form of a Wilkinson splitter.
Moreover, this work is interested in splititer duality, hence this topiwas alsoresearched
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Discussion begins with reviewing commercially available dies that can be purchased for realizing a
quick two-way power spliing GNSSsolution In other wads, off the shelfSMT power splitters whose
operational bandwidth is ahinimum11651606MHz that can be soldered directly onto a P&&er
ensuring due diligence, it is believed that the widebandandWilkinson derivedsplitters manufactured
by Mini-Circuits® and Anare® shownin Figure 1.3-1 a) and b) respectively are, the best of my
knowledget he only purchasabl e p o wspectrus ghiati offer E8MTsands ui t ab
miniaturized featuresdesiredby this work. Their respectiveslectrical and physicalharacteristics can be

found in manufacturer datashedtst] [12], or seen by the keyspects summarized belowTablel.3-1.

a) b)
Figurel.31: Commercially available LTCC power dividers suitable for GNSS and SMT applications.
a) Mini-Circuits® PN: SCG2-242+(Source:[11]) b) Anare® PN: PD0922J5050D2HESource:[12])

Tablel1.3-1: Key characteristics of commercially availahlfeCC power dividerdrom Figurel.3-1.
All electric characteristics are typical valumger the frequency range respective to the splitter type.

Electrical/Physical Mini-Circuits® Anarer®
Characteristics SCG2-242+  PD0922J5050D2HF
Frequency Range 10002400MHz 950-2150MHz
Insertion Loss 0.8dB 0.7dB
Output Isolation -15dB -12dB
Output Amplitude Unbalanc 0.1dB 0.1dB
Output Phase Unbalance 1.5 1°
Input Reflection Coefficients -16dB -11dB
SurfaceAreaOccupied 2.5mn? 2.63mny
Fully Shielded? No No
SMT Method? Sheared Vias Flip-Chip
Isolation ResistoRequire® Yes, External Yes, External

These splitters are quite similar in terms of sisdperformanceoffering a good point of reference for
areas to improve on or to compete with. For example, ILs, output unbalances, and dis aodusugerb,
however output isolatigrinput reflection coefficients, and layout features banmprovedIn addition,
these dies daot offer any filtering behavior to their frequency response. They are also neslidlded
nor are they SoP, thus susceptible to noisy environments and the installation of a chip resistor onto some

PCB housing. Their effective volumes with a suggestadrnal 0603 resistor are roughly double
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A more academic approach in this review yieldety few designs witltharacteristicsimilar to those in

Tablel.3-1; butat higherfrequengeswhose schematics, layouts, and diessti@vn inFigure1.3-2.

Resistors

b)
Figurel.3-2: Schematics (left), HFS®Smodels (middle), and fabricated dies (rightsofgle bandpower splitters
developed in LTCCSources{13] (a)),[14] (b))).

Bothsplittersapply lumpeeelement transmission line theoyHapter 2to duatsection13] and single
section[14] Wilkinson power splitters to realize thedircuits with 26.4mn#/5.12mn# surfaceareasand
singeband FBW&6s of 143%/ 9. 2%. Th every sirailer todhnse ifableect r i ¢
1.3-1, so topics of interest aiastead theischematiagealizationsand SMT/shieldinglayout methodsA
common theme is the uselafmpedelementwilkinson topologyrealized by multlayer spiral inductors
parallel plate capacitorandexternal resistorsyhile also showingbsence of fully enveloping shisldnd
filter dualiies Though[14] introduces & interesting andugged technique of castellating sidalls for
SMT realizationand obtaining a wideband FBWIze tradeoff by cascading the Wilkinson splittier.
contrast[13] is the first SoP design seeniaslationresistors are mounted onto its diehile its size is
miniscule in comparison due to tlesser FBW due to itsinglestage Wilkinson splittederivation

In summary, a literature review conducted for LTCC power splitters conclude3ahkt1.3-16 s
electrical characteristics are goouktrics forperformance comparispwhile appreciating that a splitter
featuing duatband operation, SMT leads;(B shields, SoRlies with integrated isolation resistpend

filtering would offer the consumer market and academia neveamgetitivestandards.
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1.3.2 -3dB90° Hybrid Couplersn LTCC
In contrast to the power splitter literature review, numerous designs and methods camdédof
realization of a quadrature, 9@ybrid, branchline, directional, etc. coupler in LTCC. Howevenany
academic papers propose structures whdessgnstradeoff wavelength dependewn for performance
subsequently off@mng inappropriate sizes for achievitigesisminiaturization goalsife. [15] [16]). With
details inChapter 4a conclusion wasnadeon theimpracticality oftransformingdualband operatig
couplers to an LTCC environment. Hence, this re\selely exploresaspect®f wideband topologies.
Again, at a commercial availability standpoint, only two SI@NSS appropriate couplec®uld be
foundi also manufactured by MirCircuits®/Anarer® which are shown ifrigure1.3-3.
/
V £ f
; J
.
2) b)

Figure1.33: Commercially available LTCE3dB 90 hybrid couplersuitable for GNSS and SMT applications.
a) Mini-Circuits® PN: QCN19+ (Source:[17]) b) Anare® PN: XC1400R03S(Source:[18])

Tablel1.3-2: Key characteristics of commercially available LTCC 80uplers fronfFigurel.3-3.
All electric characteristics are typical values other frequency range respective to toeiplertype.

Electrical/Physical Mini-Circuits® Anarer®
Characteristics QCN-19+ XC1400R03S
Frequency Range 1100-1925VIHz 1200-1600MHz
Insertion Loss 0.4dB 0.1dB
InputIsolation -250B -30dB
Input Amplitude Unbalance 0.4dB 0.3dB
Input Phase Unbalance 92° 94°
Input Reflection Coefficients -22dB -20.81B
OccupiedSurfaceArea 5.12mn?¥ 32.3nn?
Fully Shielded? No Partially
SMT Method? Sheared Vias Sheared Vias

Synonymous to avell-designed coupler, mitigation of amplitude and phase unbalances are of upmost
importanceas demonstrated bylable 1.326 <haracteristicsummaryof both dips in Figure 1.3-3.
Achieving a coupler that surpasses thadgalanes(particularly the MiniCircuits® chip) is very difficult,
so these parameters should be used for evaluating performance of the coupler profisgutein 4

Though both chips lack a full shield and was only partially realized by the Abam@aduct.
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Figurel.3-4illustrates the schematics and HRES®odek of two 9 couplersselected frontiteraturesince

theywerefound to have thenostfavorabletraitsfor achievingthe goalsoutlinedin this work

I, I,

o L1

b)
Figurel.3-4: Schematics (left) and HF88models (right) of singkdband quadrature couplers developed in LTCC
(Sources{19] (a)),[20] (b))).

Both couplertopologiesderive fromapplying lumping TL theory tginglestages ofhe classial-port
d.angeéand@ranchLinedcouplersin [10]. Figurel.3-4 a) realizes the lumped equivalent Lange coupler
(or coupledline coupler) asgasilumped elementsver the Shand. That ispductorsd ,0 and capacitors
0,0 couple ports 1,2 and 3y intertwining multi-layer spiralsand rectangular plat¢49] [21]. This
topology demonstratean extremely miniaturizedbroadbandcomplex, and fully-shieldedLTCC die
measuring ag&.8mm x1.9mm x 0.66mm andith a66% FBW.In contrastFigure1.3-4 b) is the literal
interpretation of a lumpedlement singlestage branciine coupler, whosasimplistic unsieldedlayout
features dimensions of 4.4mm x 4.2mm x 0.8mm anareow100MHz bandwidth for GP&pplications

I t 6 s e vnongoéthesdour LTEQ quadrature couplepossess superiorityver one anothesince
they possessstrengths and weaknessesspecificareas of their performance layout design Though,
outlining the differentschematic topologies and revealing their associated FBWSs, form factors, and

complexities greatly benefited the selection of the quadratupgerqoroposed ilChapter 4of this thesis.
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1.3.3 -3dB 180 Hybrid Couplers

The final stanelone circuit of interest explored in thigrk is the-3dB 180 hybrid coupler This circuit

is commonlyrealizedin LTCC as lumpeeclement equivalents ¢f h e ¢ RadRsasciecd /60 Ri ng Hy b
6Tapered imeupmlydbd i d6, and 06 Walstebgtediogblegied10]nSinteithe n 6/ 6 Ma
180 coupler shares identically desired characteristics of @@apler(with the exception of 480° phase

unbalancg a literature review will not be giveRurthermorethe realization of this coupler in LTCC was

a direct redesign of an existing R&dice couplein accordance with requeststbist h e gaitnerfDRDC.

1.3.4 GNSS Antenna Feedingetworkd A 6

In this literature review, attention is drawn towasxisting methods that combined tH&dB 9C/180C°

couplers above to realize an antenna feeding circuit for RHCPRm@4 t DRA G s The majoP QHA s .
points of interest arthe methods used tmplementand connect these couplers, overall size implications,
antenna interface, stability of the sequential 90° phase ahifilitude unbalances, and insertion loskes

was relativelyunexpectedo discover the limited market dditerature for realization of this network as a
SoPGNSSdesign A single commercially available and sufficient Sidackagdrom Mini-Circuits® with

PN: SCQ4-1650+[22] was found, as illustrated Figure1.3-5 below.

300

1.0

250 1
0.8

200

0.6

« \ |
PHASE UNBALANGE
(deg)
2
(=]
AMPLITUDE UNBALANCE

g T
100 - 04
{ b 0.2
&y [ / 50 —90° — 180° —270°
il ' 0 | | | | 0.0
- 1150 1250 1350 1450 1550 1650 1150 1260 1350 1450 1550 1650
FREQUENCY (MHz) FREQUENCY (MHz)
a) b)

Figure1.3-5: Commercially available Quadrifilar antenfeeding networlsuitable for GNSS and SMT applications.
a) Mini-Circuits® PN: SCQ4-1650+ b) Sequential 9phase unbalanag® Amplitude unbalancéSource:[22])

Since then e t w ackagesbove iPCBbased, its partially shielded &
much insight to realizing a | ayout in LTCC. Howev
mm is sufficient for stating a surfaeeea reference pointhile also demonstrating the mlesequential 90
phase shifts ifrigure 1.3-5 b), amplitude unbalances Figure1.3-5 c), and other relevant characteristics

in its datasheet (i.e. IMSWR, isolation etc.)22]. Notably, thisnetworkexhibits slightly high IL of 1.5dB.
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In academicallyavailableliterature and everpaperspublished by DRDJ23] [24] [25], a similar
pattern is seen regarding the PCB based interpretation of this nefvgookposed to the MirCircuits®
packagethe standal technique is teealize the feed onto a single lagsra distributed TCC SMD hybrid
thenmountand interfacesithera DRAorPQHA nt o t he P CB 0SpecificallpFigerelr3¢ f ac e .
examines the utilization of this technique, such that the illustrated networks RHCP[R2BA24] and
PQHAs[25] [26] while the respective antenna could be seen by flipping the boards. In terms of feeding the
antennads actual p o restablishetl With eithey pGBeoagh vias[23] [R6pats ar e
aperture slotg24] [25] [10]. It can be seen from DRDC publicatiof23] [24] [25] that a miniaturization
effort was made by surfageounting two-3dB 9@ LTCC Anarer® couplers shown earligl8], which
then feed into shrunken microstrip TL bas8dB 180° couplers. Even whelisregarding lengths &fLs
that connect to ports, the smallest reported size is frigure 1.3-6 ¢) whose surface area is 320fam

Alternatively, Figure1.3-6 d) shows the more simplistic and traditional approach of feeding a PQHA with

meandered lines and Wilkinson power splitters.

WUL9 ~
wug~
Wy~

~75mm

a) b) c) d)
Figurel.36: GNSS antenna f @landriDRAPQHAGNSSapplicatidn® 6 i n
a) & b) DRA feeds $ources]23] & [24]). c) & d) PQHA feeds%ources{25] & [26]).

Images of the most relevant literature above elude to the motivation behind transitioning the distributed
LTCC SMD hybrid into a fully integrated arnah mini at
of this network is desired, thereby opening up PCB-estdte for remaining components in the GNSS
receiver Figure2.2-2). Hence, research was conducted to exainipéementations of this exact network
but using LTCC technology. Surprisingbnd to the best of my knowledge, the only design of this antenna

feedin LTCC was published in 20127] and is shown below iRigure1.3-7.
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This design mploys the same technique as previously described, such that the LTCC antenna feeding
network surfacenounts onto the underside of a PCB mounted PQHA. Operational frequency of the LTCC
network is 1200L600MHz and occupies dimensions of 9.2mm x 8.4mm x R4ihcovers most GNSS
satellite bands, while also exhibiting the smallest known size interpretation of this ndtutsuffers from
an undesirablel(® sequentiabhase unbalancés layout is realized by meandering distribubzdun and
-3dB 9(® hybrid structuresover 13layers ofceramic Despite being the only network of its kind in LTCC,
thedesigndoes nodt of fer too much i ns sirgdavoidirigovavelengthhi ev i n
dependent structuregas deemedparamountand employment of the redesigned {Raice coupler was
required as specified by DRDGHowever,[27] pr ovi des a practi cal founda
transformation into LTCCas it successfully demonstrated miniaturization amatenna integration.

Moreover, this network is a great point of comparison for the circuit developed in this work in terms of size
improvement, but most importantly performamegancemerfor the 99 sequential phase unbalance.

In summary, all known methods for realizingafficiently miniaturized GNSRHCP single 4oort
antenna feeding network have been illustratBldis review has demonstrated the industry/academic
standard of mounting the network onto the underside of a R@GBosted antenna and the key electrical
characteristics for achieving well circularly polarized antennasthe progressive 90° phaselays
amplitude unbalanceand IL
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1.3.5 GNSS Antenna Feedingetworkd B 6

A final literature review pertasito antennadeding network capable of RHCPing fourdort LP antenna
arrays.Full coverageGNSS applications were excluded though simagas difficult to draw sources of
literaturethat offer insight to this very specific ERHCP GNSS array feelfloreover, the exact application
is unknown for proprietary reasons, so this review instead examines commonly used antenni@gopolog
feeds, and critical frequency response characteristihe fundamental basis of this feed is detailef@8)
andChapter 2such thatour LP antennas are sequentially rotated then individually and siedliy this
networkto generate an RHCP array.

Perhaps the most common uratanding of this antenna configuration is the use of four sequentially
rotated LP fed microstrip patch antennas (i.e. microstrip line fed, apedupted fedcoaxial fed,etc.)
[29], whose methodsan be seen ifB0] [31] [28]. Thoughwithin this literature review, a technigue that
realizes the required quadrature phase shift through LTCC technology could not be found. Instead, almost
all planar/integrated arrays were created with distributed topologies like quearterelements (i.e.
transformersand Wilkinson splittefswhich inherently occuppy large amounts of ardéagure 1.3-8

illustrates two 2x2 sequentially rotated patch arrays that are microstrip-&eadgby distributed networks.

b)
Figurel.38:Ant enna feeding net wor k 0 B @ntenna arthy cortfiguiationst e d 2 x 2
a) (Source:[28]) b) (Source:[30])

Other than clear implications that current realizations of this network occupy largedaeds
wavelength dependency, several important electrical characteristics are worth noting egoalasitenna
distribution of quadraturephase and signal ampltde (unbalance) is extremely important in taisay

configuration tamitigate CP qualities such a&xial Ratio (AR)and crosgpolarization[29] [28].
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To conclude, the literature review has highteg key electrical and physical characteristics of each-stand
alone circuit or network that must be considered for high performance LTCC realization. With a wide
perspective gained for respective design methods, this thesis now shifts toward morerspgsiiat, as

listed in the following thesis structure.

1.4 ThesisStructue

Topicsarepresented itthis thesis iran ordetthatfollows the design process of the GNSS antenna feeding
circuits. Chapter ds a slight exceptiorprimarily sening as adetailedintroduction to GNSS and LTCC
The introductory material provided@h-level overview of both technologiés addition torelevantopics
such asgeneral requirements amsthematic realization of the GNSS target applicatimmericLTCC
charateristics multi-layer lumpeeelement TL stuctures used akTCC building blocks,and a brief
guidelineof all fabricated_TCC circuits. Chapter Zoncludes on the discussionsaiveral case studies that
analyzed TCC fabrication issuesoncerningthe diekctric, electrical, and physical characteristics of the
materials/structures that encompass this technology.

Chapter degins thdeeding networldesignflow. This chapter presentsenovel6 Lumped 6 and 6
L a d d e rbénd dowex $plitterand theircorrespondingheoriesdesign methods, simulations, measured
results and concludin@gontributingremarks Chapters 4nd5 sharea similar organization buare tailored
instead to the3dB 90° and 180 hybrid couplers respectivelfhen,Chapter Gresents the realization of
bothGNSS antenna feeding structures through the collective use of the circuits propChegters 5.
The contents found i€hapter 6mostly focus onthe methods usedotinterconnect the individual RF
circuits, considerations for practical implementatioa 8bPdesign and the simulated/measured results.

An independentvaluationis made for each LTCC structure@mapter 7addresmg the successes and
flaws that originated from thedesign which thertoncludes this thesis by proposingns for future
research andievelopment Supplementary materiakgardingthe LTCC fabricaton process, relevant
materials and properties, measurement calibragéohniquescharactering the dielectric propertiesf

LTCC, and images of all circuits used throughout this theesigprovidedn the Appendix
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Chapter 2

GNSS &LTCC Technology

The purposeof this chapter is tgive the reader a fundamental understandinglare the circuits presented

in this work are applied and the technologies used to realize thénef overview of GNSS, the target

application, will be given, in additionotthe essentialrequirementsof GNSS receivers and their

correspondingintenndéeding structure@fterward, bie chapter transitions tocamprehensive review of

LTCC that introduces the technologythe uniqueutilization of multilayer lumped element sictures

measurement setypverview of thefabricated componentsnd a detailed posfabrication analysis

Appendices A, B, C,and b f f er

properties,

and

addi ti

onal i

nf or mat

i on

regarding

c adudgéstedathel reader éxaminé these appeadices fot @ much

thorough understanding of LTCC technology andrétevant techniquesmployed throughout this work.

2.1

An Overview of GNSS

GNSS is a term used to describe a-gpatial positioning receiver thabltects data from multiple satellite

subsyst ems.

The

satellite

subsyst ems

bel

ong to d

coexist in the kband in addition to having their own set of specific eefrequencies, bandwidths, signal

modulations, and areas of coveraable2.1-1 links the constellations currently implemented in GNSS to

their respective countries aotaracteristics.

Table2.1-1: Characteristic summary afl GNSS constellations.

Constellation  Countr Operational Area of Signal Signal Allocated
Y Satellites Coverage Modulation  Polarization  Spectrum
GPS United 30 Global CDMA RHCP L1, L2, L5
States
GLONASS Russia 24 Global CDMA/FDMA RHCP G1, G2,G3
Galileo EU/UK 22 Global CDMA RHCP EL, Eé’g' ESb,
BeiDou China 23 Global CDMA RHcp  BL Bééz’ B2,
. L1C/A, L1S,
QZSS Japan 4 Regional CDMA RHCP L2C. L5/S, L6
IRNSS/NAVIC India 7 Regional CDMA RHCP L5
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Operational frequency bands from each constellation share similarities that become more obvious when
noting the overlapping bands from the GNSS specpiatin Figure2.1-1. GNSS takes advantage of the
densely populated spectrum and combines the constellation bands intebarmtliglystem with a lower
passband of 1162300MHz and an upper passband of 23690MHz. It is worth noting though that the
GNSS bands used inishwork were defined as 118295MHz and 1560.606MHzto align this research
with the interests of DRDCAllocated frequency bands hold their own prefix to denote their designated
constellation which in most cases overlap. For example, GPS bands L1,dLP23 ame denoted by the
prefix O6L6 whereas GLONASS, Gal il eo, and Beidou
respectively. Bands such as L1C, L2C, L5S, etc. used by the-Remith Satellite System (QZSS) simply

mean they occupy portion of hespectrum inside the L1, L2, and L5 bands.

€ Lower L-Band > €— Upper L-Band =3
ARNS ARNS
RNSS RNSS RNSS RNSS

SAR |

[ ] epsBands [ clonassBanas [l Gauteo Bands [ ] GALILEO SAR Downlink

ARNS : Aviation Radio Navigation Service RNSS : Radio Navigation Satellite Service

Figure2.1-1: GNSS frequency spectrum allocation for GPS, GLONASS, and Galileo.
(Source:European Space Agency)

The information provided ifable2.1-1 andFigure2.1-1 suggest that preexistirggospatial receivers
are incompatible with GNSS®6 spectr ummotvatidn fart s mul
developng of a new receiver that is capable of capturing signal information from all constellations. In the

following sections, generatéquirements of a GNSS receiver and its associated components are illustrated.
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2.2 GNSS System Requirements

Although GNSS reuses existing technology, there is still a demand for developing widebanebandual
systems to realize an appropriate GN8&ivercapable of simultaneously capturing signal information

from all constellationgrigure2.2-1 further emphasizes GNSS as a solution to cases of obstruction, but also
shows an overview of a simplified GNSS system. This includes both an antenna and receiver designed
specifically forreceivingwith GNSS satelliténformation

Receiver can access signals
from these GNSS satellites

G B @
pUS %

Receiver cannot

-

-

= access (obstructed)
- signal from this
- - GNSS satellite

Obstruction

GNSS Antenna

GNSS Receiver

Figure2.2-1: System overview of a simplified GNSS communication system.
(Source:European Space Agency)

2.2.1 GNSS Receivers

GNSS antennas receive multiple satellite signals with power I@vlss weak asl30dBm in direct LOS

and even as lowl50 dBm in urban environments. This implies that a {gjgim Low Noise Amplifier
(LNA) must be integrated into the receiver, in addition to filters for mitigatingpbbtand and inteband
interferenceFigure2.2-2 shows the block diagram of a typical GNSS receiver system, highlighting the use
of a wideband Banéass Filter (BPF), LNA, duddand BPF, andnantenna specific feeding circuit.

GNSS Antenna
—150 dBm < B.< —130 dBm GNSS Receiver

________________

Feeding Circuit

% //3\&// i Antenna i i Demodulation
% /X/ ! i : j Circuitry

Figure2.2-2: Simplified block diagram of a GNSS receiver.
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Although the work presented in this thesis focuses on the antenna feeding @tbeitthanthe LNA
or filters, a brief description for the role of these poments are given in the following text give
perspectivdor broad requirements favored by a GN®8eiverthat impacts the design of these feeds.

A focal requirementfoa good and ddeolindugenasd littliénsectienL osfllr) as possible
in order to minimize the Noise Figure (NF) of the
noise floor blends together with the extremely low GNSS signals, causing the positioning information to
become indistinguishable from noise at tltemodulation stage. Noise figure of a cascaded system is
calculated by the popular Friis NF formula in equaf@2-1) below.

00 p 00O p £ 00 p

©OYY 5T oo 0080

(2.2-1)
Where £ is the number of cascaded stages in the receiver with each stage holding some unique noise figure,
0 "0 and Gain;,0 that contribute to the overall noise figube,ONF for passivedevices is equivalent to its
IL or negativegain (.e. 0O O ‘© ), whereasactive components (i.e. amplifiers) exhibit
positivegain and an independent Nguated bythe ratioof input SignalNoise Ratio (SNRand output
SNR. For exampléf the first receiver component is a filter with 0.5dB(10.5dBgain) thend "O 0.5dB

The wideband filterés role in the first stage of
1165 MHz and above 1606 MHz. This filter is the simplest structure in the receiver that is expected to
introduce the lowest amatiof insertion loss and noise to the system; therefore it must be placed before the
amplification stage. An LNA is then used to amplify the filtered baseband signal, which typically consists
of a 2530 dB amplification. The high gain of this stage wilhémently introduce little noise to tlsgstem
but is contingent on the magnitude of it¢0Y 7YOY . Finally, the amplified baseband signal is

processed by a dubbnd filter to eliminate intelband interferers and to realize dand signal reception.

2.2.2 GNSS Antennas

A number of characteristics define the performance and quality of a GNSS antenaa potdrization,

radiation pattern, bandwidth, and multipath suppression. Since the topic of this thesis primarily focuses on
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designing circuits that feed GNSS antennas, it is important to understand the system as a whole and include

the following discussin on the desired features of a GNSS antenna.

4+ Polarization

A shared characteristic between all constellationgahle 2.1-1 is the requirement of RHCP signal

receptian by the receiver that isansmitted by the satellites. RHCP antennas are characterized by their
ability to radiate two orthogonal electric field vectors differentiated ggmativequadrature phase shift.

I n general, t he ant e paswetnent fohdw wellsthe antempa ean teceiveat i v e
circularly polarized signaland is the ratio of the minor over the major axis vectors in the polarization
ellipse Anideal GNSS antenna besan AR= 0 over the uppehalf of the elevation planel& 0° to

180°) (i.e. perfect circleput is acceptable whdass than 3dBGNSS antennas ardtimately CPby

their respective feedingetwork implying themajorinfluenceafeeding structurbasin mitigating AR.

4+ Radiation Pattern

The radiation pattern for a reegig GNSS antenna is defined by its HRbwer Beamwidth (HPBW)

overd = 0° to 180 and Fron{To-Back Ratio (FBR). That is, the HPBW should encompass a majority

of the hemisphere above t he Ear t hirbthspknenitlligle e and
gain rolloff. This ensures that the antenna has a maximum viewiglg and accepts as many visible
satellitesin the horizon relative to the antenna as posskipure2.2-3 a) and b)show the ideal and

typical gain pattericutsdesied by a GNSS antenneigure2.2-3 ¢) shows the D radiation pattern of

a typical GNSS microstrip patch antenna, where the large FBR is more noticeable.

08

08

(dB)

Gain

Gain (linear)
o

04
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50 F -30 0 80 90
Theta (degees) Theta (degrees)

a) b) c)
Figure2.2-3: Gain/Radiationpatterns of GNSS antennas a) Ideal/fictiogeih pattern; HPBW = 180b) Typical
gainpattern; HPBWe 80-90° ¢) 3-D radiation pattern of a RHCP microstrip patsttenna with a large FBR
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+ Operational Bandwidth
The lower and uppetGNSS bands are defined as 11695 MHz and 1562 6 06 MHz wi t h FB

of 10.45% and 2.9% respectively, or a cumulatiideband=BW of 31.8% between 1165506 MHz.
A GNSS antenna can either assume a topology that ishbdudl or widebash in nature to cover both
bandsMoreover, it should banderstoodhat all other components in the receiver should operate in the

same spectrum, i.e. the antenna feeding network.

4+ Multipath Rejection

GNSS antennas must have multipath rejection from grouothject reflections to prevent degradation
of positioning accuracy due to tintkelayed signals. Reflected signals contain a large-Hafid
Circularly Polarized (LHCP) componernthereforet he qual ity of an antennad:
guantified byhaving a large Multipath Ratio (MPR). MPR is simply the ratio of the incident RHCP
component to the sum of reflected RHCP and LHCP components received by the antenna. Equations
(2.2-2) and(2.2-3) are used to calculate MPR for ground and vertical object reflections respectively.

. O —

UUY,O Sy © L (2.2-2)

D0'Y : , (2.2-3)

Where,O andO are he electric field magnitudes of the RHCP and LHCP components received
by the GNSSntennarespectively.

I n general, ground reflections are mitigated by
reflections are reduced by antennas with lo&s. Hence, an effective AR has been shown to be
dependent on the receiverds el ements, i.e. unbal a
ensuring a sufficient AR through the realization of the receiver is crucial to proper antenna CP and
suppression of multipath interference that would otherwise degrade a satellitda @@Sext section, the
two antenna feeding networks of interest to this thesis are introduced, with emphasis given to low IL and
equal signal division or appropriate pbatelays.
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2.2.3 Passive ort GNSS Antenna Feedingtworks

Feeding circuits found in GNSS receivers ultimately depend on the type of application in conjunction with

the RHCP feeding requirements of the antenna in use. In this arkassive feeding circuit topologies

are the fundamental objectives amgre designed in LTCC tdght-hand circularlyGNSS antennas

belonging to DRDCbothof which are shown at a system level overvieWigure2.2-4 andFigure2.2-5

(denotedhroughout this thesis s andd®B 6 r e s).Networkscansidt ofindividual -3dB 90°/18C°

hybrid couplers and twaay equal power splittethat are interconnected for feed and phase requirements.
Both antenna feeding circuits sharautualrequirements for having minimal insertion loss, reflection

loss, amplitude unbalangghase unbalance, and isolation between antenna ports. Intrinsic to the nature of

couplers and power splitters, at least 3 dB of IL will be injected into the received signal for every component

in the path. For example, output pogtiPn ¢ i r ¢ uRigure2@-A @ill skerableast 6 dB IL from any

input since the received signal must travel through two hybrid couplesgite the intrinsic losses, further

IL must still be mitigated to reduce the rea¥is NF. The circuits should ideally have 0 dB/0

amplitude/phase unbalant@ mitigating antenna ARnd high isolation between signal patbsensure

equal power combiningrhile maintaining the required phase delays on the antenna feeds for proper RHCP.

These requirements are ultimately controlled at a component level when individually selecting or designing

the hybrid couplers and power splitter.

G},I_S_S_A_n_te_nllﬁ ?IOHS Phases Relative to P3 at P5
| ! 90° Hybrid Pl -180° 4-Port GNSS Antenna
i | Coupler P2 -270°
| | P4 90° P30°
i . - P4 -90° A
1
| ' 0° DRA/PQHA
: | P3 '
i : 0°
i i 90° Hybrid ———P5 | 90° Hybrid 90° Hybrid
I I Coupler -180° Coupler Coupler
: , P2 -180° 0°
! | -90° 180° Hybrid 180° Hvbrid
I i Coupler C > P5
I I ‘oupler
: . 0° |
--------- Pl

Figure2.2-4: Identical ystem level diagrasof the 4portto 1-port GNSS antenna feedimgtworkd Avéithout
(left) and with (right) the 4ort RX target antenneonfigurationgDRA or PQHA)for illustrative exemplar.
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Ant enna f eedi nBigure2.24dswipassive-4adt indutrtoolort outputsystem that
combines 4eceiverantenna inputs with ®0° sequential phase shift. TBg -90°,-180°, and270°phase
relationshipis required to circularly polarize certadrport antenna topologies suasDRAs andPQHAs.
The LTCC implementation of thigrcuit is intended taniniaturize the RHCP feeds fropneexistingDRA
[23] [32] [24] and PQHA [26] [25] interpretationsThree hybrid couplers makeup this topology; two of

which are 90 couplers and the other a T8bupler.The sequentigthase difference is relative ta. P

LP GNSS Antennas 1-Port Lll’ 00° Hybrid 1-Port Ll;’
v ! Equal Power 90° Hybrid RX Patch Coupler Power Splitter R Batch
| \/ ! Splitters Couplers P8 e
i P10°
i Pl E 0° P2 -90° _>_
! L % —— P5 Pl -90° P
1 i -90°
N2 \ P pio° -
i ! o = P1-90° ER
: : /— 0° P20 - -90° P7|EE
Y P3 -90° £ o |&C
1 ' P6 = P10° P30° 0" |=
I ! _00°
! \/ . s 2. 00 P2 -90° P4 -90° ]
: i P30° 275‘“ Ps -90° %‘
o p3 / 0° P4-90° &S P2 0° 5
! P7 0 g
| T _/ — P3 -90 &
I
. | -90°
: \/ E pa e -90° P3
D pa 0° P1 -90° P2 0°
l : ( _/ \ —— P8 L
i H _90° |-Port LP Power Splitter ~ 90° Hybrid 1-Port LP
[ RX Patch Coupler RX Patch

Figure2.2-5: Identical ystem level diagrasof the 4portto4p or t GNSS ant ennwithoitdleftdi ng cir
and with (right)thefour 1-port LP RX targetintennaconfiguration(rotatedpatches) for illustrative exemplar.

As shown inFigure 2.2-5, feeding ci r c porttinpubt® Hporf ostputsystenathas i ve 4
convertsan array ofl LP GNSS antenrsto 4 RHCPsignaloutputs This particular structure contains four
two-way equal power splitters and four°dtybrid couplersresulting in90° phase shift delaylative to
adjacenly locatedantennagi.e. antennas P P, and B, P; are in quadrature phasélhis singlefed
configuration can only be realized by angular orientation of these four antennas to produce orthogonal E
field vectors in conjunction with the supplied®@hase differencessfundamentally described [33]. In
somewideband applicationshis circuit is smaller in size rather than directly using 4 RHCP antennas in an
array, but is typically a tradeoff with bandwid{B4]. As such, thenotivation for designinghis structure
is to circularly polarize an array @ur LP antennasvhile miniaturiang the overallsize of their feeds

To realize these feeds as miniaturized structures, we use LTCC as the integrasionstrade medium

T as introduced in theextsectionthat transitions this chapter to an introduction of LTCC technology
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2.3 An Overview ofLTCC

LTCC is a multtlayer thin-film ceramic substrate system intendedrfoniaturizingcircuits, embedding
passive elementand preciselyremovingsubstratdn specific areasto createexposefinternal cavities

Embeddable elemenisclude multi-layercapacitors, inductorsndprinted resistorsglielectrics butis not

limited to mountingpackagedccomponentfSMD, MMIC, flip-chip, etc.)onto external layaror within

exposed cavitiefor realizing SoP solutions.

Structuresdeveloped in LTCCcorsist of an arbitrary number @xtremely thinvertically stacked
ceramidayers The stack of ceramicissnt er ed at a fALow °Camg effii@Gredturoe 06 b el
multi-layer component® achievea solid structureCo-firing playsakeyrolein LTCC and isvhatdefines
this technologysunique. When cdired, the entire LTCC structushrinksi including the ceramic staek
up andprintedcomponents such as thenductors, resistors, and dielectiigppendix A and B).

Figure 2.3-1 shows a crossectional view of ggeneric flayer LTCC SoP designwith horizontally
dashed linemdicaing separatéayersto showcase theeramicstackup. In this exampleanexposed cawt
is shownon the uppemost layerwith a bare dieinserted andvire-bonded to the structura common
practicein LTCC to reducewire-bond lengthghus suppressingnductive parasitidoadingon thedieb s
I nput / Out Blindtthboagh yidsthalOcpmplete eledtal connections between layers can also be
seen. Through vias extending continuously betwtberoutermostlayers are commonly used f&M
shieldingand thermalexpulsionpurposes whereas blind vias &e&y elementdn designingmulti-layer
circuits

By offering so much design freedom, LTCC has inevitably made a significant contribution to the
miniaturization and performancd RF devicessuch asembedded resonating cavitig®] [35], substrate
grown Dielectric Resonator Antenn§6], SoP integration, and miniaturizing once wavelef@¥D

dependent topologies such as filtfgls hybrid coupler$20] [4], power splitters, and more.
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Wire-Bonds Exposed Cavity
External Top Conductor

Stacked /. ---=-= - mmwITTEE — o
Ceramic \

AN B SR """ Embedded

_____ Cavity
Buried Conductor ]
_______________________ Blind/Stacked
Vias
Through Via External Bottom Conductor

Figure2.3-1: Crosssection of ggeneric7-layerLTCC structure.

Figure2.32i s a detail ed example of LTCC6s SoP capabi
exposing contents of the embedded layers. In addition to the cavities, mounted components, and vias as
previously mentioned, an appreciatiagainedor the freedom of design LTCkas to offerMulti-layer
inductors/capacitorsf varying topologiesre shown both exposed and embedded) BO apptied to the
structure through SMT tabs or flighip solder bmps, and dielectric, resistive, and conductive elements are

shownfully embeded or mountednto external layes.

Printed Inductor SMD

Interdigital
Capacitor

Embedded
Capacitor

Flip-Chip

b)
Figure2.3-2: Typical SoP LTCC structures: a) Exploded view (Souj@B:b) Isometric view (Sourcg37]).
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2.3.1 LTCC Advantages & Disadvantages

Although this work was already focused on LT@€sign to satisfy #h interests of DRDCIit is still
importantto outline its strengths and weaknesséishas already been mentioned that LTCC excels in
realizing highly dense multayer SoP systems, however many more electrical and physical characteristics

of this technolgy may behighlighted such as:

4+ Low & Stable Dielectric Loss Tangent

The dielectric loss tanger® A Tof LTCC substratevary between 0.001 to 0.008]; suggesting a
high quality factor,0 as the two are inversely proportionReactive milti-layer elements such as
inductorsandcapacitorgyreatly benefifrom large0 -factors, leading to elements that better represent
their respectivédealbehaviorandexhibit low loss.

4+ Stable DielectricConstan® High-Frequency Applicability

A challenge when designing wideband circuits is voéatility of as u b s t relativeedi@lsctric
constant,- since it is typically fixed to a certain value rather tlemmpensatedor its practical
variation oversome functiorof frequencyLTCC howeverfeatures consistenielectric constants over
an ultrawideband thus mitigating the change in and improing the accuracy of higfrequency
designs. FerroA6M the LTCC substratased in this thesis has an  that only ranges between 5.7

to 6.1over1GHz andlO0GHz,respectively
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Other advantages worth noting inclugigh thermal stability, hermeticity, solderabiljtand low thermal
coefficients[37. Despi te LTCCb6s strengt hs, the technology,

processis not without drawbacks. Significant disadvantages of this technology consist of:

4+ Manufacturing Inconsistencies & Denityncertainties

LTCC fabrication with an educational lab rather thacoenmerciallyrecognizedfoundry (i.e. ETS)
canproduceunpredictableesults leading to differences between trace widths, via diametefired
resistor sizes, etc. in the design versus the fabricated cikCarmic Brinkagefor example is a crucial
aspect in LTCC manufacturinggpendix A and Bwhichvaries based on maffgctors This includes

t he structurebs conductor density, slight vari
manufacturer, experience of the fabricator, and many offigisscan lead to unexpected measurements
since the simulated design does not aatmly represent the fabricated circulh fact, it is
recommended that in order to obtain accurate measurements, two separate falsiwatiobe done;
one with the original shrinkagexpectanciesand the second with the trdemensions obtained from
visual inspection of those in the firgtherentlycosing aredundanamount of time and monegection
2.8shows firsthand the challenges faced with fabricating accurately depicted LTCC circuits.

+ Mutual Coupling and Parasitics

Highly dense and miniate LTCC structureexhibit a plethora of unwanted parasitics between
componentsince they are so closely coupled by the thin stacks of ceramic kEydnsiniaturized
ambitions Full-wave EM simulators that use fine meshes must be used to accoypdrésitic
coupling, which takehours and sometimes days to evaluate a single iteration. Optimization is therefore
a meticulous process that requitdesign strategies in order teducesimulation timeln some cases

(as shown throughout this thesis), pling and parasitics can dominate the performance of a certain

circuit topology or layout, thereby restrictibgpologyselections or compk designs.

The next two sections introduce the transformation of lurgdechents to mukiayer structures to take

advant age -®fbilte¥ EMpbasis i@aced ortheir responses to mutual coupling and parasitics.
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2.4  LumpedElement Transmission Line Theory

Some standlone power splitters and hybrid couplers presentedhapters & derive from distributed
transmission | ine circuits; structures whose si z:¢
wavelength. Because these circuits operatbéritband (specifically 1.163.606GHz with a wideband

centre frequency of approximately 1.4GHz), we can expect, for example, a-gquaaréstransmission line

to occupy a length of at least 6.4cm. To put this into perspective, the entire LTCC shdépfrmd.7-1

spans 7.94cm x 7.94cm and is the maximum possible size that can be manufactured at ETS. This means
that asingle quarterwave TL would span nre than half thaotal LTCC area Transmission lines are

therefore unsuitable for our ambitions to miniaturize the GNSS feeding structures and a method to transform

the distributed circuits to some lumpelment equivalent is required.

Lumpedelement trasmission line theory is introduced in this thesis since it was the fundamental
concept applied to a majority of LTCC circuit topologies. The physical model of a microstrip TL with
length0, width 0, thicknes, height'Qabovea ground planeand dieletric with an- can be realized as
an equivalent RF model that consists entirely of luragedhents. Such elementsay becharacterized

with resistive ), inductive { ), capacitive @ ), and conductive’Q propertiesas shown irFigure2.4-1.

R L,
+ e

l
T
h T Cp = G
~
a) b)
Figure2.4-1: a) Microstrip TL physical model b) Microstrip TL equivalent lumggdment RF mdel
The resistive and conductive properties are int.i

silver and was assumed to be a lossless conductoly i.emand”O Hbo. The remaining elements are
expressed in terms of per unit length. In additibe, shunt capacitas can be split into two capacitors
— on both sides of the series inductor, thus realizing the simplified lumpexll e me-moé d &l 0 i n

Figure2.4-2.
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Figure2.4-2: Microstrip TL equivalent lumpeeé | e memad d &1 0 .

In order to determine the fixed values for the sluapacitance and series inductance, we must consider the
geometry of the microstrip T(i.e. its lengthp and width,0 ) and its effect on the component values per
unit length. In general, the design equations for the equivalent capacitance and indargagicen by

equationg2.4-1) and(2.4-2) [10]:

. 0
(0] - .
= (2.41)
0 be 2.42
— (2.42)

Where @ is the characteristic impedance of the microstrip dihdw is the wave propagation velocity
inherent to the substrate defined by equati#-3) expressed as a ratio withe speed of lightoover the

effective dielectric constant ; . Note that ; from equation(2.4-4) is conditional to the width and

height ratio of the TLi.e. — .

) W
© o= (2.43)
T p S o ! 0
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2.5 LumpedElement Microstrip Structures Library

Power splitters, hybrid couplers, and feeding networks consist entirely of |lusigreehts, i.e. inductors
and capacitors. To miniaturize the elements and therefore the circuits, each of which were realized as multi
|l ayer microstrip structures that take advantage

layer topologies ugkthroughout this work and outlines the design equations and parasitics related to each.

2.5.1 Multi-Layer Rectangular Plate Capacitors

Perhaps the simplest and most common type of #ayldr structure is the Rectangular Pardaidte
Capacitor (RPPC). Thisapacitor can be manipulated in midtyer environments (i.e. LTCC) to reduce its
surface area by overlapping capacitive plates on vertical layers in close proKigise 2.51 shows an

example of a typical-ayer RPPC designed for LTCC and its equivalent circuit.

W

Coq = 5C
H
HH
— +HH--
HH
H

hea

Figure2.5-1: 6-layer rectangular plate capacitor in LTCC and equivalent capacitance,

Equivalent capacitors with valdeare formed betweehe overlapping plates and are equated by the classic

equation for a single parallel plate capacitor:

0 0 @ 2.51

L ) (251)
Where, - yg) vap ™ — (relative permittivity of a vacuum) = overlapping area of plates,
a /o length/width of each plate ardd separation of parallel plates (488 in this work)
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Itds clear that the capacitordéds surface area i s
equivalent capacitance is an p multiple with the capacitance of a single plate welgeis the number of

parallel plates. That is, the equivalent capacitance of a-tayéii structure may be equated as:

0 -- ——— ¢ p (2.52)

It is worth noting that equatior{2.5-1) and(2.5-2) can only provide aapproximationto the expected
capacitance since they do not account for parasitic coupling between other elements or ground conductors
in a practical LTCC circuit. For example, if the capacitor lies above or below a ground laretee by
some distance, i.6Q then a parasitic ground capacitor is coupled to the plate closest to ground. In
addition, if the capacitordés positi&dsancaondlégplei s c | o:

of O rather thart  p, as illustrated by the examplefkigure2.5-2.

Coq = 6C

— +—{|g4=cr

Figure2.5-2: Effect on the equivalerapacitance of a-Byer rectangular plate capacitor in LTCC when shunt and
placed close to a ground plane.

Given the extremely small thickness of each layer, these capacitors must be individually optimized while
in the LTCC structures using a fwllave smulator such as HF®5to account for parasitics from the
common ground and neighboring elements. In general, shunt capacitors are greatly affected by capacitive
Sshunt parasitics, given that i0t.Itban be needthadtdedTLt i ve i

feeds and vias induce series inductaineed ) whose parasitic influence will become apparent further on.
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The multilayer parallel plate capacitor is a good example to emphasize the presence of parasitic
coupling in LTCC circuit desigmsince we can expect relatively uniformfiglds between overlapping
plates.Figure2.53 shows a crossectional view of the-fayer rectangular plateapacitor inFigure2.5-1
where the Hield vectors and magnitudes are dominant and uniform between plates and lesser on the +/
feeds. For the case wi¢he same “Bayer capacitor is shunt and close to grouridre2.5-4), the same
uniform Efield between plates is noalsopresent between the plate closest to and with groAaiditional

parasitic fringing to ground can also be seen on the vias and feeds.

Uniform E-field
between plates

¥~ Less E-field magnitude

Figure2.5-3: Crosssectional viewofa$ ay er r ect an g ul-field veptdrssahdemagniduges.c i t or 6 s
(Refers toFigure2.5-1)

REARR

Uniform E-field T
between plates 4

"~ Added Capacitance - GND

Figure2.54: Crosssectional view ofashuntbay er r ect an g ul-feeld veptdrssahdemagnidugea c i t or 6 ¢
placed near a ground plane. (Referfigure2.5-2).
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2.5.2 Multi-Layer Interdigital Capacitors

Microstrip interdigital capacitors are planar structures with capacitance between ports realized by fringing
bet ween cl| os el Figurhbshows aimpleregamplesoba planar interdigital capacitor
with 2.5 finger pairs where)  total width,0 = finger width,0 length of overlapping finger region,

"O gap between fingers, aild gap at the end of the fingers.

Figure2.55: Top view of a planar interdigital capacitor with 2.5 finger pairs.

Like the parallel pl& topology, the capacitance between ports are in parallel, benisejust the sum

of all capacitors between the fingers of each port. However, in this work, alayeltitechnique was
employed to realize an interdigitphrallel plate hybrid capaor where the structure fRigure2.5-5 was

duplicated and mirrored along multiple layers as shown belduigure?2.5-6.

Layer 1 Layer 2

==

Layer 3 Layer 4

==

Figure256: Pl anar il lustration of t-lagerconfiguratiordi gi tal cap:
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Figure2.5-7: Isometric view of a 4ayer interdigital capacitor.

To extractd  from this topology, the overlapping area of each finger in addition to the surface area of
overlapping plates must be found and used in equaofid) and(2.5-2). This is rather complicated, with
mathematical details ifi39], s 0 Key s® igdrdigifak capAdid® library was used instead to
determine a firsbrder approximation. To reiterate the importance of including parasitics in LTCC design,

each component waseh optimized in HFSB to achieve the desired capacitance.

Uniform fields between layers

{
)
|

4
vl |
b

AV S Y KM '
Fringing fields between
fingers

']
{
|
|
i
%

Figure2.5-8: Crosssectional viewofa4 ay er i nt er d ifigld viecors ard anpgaitcdes. or 6 s E

Since both capacitors shown thus far are-ped structures, the intention behind using both may be
unclear. The interdigital capacitor was a key component in achieving low amplitude and phase unbalances
for the two power splitters presenteddhapter3. This is because in comparison to the asymmetric RPPC,
the interdigital capacitor holds a higher degree-bDf$/mmetry between ports and along the cgesgional
Y-Z plane.Like the RPPC, this topology too is subject to inductive series parasiticsnnteetiee TL feeds
and vias. Magnetic field illustrations radiated
That is, the lengths/widths of the feeds and diameters/heights of the vias were chosen to reflect minimal
layout design rule regements to minimize size, hence their inductive parasitics are mostly fixed and
difficult to mitigate. This further emphasizes the significance of using fIIEV simulation software.

35



2.5.3 Planar Meander Line Inductors

The samephysicalmicrostripTL (i.e. 0, 0, 0, "Q and equivalenft - mode |l 0 i ntr okigureed ear
2.4-2 can be used to realize a TL as an equivalent indiictaith some parasit capacitanc® ; both of

which can be solved by equatiqi2s5-3) and(2.5-4) below[40]. In this case, wavish to solve the lumped

elements without knowing h e &7, lbéhseequationg2.4-1) and(2.4-2) arenot used

. . uBYPQ

D & " U 2.53

0 ¢0 ci |m 3 ( )

PN - p&8p

0 no m APTIYT (2.54)
U O

By simply bending a straight microstrip TL, or introducing discontinuities, the length can be substituted
with increased width while maintaining the desired TL inductance. These structures are referred to as planar
meander line inductors. A singileeanderexample inFigure 2.59 is shown, where the blue and red

conductors represent straight and discontinuous microstrip TLs respectively.

Llinez

GND Axis of Symmetry

Figure2.59: Planar illustration of a singlmeander line inductor with 4 discontinuities.

Equationq2.5-3) and(2.5-4) are applied for every straight (blue) TL and the equivalent inductance is
the sum of the inductance inherent to each straight Thi.e. 0 ; 0y 0 . This method however
neglects the discontinuities, which in reality introduce additional inductante tand some parasitic

capacitanc® . Figure2.5-10illustrates the equivalent circuit model of a single discontinuity.
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Figure2.5-10: Equivalent RF model of a microstrip TL discontinuity.

The two equivalent inductances § cannot be ignored veém evaluating  of the meandered inductor.
For example, if the parasitic capacitance is ignored, then the equivalent inductance of the stifeigiune in
2.59 with 4 bends is0 o Opf Opf 0O p. However, this is only an approximatidnthe
structure must be optimized to accoumodfedr tamea
equivalent circuit of the bend for realizing an accurabeleh Approximations foo and0 are given by

the following equation§4] in terms of per unit length.

0 0 i v 8 (2.55)
a P Q P '
v .
w, PET PR —y PO &L
. Y — h 0Q©— »p
, O 0 Q
0 & e - (2.56)
(i 0. )
i - Py u@h OQH p

Like the interdigital capacitor, meander line inductors have a significant role in mitigatinguaiep
and phase unbalance from the power splitter designs presateted Chapter 3Although the inductance
realized by these structures is low (especially in miniature LTCC circuits) and exhibit gaotog[4]
their defining characteristic is the perfect degree of symmetry they hold between naléesoastratedh

Figure2.59.
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2.5.4 Multi-Layer Square Helicdhductors
The final structure that completes the lumygdeiment microstrip equivalent library is the Multyer
Square Helical Inductor (MLSHI). A thrdayer example of this inductor is illustratedkigure2.5-11,

with colors indicating the feeds (purple), traces on multiple layers that makeup windings (red, blue, green),

and blind vias (black) that electrically connect the rdalger structure.

‘%2

Figure2.511: 3-layer square helical inductor example in LTCC.

MLSHIs can beapproximatedby assuming overlapping meandered inductors with the same
characteristics and design equations outlined in the previous sectioasAlsaxcase with the discontinuous
bends though, the interconnecting vias between layers also introdueeeglayible parasitics t®

Figure2.512 shows a simplified equivalent circuit model of some via alsoveegroundplane

Lvia

pa pad
>l 17

Figure2.5-12: Physical model of a typical blind via in LTCC and its equivalent circuit.
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Evidently, vias are not onlynductive but are subject to parasitic shunt capacitors dictated by the

diameter of their pad€) labelled a® . Equation(2.51) is usedo determing  since the pads

can be treated as plate capacitors at some Héajiive ground with an overlapping surface area of

“ . The inductance of the via is related to its diamefer and height Q@ and can be

appoximated by the following equatidgd1] which is valid for via heights less than 3% of the operational

wavelength, i.€Q T8t g (this condition holds true for all through/blind vias used in this work).

o 0 Q 0
1 s —_ e ’
Al 9 S 7 50 Q oo
0 —rMo 71 , A - Q " (257
Gl ey Q & ¢ G G 0
] C il
u o o] ¥

Where,A p& vap 1 —is the absolute permeability of free spa€er the remainder of this section,

the behavior and parasitics intrinsic to this inductor topology will be explored. First, by plotting the
magnetic field vectors and magnitudesf{eéld) of the 3layer MLSHI example irFigure 2.511 (and

neglecting the feeds), the inductive qualities of the entire structure can be visualized:

Dominating H-field

g
!

Large H-field
In Via$}

Large H-field
In Vias

a)
Figure2.5-13: H-field demonstration of the-wyer MLSHI inFigure2.5-11.
a) 3D view b) Crosssectional fromview

As expected, vias exhibit inductive characteristics as proven by fiwldHvectors present on the
surfaces of the two cylinders. From the cresgional view, it can also be seen that a dominating

inductance occurs over the region at which all three microstrip TLs overlap. This must be taken into
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consideration when designing MLSHIs, such tiat, of the structure is dominated by the overlapping

region as opposed to the areas with blank substrate in betWe=isecond parasitic to note is the shunt
capacitor inherent to the via catch pads. It was shown eark&gune2.5-4 that microstrip structures fringe

toward a closely spaced ground plane thus adding parasitic shunt capacitance. Therefore it is expected that
the winding closest to the ground plane from the MLSHI will also experience s@rasiic coupling.

Figure 2.5-14 shows a crossectional fronview of the 3l ay e r ML SHI -fieldwectorp &nd 6 s E

magnitudes to demonstrate this.

Capacitive Shunt
Feed Parasitics

Cpaq Parasitics

Capacitive Shunt
MLSHI Parasitics

L enD
Figure2.514: Crosssectional view of the-Bayer MLSHI inFigure2.5-11 that demonstratestypical Efield.

This chapter has presented every lumpkinent microstrip structure used in this work along with basic
design equations and considerations necessanpfmoxmating the components. Different parasitics of
each topology have also been outlined in order to
behavior. In the following chapters, the power splitters, hybrid couplers, and GNSS feediitg are
proposed and the advantageous use of these microstrip structures for miniaturization will become evident.
Note that MLSHIs will typically not be O6squarebo6,
As will become more significant thughout this work, it should be noted that several pieces of literature
indicate that the number of MLSHI s wfactoddi[Bl,casd i s di
that these indttor topologies were found to exhibit less than expectéac€rs in LTCC4] [5] [6] [20].

All circuits developed in LTCC and in this watknsist of the capacitors and inductors illustrated above.

An appreciation for their muHayer characteristics leads this chapter into an introduction of the

measurement setup, fabricated LTCC components, and-gapasation quality check.

40



2.6 Measuremen®etup

The two most common types oficrowave circuitmeasuementtechniquesvere used in this work to

extract the scattering parameters from the LTCC circ@itd>Miniature Version A (SMA) connector
basedand RadieFrequency (RF) probe basatkctor Network Analyzers (VNAS) were the instrument of
choice for SMA based measurements, whereas Performance Network Analyzers (PNAs) were used for RF
probebasedneasurementéll measurement®ok placeat the RoybBMilitary Collegeof Canad4dRMCC).

The GNSS antenna feeding circuits were designed specifically as SMT components to be soldered onto
prototypingPCBs so thatedgemountedSMA connectorgould besolderedo interface the LTCC feeding
structures withexternalantennasin contraststandalonecircuits such as the power splitters and couplers
were designed with extremely small | ,/hédéeghen¢ett at wou
for RF probebasedmeasurementsThe following two sectiongyive a brief overview of the two

measurement techniques, as well as the exact parts used during the measurement process.

2.6.1 SMA Based Measurements

Multiple board edge female SMA connectan Figure2.6-1 manufactured by Amphenol RFwith part

number: 1323541 wereusedexclusivelyto characterie the antenna feeding circuiB.r ot ot ypi ng PC
with soldered SMA connectors fed BQY microstrp transmission linesere developed for eadbeding

structure Details on the prototyping PCB properties aiven throughoutChapter 6. Keysight

Technologie® VNA with product number E5071C was used for all SMA based measurements.

-~
-
o

Figure2.6-1: Physical (left) and HFS8 modelled (right) board edge female SMA connectors.
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SMA connectors are typically rated to handle signals up to 18GHz but is an insignificant property since
the Device Under Test (DUT) all operate in the {band.Key properties that governed the choice of these
connectors were S0impedance ratingandsmall flattabcontact terminatios An unconventionab10um
wide flat-tab contact termination for the signal conduct@s chose to reduce the complexity of the
prototype PCB designs rather than usinlymcal cylindrical contact termination that is relatively much
larger.The choice for this type of contact termination is justifie€hapter6.

Preferably, RF probe based measurements would havetleatesired methotb characterize the
antenna feeding circuits to extract a much more accurate depiction of thalstaadircuits and negate
the effect of the prototyping PCBs, transmission lieeds, andulky SMA connectorsHowever the
antenna feeding circuits have too many ports for RF probing to beeffestive solutionsand PCB
calibration methods were used insteAdgendix Q. For examplgthe8-port feeding circuit would require
8 RF pobes which cancost thousands of dollars pemit: hence the cheaper alternative of implementing
SMA connectors onto inexpensive prototyping PCBswever, he stanealone LTCC circuits havena

appropriatenaximumof 4-portsi suitable for RF probe usas discussed in the next section.

2.6.2 RF Probe Based Measurements

RF probes arecredibly small devices th&ind on the DUTrather tharbeingsoldereddirectly onto PCBs
in the case of SMA measurementhiese probesvere inventedto address thenicron sizedl / b s
semiconductor devices in silicon wafensd to characterize ultsigh frequencyminiaturecircuits up to
110GHz.The stanehlone circuits in this work share similar 1/O dimensions with semiconductor devices,
hence thedoption ofprobebase measuremenis this work

Probeshavesingleended or differentiaips that actas the contact terminationsith typical widths of
80um.Asingleended pr obe t i pndids, wh&dsalifferentidl problgsvarg betiveen g
GroundSignalGround (GSG), Groungignal (GS), GroundignaltSignatGround (GSSG)Ground
SignatGroundSignatGround,etc In this work, two sets of GSG probes were used: Cascade Mic®tech

ACP40A-GSG500 (Figure 2.6-2 a)) and Picoprob® 40A-GSG500 (Figure2.6-2 ¢)). The Microtech
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probe is a single landing device, wher#ssPicroprobe is a twim-one package with two individual GSG
probesthat can be manuallgdjustedto change theseparating distanceetween probedmages otthe

probes and theitips are shown irFigure2.6-2 to demonstratéhe different types otontact terminations.

c)
Figure2.6-2: RFprobes used in the measurement process.
a) Cascad#licrotech® 500um GSG probe and tip (b) ¢) Picopra&00um GSG duabprobe and tip (d)

TheDUT mustcontaina specifidanding padand probeitchto account fothetype ofRF probePitch
is the centered distance between adjacent terminations for diffetgpgiathichis 50Qum for both probes
in Figure 2.6-2. Figure 2.6-3 a) demonstrates typical landing pattern that would accommodate a GSG
probe with a 50@m pitch andFigure2.6-3 b) portrays thauniversalRF~probe landing pad implemented

into every stanéiloneRFprobeabld. TCC circuitproposedn this thesis.

S 150pm
Conductive | GND S
Pads : : : / .
! | ! Vias G G
N || ¢ 15
| | | O O |2
i e =
500pm  500um 200pum 200um
a) b)

Figure2.6-3: a) Typical 50@um pitch GSG RF probe landing pdd Universalb00um GSG RF probe landing pad
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Because theontact terminationare so small and fragile, a special probing station is useduot the
probeonto mechanical arms that can adjust lleéght,roll, and lateral positioof the probe tipExpensive
equipment an aut omatically align the pr odbmanualprgbglg t o t h
station wasised in this workspecificallythe Cascade Microte@hSummit D00shown inFigure2.6-4 a).

Coaxial50 cabl es are connected t o efeBNAinfFigureB.@4ct hat i nt

f)
Figure2.6-4: a) & b) Cascade Microtedd Summit D00 probing statiorc) 4-Port PNAX N5247A
d) 2-port RFprobemeasuremerd) 3-port RFprobe measuremefjt4-port RFprobe measurement
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2.7 Overview ofEveryFabricatedComponent in LTCC

All LTCC circuits weredesignecdand laidonto a 7.94cm x 7.8cm 14-layer FerroA6M stackup shownby

the CAD drawing irFigure2.7-1. Eachceramiclayerthicknesdn the stackup is identical consistingof

127um thick FerroA6M sheet€Excluding external componetiticknessesthe prefired structure height is

1.778nmm andis expected tshrinkby 29.13%(1.26mm) once cefired. TheLTCC layoutfrom Figure2.7-1

shows semiransparent shapégaringdifferent colaurs todifferentiatethe multilayer cofired conductors

and resistorsThe layout consists of the following circuitsit into individual des with notes made for

components designed specifically to be measured by SMA connectors (SMT) or by RF probes (RF)

A
A

> >

> > > > > >

3x 4-port to1-port GNSS feeding circidd A(BMT)

2x 4-port to 4port GNSS feeding circid B6 ( SMT)

2x 4-port to 5port GNSSfeeding circuis6 C6 (T Sidd digcussed in this thesis.
1x ThoughReflectLine (TRL) calibration kit (RF)

2x Microstrip Ring Resonatofdx 4GHz, 1x 5GHzJRF)

8x d_C Laddebpower splittes (2x SMT,4x RF, 2x+1% RB

10x-3dB 180 ratrace couplersdk SMT,4x RF, 2x 1% RB

10x d_umpedpower splitters (4x SMT4x RF, 2x+1% RA

8x6 P ar HO -BdB 80bcascaded brandime couplers (2x SMT4x RF, 2x+1% RB

8x0 Or t h ol/@ e3dB9D éascaded brandime couplers (2x SMT4x RF, 2x+1% RH

Threeadditional structuregvereadded tahe layout to studyhe co-firing effectand fabrication quality

A

1x cut plang centredline of conductors, vias, and muléiyer printed resistors with varying
widths and diameter§Vhen cut, this planeevealsa crosssection inside the ceramic

4x multi-layer printed resistor§2x 50Y and 2x 1 0 Q With different geometries These
resistorsareused to measur@nd comparg¢he DCresistancéolerance across multiple layers

14x exposed circuit layers for measuring trace consistencies, widths, and gaps.
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Figure2.7-1: Top view of thdayou®® €AD drawing realized for LTC@abrication
2x 1000 500
4-Port to 5-Port GNSS (Big) (Big)
Feeding Circuit ‘C’ ( S50§2u) (;00512”
1na 1mna
(SMT) 7%
TRL Calibration 4-Port to 4'?011
GNSS Feeding 3x
Circuit ‘B’ 4-Port to 1-Port
(SMT) GNSS Feeding
Circuit ‘A’
(SMT)

2x LC Ladder Power Splitter (SMT)
6x LC Ladder Power Splitter (RF)

4x -3dB 180° Coupler (SMT)

6x -3dB 180° Coupler (RF) || 2%~

4x Lumped Power Splitter (SMT)
6x Lumped Power Splitter (RF)

6x -3dB 90° Coupler (Parallel RF)

6x -3dB 90° Coupler (Orthogonal RF)
2x -3dB 90° Coupler (Orthogonal SMT)

3dB 90° Coupler (Parallel SMT)

Figure2.7-2: Legendof the manufactured LTCC layofdr navigatingFigure2.7-1.
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Multiple duplicationsof eachcircuit were includedo the layout so that a comparative studyld be
doreto ensure repeatable measurements of identical structimemotivation behind this was to indirectly
determine if the LTCC consistently shrunk throughout the strucitnat is,if measured results varied
between adjacent structures that are equivalesn it is likely that uneven shrinkage along the axes they
were placd had occurred.Further adthg to this study, individual layers of some structures waiso
replicated adjacent to each otlaedbrought to the top and bottom layers for visual inspedtiggvealing
any uneven shrinkagender a microscopé&ince every structure has a fully surroundsfigeld, this was
also an opportunity to measure conductor widths and lggpssual observationSection 23 addresses
these postabrication checks in detalil.

What differentiates the ¢ &RROp caBddtdéd sl a theel bfeodh f 0 rg ut
theirinputs and output® F ci rcui t |1/ O6s consi st owithlGGmpwidenar Wa:
signal conductors separatbg 200um from the shield/ground conductffigure 2.6-3 b)). SMT circuit
I / Obs ar e s i nmdamate(ubfinet) vidsat theeend3o0tife feeds and are cut down theeentr
to realize the crossection of the via as a solderable thbe 0um vias span 4ayers of the LTCC, thus
providing SMTleadswith heights ofroughly 36Qum co-fired Figure2.7-3 demonstrates the twgpes of
I/06 sising he 3-D modek of both the RF and SM@_umped power splitter(detailsof this splitter are
presentedn Chapter3). Figure2.7-4 further illustrates the sheared vias used to realize SMT leads by using

t he f abr i c-a8dBé&®hyhbdidPcauplerlad aexhniple(details ofthis coupler inChapter 4.

50um I/O
Feeds

300um @ Vias
(Cut)

Figure2.7-3: HFSS® LTCC modelsof RF (left) and SMT(right) packagedayouts
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300um @ Vias
(Cut)

a)
Figure2.7-4: Photograplsofaf abr i ¢ at e3dB 9 Rybnd adupleavithiSMT leadgChapter 4.
a) Bottomview b) Isometric view focused dwo I/Os.

It should be noted thatll SMT circuits(includingthe GNSS antenna feeding netwolkg for other
reasonswere RF probed despitbeir intended mountable desigfisis decision was made based on the
results of simulations conducted on everyTS#fructure mounted onto a PCB where only slight changes
to any circuitds fr e doseweargsignmifieastly @auseddyingso ssnced”GBser v e d.
for each circuit did not have to be manufacturBue prototyping PCBgshown inChapter ¥ werestill
designed and aready to be manufacturatiould future work wish to pursue tlption.
Finally, for each standlone circuit, two duplicated RF probeable circuits were put onto the layout but
with a£1% increase to the lengths and widths aérgwconductorelative to the nominal Rprobeable
circuit. These structures were implemented in the case that lateral shrinkage was an inaccurate depiction of
the modelled circuiteind to also provide insight tocai r chehaviod is response taniform physical

changesFigure2.7-5 below shows two examples £1% circuits that were manufactured and tested.

oo 71800

Lot ol | DmpecSpivn [l oo

Figure2.7-5: £1% fabricated LTCircuits cut into dies anplaced sideby-side.
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2.8 LTCC FabricatiorQuality Check

Cofiring implicationsand experience of the manufacturercloselytied to the outcome oLTCCO s
characteristigawhich unfortunatelyin this case ledo high levels ofuncertainty in almost every aspect of
theresearch andevelopment stag&he purpose athis sectioris to unveil the physical characteristics of
the fabricated LTCC and compare the findings to whatexagectedrom theideal designsPinpointing
the exactdifferences between the designed and fabricated layouts is crucial to idergifgicificissues
that maybe responsible faneasurmens that do not aligwell with simulations.

Subsectiongdividet hi s part of the chapter into specific a
We start by discussing some overall first impressiofgects thacan be seen by the naked egad
highlighting someunexpected manufacturing issues that arose pestig. Afterward, individual sub
sectionsreveal and analyze internalements that greatly influenagrcuit behavior. This includesia
properties|ayer thicknesses, trace properties, relative dielectric constant, printed reaistonsoreNote

that 0402 imperial) resistors may be visible in some pictures as they were used for size reference.

2.8.1 First Impressions

Defectswereunfortunatelyprevalet during fabricationresulting in several defected di&eferringto the
layout CAD drawings irFigure2.7-1 and Figure 2.7-2, all ports werénternally short to ground for one
copy of both GNSS antenna feedingmetr ks 6 B6 and O6CO6, -3dB9CP&w@rd it hagooalkbd
SMT couplerAbout 1/5 of the full LTCC sheet was rendered usesessa resujtand only one copy @ach
feeding networkvasfit for testing.These defected dies were alfayed to try ad determine the source of
error, however the short could not be locadeday images areeen throughouater chapters.

Another immediate point of concern was the quality of sueshdedo separate circuits into individual
dies.A recentexampleis the £1% circuits shown previously iRigure2.7-5wh er e i tediesward ear t |
cut at an angle rather than square with their outline. There should be clearly defined edges but instead the
resulting structures have smooth or unevenly cut corbif@rtunately this occurrence wareportedfor

mostdiesandwill becomencreasinglyapparent throughout this thegisen morecircuits are shown.
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Generic bgosand textwereprintedalongsidehe mainlayout toview the print quality and talsopush
t he ma n ulimaatidnsas showd ig-igure2.8-1. Widths and gapbetweertraces thatreatethese
objectsare well below the minimurscreen printinddRC requirementgivenin Table5.2-1. Itis ofinterest
to see the printed outcom@hen widths and separation of conductors amaller or close than

recommendetb provideinsightfor future projects that wish to utilize smailkgructures.

Figure2.8-1: Images oprinted LTCClogos vs. CAD drawings.

Overall, the prints are quite good in termefng able talistinguish entities or letters, however there
arefinerissues worttnighlighting The first noticeable flaw is the presence of excess conductor that follows
a pattern of outlining a majority of themuthogosd
smaller than expectexhdconductor widths are slightly largdyoth of whicheven made an appearance on
prints thatsatisfiedE TS & DR C sdtwasdegealedrihat logos were intentionally largehed laser
ablated postabrication to mediatethe push on screen printing requirements. Unfortunately this
contradicted the screen printing case study despite explicitly requesting that laser ablation not be used for
the logos. Impartidbserremoval led to th@resence oéxtra conductgrthough lager widths and smaller

gaps are the result of fabrication issues mentioned in the following sections.
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2.8.2 Internal Element Analysislethod

Beforeexaminingthe properties of vias, layers, traces, etc., this section pravedessargontext on the
method used to view LTCC elements that are buried within the cenafiticthe ability to look inside the
structuremany importanbbservations and conclusiorencbe made.

Figure2.82b el ow il Il ustrat es mdlathib@primaryimethagised tovedv t he A
internal elemerst As stated in the layout overview, the -pléne is a assortmenof multi-layer printed
resistors, tracesnd vias centered along a line that was cut to reveal theszossn of these components.
Their properties were carefully chosen to reflectdhme physical aspects of those used to develop the
LTCC circuits. For example, the tracen Figure2.8-2 are 15(um wide, and the vias have diameters of
150um or 30@um (before cefiring); all of which are identical to those used in circuit developmienwb
notable implementations atieattraces weraseparated intstaggered and overlappiognfigurationsand
the 30Qum vias occupy 4ayers to resemble the SMT lea@ a high levelthis cutplanegrants the ability
to determinehow accurateljayers werealigned and if there exists amyarping between layer$n the
following sections, more specific qualitiese drawn from thiscut, revealing via properties such as

diametersaandalignment, as well as thicknesdiedkedto traces, layers, and printed resistors.

CAD View Overlapping Traces  Resistors —_

™~ Staggered Traces ™~ 150pm Vias \‘300|,1m Vias

lauu””””

Cross-Sectional View

Cross-Sectional View Traces

Figure2.8-2: Multiple views of the cuplane.a) Isometric CAD drawingnt cut)
b) Fabricated toiew c) Fabricatedrosssectional view (wide) d) Fabricated cresesctional view (narrow)
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2.8.3 Via Propertie Layer AlignmentWarping

Vias arefundamentatomponentshat permitthemulti-layeraspects of LTCC technologlience, the first
and most important aspect for analysis is identifying their propertiexdipiningthe cutplane.Both the
150um and 30Qm vias are of upmost importance here, such thaumb@as are applieduniversallyto
every LTCC circuit, whereadi¢ 30Qum vias are exclusively used to form SMT leads.

In Figure2.8-3 are twocrosssectionalimages of stacked Idyer 15Qum diameter vias connected by
staggered (a)and overlapping (b)) tracek.should be noted thahields in every circuit proposed in this
work consist ofthe exact sameia-traceconfiguration ad-igure 2.8-3 b). Immediately noticeable is the
extremely poor alignment of the stacked viaaddition to their erraticallyarying diameters. We should
expect to see vertical rectangles bearing widths equivalent to fire¢d 26.um diameter of these vias
(Appendix B). Instead,vias horizontally ziggag over an area of ~20 and exhibit unpredictable
diameterganging between ~70n 7 ~150um. Layers are also misaligned in the& directionas shown by
the xrays inFigure3.1-:157T suggesting that itds practically i mp
diameter with this cuplane. Still, regardless of layer alignment, these via diameters should be no larger
than 126.@m i which gpears to be a commariolation given these crossections.Another crucial
observatiorns ceramiovargng betweerv i a sevidehtthab layers tend tbendnear the upperand lower
layers and in areas closest to the i&sum). Staggered and overlapping trace configurations are nearly

identical in terms of warpage, indicating that densely populatec&issavarping more so than traces.

Figure2.83: Crosssectimsof 14-layer 150um vias neardifferent trace configuratiores) Staggered b) Overlapping
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Next istheanalysis of 4ayer 30@um diameter vias, which to reiteraserveas solderable leads for the
surfacemountable circuitsFor perspectivetheseare thesame viag mpl ement ed ont o t he ¢
in Figure 2.7-4 b). Becausethe SMI leadswere created the same way as themlane, the following
information should provide valuabiesightto thefeasibility of the SMT leadvia method

Figure2.8-4 illustrates two crossections ofi-layer 30Qum vias connected by overlapping tracEse
difference between these two images is Figtre2.84a) 6 s vi as are fully intact
vias are missing frorkigure2.84b ) 6 s st ackup. Initially, the missin
howeve the problem reappearedather SMT circuits.Constant ecurrence ultimately led to detrimental
performance of many SMT measurements; particularly for the GNSS antenna feeding networks. The

significance of this issue led to a m@@mprehensivdiscussio presented later i@hapter 6

Figure2.8-4: Crosssectiors of 4-layer 30(um vias.
a) 30Qum vias fully intact b) 30@m vias withseveral layersissing

With regards to diameters and alignméfngure2.8-4 a) suggestslightly similar resultobtained from
the 15Qum vias. That isgo-fired diameters exgrted to b&52.um (Appendix B range between ~2pén
T ~253um but appear to better represent the expected value compared to the 14® findings.
Misalignmentthough wa acontinualflaw, where vias are stacked ~28d over X-Y, and the varying
diameterare likely due tX-Z misalignmentThere aralsoslight observations that can be made regarding
the amount of warping induced by these vias. \&@epn the upperand lowerlayers is still present but is
less than that of the 1ff vias thoughwarping closest to the vias remains unchangbi is numerically
shown inFigure2.8-4 a) where the substrate height is #B89in the centeandincreases te-98um near
the vies. | t ddear by comparing the lldyer vias inFigure 2.8-3 and 4layer vias inFigure 2.8-4 that

ceramic warpage is proportional to the numbestatkedvias rather than their diameters.
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2.8.4 PrintedCo-Fired Resistor Case Study

Also crucialto RF circuitsareresistors servingprimarily as terminations or isolaty elementbetween
power divideroutputs. Their presence iseenin many circuits proposed in this workhencedrawing
considerablattention to comparintheir idealelectricaland physicatharacteristic$o those fabricated
LTCC offersco-fired resistors in the form of printed and embeddable planar structinese features
are highly desirable given the fundamental thesis gdaleveloping fully shielded, miniaturized, and SoP
devicesTheirlow verticalform-factorsand embeddability offdruerealizationof our thesis goajshereby
eliminating the need for shield eauts on the top or bottom layers to create solderable (saés in
Chapters 3 and)6A majordrawback however, is the egregious80-50% tolerances exhibited by these
resistord9]. In the event of unexpected resistariostalling printed resistors internal to a structesn be
detrimentatoac i r c ui t 0 s sinpectheif prasamce iis drreversiblde tolerance can be reduced to
+0.1% butonlyfor externalresistors by trimming the fired regist pastevia laser ablation ding the post
treatment stageAppendix A i a redundancy that comes at an additional dasavoidpaying extra and
risking poor results, it was decided that inexpensive SMT chip resistors8iélwould beused instead.
Nonethelessunderstandinghe daracteristics oto-fired resistorsis valuablefor future research.
Hence, his section outlinea brief case study that explai¢he DC characteristics of external and internal
printed resistors using 1901 resistive paste with part numbex87-101B. Figure2.8-5 shows an image
of the manufactured resistors with multiple probing pads for measuring internal resistors. Yaod0

two 100Y resistors were manufacturedthwliffering geometriethatwereduplicatedorto 6 internal layers.

= 100Q 1 +100Q 1 L 50Q 1
mEly =R . 0 Ioic
..?.. o ! alf+] i) _ liwife

L ¥ &

= S0Q 2 i 1 50Q 2 100Q 2
BRI TINS B EE EEEE
.I*ll ot -3.3.\ .1:,-.3. ‘|

B g
Figure2.85: Fabricated cdired resistors (left) and CAD drawing désignecco-fired resistors (right).
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Table2.8-1: Measured resistances and tolerances of the 5@ n d LTOT @o¥fired resistors

Layer 50\'(_,1 50Y _ 1 50Y 2 50Y 2 100{(_’1 100Y _ 1 100Y 2 100Y 2

Res.¥) Tol. (%) Res.l¥) Tol. (%) Res.lY) Tol. (%) Res.t) Tol (%)

1 34.8 -30.4 37 -26 69.2 -30.8 57.2 -42.8
2 31.7 -36.6 30.5 -39 59.2 -40.8 51.7 -48.3
3 33 -34 314 -37.2 62.7 -37.3 54 -46
4 32.4 -35.2 34 -32 65.2 -34.8 56.9 -43.1
5 315 -37 314 -37.2 62.6 -37.4 51.4 -48.6
6 34.4 -31.2 33.9 -32.2 66.5 -33.5 60.6 -39.4
7 33.7 -32.6 34.3 -31.4 63.6 -36.4 55.5 -44.5

Table2.8-1 summarize the measuredesistancesf the multi-layer 50Y and 10 resistorsOveralll,

the DC measurements align well with the expee@®50% tolerances amongst all four resist@reving

rather discouraging for theability of implementindouriedco-fired resistors in futurevork. An observable

pattern common amongst all but the Y0@ resistor is that the upparost or external resistors (visible in

Figure2.8-6) exhibit resistances closest to their intended designs. This indicates that in general, internal co

fired resistors are expected to deviate more than that of externally printed reaistmméusion that does

not favor the desiredully shieldedSoP goa.

The resistors were designed wittinimuml e ngt hs

or wi dt hs

as

out |

(DRC) [9]. Resistors 50_1/100¢ _1 have minimum lengths df015mm, whereas %0 2/100Y _2 have

minimum widths of 0.635mm. These dimensions correspond to the resistive paste thaitdeeslap

with the conductive pads (which are also desigrtedminimum sizesincethe path of least resistanig

the pads edge terms ofelectrical performance thesee the onlydimensionghat provide insight to the

ned

manufacturing process. The average lengths and widths of the four resistors were measured from

microscopic images of the fired paskegure2.8-6) andhave been summarizéelowin Table2.8-2.

100Q 1

Figure2.8-6: Focusedmages of all four exposed-€med printed resistors.
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55

Designed Paste

Print Outline




Table2.8-2: Designed vs. measured dimensions of théireal resistors irFigure2.8-6 off the conductive pads.

Length x Width 50Y 1| 50Y 2 100y _1 100y _2
(Off Pads) (mm) (mm) (mm) (mm)
Designed 1.015x2.03 0.635x1.27 1.015x 1.015 0.635x 0.635

MeasuredApprox) 1.03x24 0.65x 1.7 1.03 x1.39 0.65x1.1

Carefulinspection othe closeup images irFigure2.8-6 reveals thepplication ofresistivepaste prior
to cofiring which can be seeshifted upwardérom the desied location The shift is insignificant in terms
of resistive performance astechn al | y t he pasteds | ength between th
negative implications for structures where maintaining physical symmeksyidDuring co-firing, the
pastespread nonruniformly in all directionsas seenn all four resistors The unpredictable and largely
varyingco-fired resistowidths inTable2.8-2 indicatethere is no clegpsattern to the spread of paste which
if consistentcould be compensated for in future developméritie final two properties of interest dheir
thicknesgs and if theycontributeto warping of the ceramic substratégure 2.8 7 demonstratetayer
warpage omuterareaf theresistorghatequalizes closer to threcenters. The closer view Figure2.8-8
was measured, yieldinglatively consistent layer thicknesses of@®1 98um between the overlapping
resistorsResistive paste thicknesses were also obtameedalingsteady results of 20n 1 25um that are

in good agreementith the expectefired paste thickness of n+2um [42].

~25um

~25um

Figure2.8-8: Microscopic crossectional view omulti-layerco-fired resistors.
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2.8.5 CeramicLayer & Conductor Thicknesses

The final topic in thisthesisto utilize the cutplare is a comparison between expected vs. measured
thicknesses aferamiclayers and traces. We should expect, as determin&pigendix B 90um and §m
T 9um thicknessedor individual LTCC layers and conductors respectivdiyjages and measurements
shown in previous sections have eluded to the fact that these thicknesses are relatively inconsistent and tend
to lie within a range rather thdrold a constant valudzigure 2.8-3 b), Figure2.8-4 a), andFigure2.8-8
provide enough information to conclusivetate these ranges as well as an estimation of average values.

In general, ceramic layavidths have been shown to fall within the range of 87ju88umdepending
on the surrounding environment (i.e. vias, traces, and resistors). However, as demonsthetentdes
sections abovehe volatility isunrefutablyproportionalto warping.Extreme cases of 98um thicknesses
are predominantly located neatl vias and outemost layers where deformation is greatest. In areas of
least warpage, layers roughly occupy 88ur@2um. This results in the expected 90um thickness as an
averagdaken ofthe least deformed areas.

Conductors share a similar fateterms oftheir widths beinglargely dictated by areas dfstortion
Labels to highlight conductor thickness measurements were excluded from previous figures to maintain
discerning images andeastated instead. Within areas of moderate to low warping, conductor thicknesses
were measured within the range of 5fuh6um, and with a mean value of 7um. These results are in good
agreement with the expected 6in®um dimensions outlined iAppendix B Along highly disfigured
areas conductor thicknesses were recorded as great as,AvheareFigure2.8-3 b) represents the best
example of this worst case scenarnibich looks to be the result of conductive paste settling into small

pockets as a result of the ceramic sloping inviawardthe vias

2.8.6 Trace Consistencies, Widths, & Gaps

To studythe response of trace properties teficag, we focus our attention Exposedayers of the stand
alone circuits presented in this wak shown irFigure2.8-9. From these images, a discussion is brought

forth to highlight the printed consistency of their ideal geometries, trace widths, anttdEcgaps.
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Figure2.8-9: Exposed layers ofelect circuitsvith 0402(1mm x 0.5mmyYesistors fosizereference.
a) O6Lumpedd p oGhapter 3h)pL8Cicaupler layerlChapter c) 90 coupler layer Chapter 4

Table2.8-3: Expected vs. masured trace widths and gaps from the exposedit layers inFigure2.8-9.

Power Expected Measured 180 Expected Measured 90° Expected Measured
Splitter (um) (um) Coupler  (um) (um) Coupler  (um) (um)

a 1361 ~1365 a 870 ~880 0 1000 ~1010

0 726 ~740 0 150 ~158 a 1175 ~1180
0 236 ~261 o 125 ~140 Q 565 ~490

0 235 ~155 Q 210 ~215 Q 300 ~230
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Upon careful inspection ofre exposed layers Figure2.8-9, it is apparent that almost every trace or
printed conductor exhibits rounded edges and widths that vafyiglme 2.8-9 ¢) for exampleseveral
smoothedges have been identified where they should be instead perfect corners. Moreover, this image
demonstrates the variance in conductor widths that are visible without having to make measurements.

Average trace widths and tratace gaps are also importanetnics to consider. Measurements
obtained fronfigure2.8-9 and summarized ihable2.8-3 indicate that trace widths typicaltijsplayerrors
of +5 10um relative to their expected dimensio@aps between traces however supersede these errors by
a significant amount and as previously stated, was a consistently rejzsuedn the podiabrication

check. An example that holds much significance later @hampter 3s the gap0  from Figure2.8-9 a).

We see thathe error is~-80um, where similar results were also reported from the gabgure2.8-9 c).
Considering human error, the trace width measurements may be a slight misrepresentation, however the
tracetrace gaps are undeniably much smaller than originally designed and anticipated.
To emphasize the recurrence of trai@ee gaps being reportedraschsmaller than expected, images
of two traces designed to be identical and printe
shown below irFigure 2.8-10. With the photographs bearing matching scales, it is easily distinguishable
that tracetrace gaps denoted & ,"Q ,"Q and™Q ,"Q ,"Q for the left and right respectivelyenot
equivalent as intended. The image on the left exhibits much smalletraeggaps than its counterpart on
theright (i.,e’™Q "Q,"Q "Q,"Q "Q). Afull view of the die can be seen froRigure6.2-3 in

Chapter 6where these discrepancies camdmgnizedeven without a closer view.
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Figure2.8-10: Sideby-side comparison dfvo surfacemount resistor termination pads from GNSS antenna feeding
n et wo mprntedomtibe same die.
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2.8.7 Relative Dielectric Constant

The final point of analysis conducted for the piaddrication LTCC quality check was extractiagd
comparingF e r r o Aetatiié dielectric constanttoh e manuf act ur eTwo Micrasthipar act er
Ring Resonators (MRRs) were fabricated for thisppae, whos theoretical and design details are
presentedn AppendixD. Note that the following results were calculated by assuming trace widths that
are 1Qum greater than expected while substrate layer thicknesses remained as the nqmindla®le
2.84 summarizes the extracted from both ring resonators for three sep&ateResonant Frequency
(SRF)data pointsAppendixDé FigureD-2p|l ot s t he MRRO6s si muAmangéhd v s . n
six SRF points collected between the two MRRs, the averalgelated- is approximately5.61. This

conclusion agrees well with Fet+tr 8BAGMO6s manufactur

Table2.84: Calculated of FerroA6M withcompensatettace widths and substrate heights.

4GHz MRR 5GHz MRR
n=1 n=2 n=3 n=1 n=2 n=3

Frequency| 3.94 7.88 11.71| 4.86 9.77 14.62
(GHz)
- 553 553 564 | 568 5.62 5.65

2.8.8 LTCC PostFabricationDiscussion
Many strengths and weaknesses of LTCCOs wlicabri cat
pertaintoE TS6 capabilities r at he Curiduhadboutthe flagvs diseoeceledia | o0 g y

the fabrication, aiscussion \as held witlthe techitian to reveathe factors responsible for inconsistency

1. Layer Misalignment

As demonstrated by trstaggeredias unveiled bycrasssectionsinaccurately positioned layers wete
result of equipmengrrorduring the collating stage as definedNpperdix A. According to the technician,
themanual stackgiFigureA-4 a)) was used which is supposed to produce very good alignkiewever
after stacking each layer, adlhesive tape backing must be manually remoVkd technician believes

some sheets westretchedduring the tape removal, thus resulting in layer misalignment.
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2. Trace Consistencies, Widths, and Gaps

Varying geometries, widths, and smoother edges a@ceamrence that is common to LTCC and is not
necessarily a reflection on the foundry. Uneven oven temperatures, mesh quality, amount of conductor that
settled, etc. are all factors that contribute to unideal shapes. However, trace widths amdceagps
werefound to bdinked to manufacturingerrors During the creation of masksr conductive patternshe
technician reported thgiaste spreaffetails inAppendix B wasunaccounted foin several layers and

areas of thestencils This resulted in fice widths typically 80um larger than expected, which also
contributed taheredudion in gaps betweeinaces. Paste spread nominal to ETS is within the rangief

15um. Moreover, the technician reported that laser ablation had to be used on naytptetd correct

these issues, once again contradicting the intended method of avoiding laser ablation.

3. SMT Viasand CeFired Resistors

The technique of shearing 300 viasassurfacemountable leads provesleakagainstextremely small
physical forces, garovenby the missing vias iRigure2.8-4 b) and the discussion brought fortiGhapter
6. This work was the very first time ETéhd lhad attempted this method, herice collectiveexperience
on theassociatedabrication was limigd and the outcome was uncertain. In fact, the foundry suggested
they use this same technique on othér u d designs lfowever | conclude and suggest that other options
be explored instea@.o-fired resistors are also still in development; ETS isestiflerimenting with findings
such as these. Though itbds worth mentioning that
technician t o b e relativadylamger thickhess poshing tadaiest tpeacerame taers.
Throughout the remadter of this thesis, simulations and measuremargsexpected to exhibit both
similarities and discrepancies given thememodnsistencies and flawRegardless of ideal vs. fabricated
outcomes, an important conclusion to makéhisprovenlevel of credbility whenassociatingspecific
measurement issues to fabricated discrepaticiesghout the following chaptersoving forward, this
thesisnow transitios into circuit designtheolry, and transformations intorainiatureLTCC environment
all with the knowledge presented up to this point as fundamental stegtpimgs Chapter 7continues this

discussion on fabrication issues and offers potential solutions for future work.
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Chapter 3
DualBand Power Splitterin LTCC

This chapter presentise novel design dfvo two-way equal power splittedevelopedn multi-layer LTCC
technologythatoperate ovethelower- and uppeitGNSSbands As seen in Chapter 2, power splitters are
an integral part imssemblingGNSS antenna feedirgircuit 6 Baldarethe first component seen by the
antennasTheir rolein the networkis to equallysplit a signalinto two isolatedoutputs Hence, mitigating
the phase and amplitude unbalance in additigmawidingisolation between both outpusefundamental

to successfully realizing high performance power divider for both stathohe and GNSS applicatians

While studyingwhich spliter topology would be most suitable for the antenna feeds, it was decided that
splitterswho shared characteristics with filters would significantly bendit received signal integrity.
Splitter-filter hybridswould provideinterferenceejectionin addiion to thefilters inherentto theGNSS
receiver Therefore, two duaband power splittefilter hybridsare proposed in thishapter anarereferred
toas O6Lumped6 an darivowhéreferdand wame od thefothaMhed lumpedsplitter duas
as a lowpass filter whereas theC Laddebsplitter duals as a barghsdilter. Respectively, these splitters
are suited for rejecting nei gh bbamdiamdgutebands Bothf er es
topologiesare extremelyminiaturized(thanks to the -® advantages provided by LTCC technolpgynd
packaged into fullyshielded surfacenountable deviceg\though the splittes underlying purposis to be
integrated with the feeding circuitseparateRF~probeable ancSMT packages weralso designed to
provide the option fostandalone characterization awdmmercialiability.

This chapter is organizad a waythatseparates he 6 Lumpedd and o6L@toLadder
individual subsections Their Wilkinson derived theories are dodd and validated ieach,following
detaileddiscussion®n the realization adfompactesigns i, TCCusingC h a p tsmuiti-laged elements
Models of both splitters designed in HES @re illustrated, whose simulations and layouts are compared

againsimeasured results and observational analysis of the fabricated circuits.
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3.1 dumpedDualBand Power Splitter

The 6L umpandpawerdpliteeibriginates from the work done j43], which utilizesadualsection
impedancdransformerthatis exceptiondy matcltedtoas y st emds char adtoeertvwost i ¢ i r
designerspecifed centie-frequenciesQ; and’Q; . Each transformer consists af alealtransmissionine

with a respectiveémpedanced and lengthdthat areconnectedn series(Figure 3.1-1 a)). However, the

dualsection impedance transformer is unsuitablaévierway power dividingin its curren2-port state so

the transformer is mirrored over an axis of symmetry with origins at the inputpaetrealize a ort

splitter (Figure3.1-1 b)). It must be emphasized now that maintaining symmetry between outputports,

and0 is the most criticahspect in mitigating the amplitude and phase unbaldfeemain challenge

when designing this circuit wasalizing a circuit layout with perfe&D symmetry which will become

more apparent when the LTCC structure is presented.

Ly Iy
P,
L, L, Zy Zy Z
h - bl - 50Q
P, P, p
T | Zl Zz ! ‘_____Aicii(if_S{m_mftr_y ________
Zy L o i
50Q 0 e I L,
Impedance Impedance > >
Transformer #1  Transformer #2 P 3
Zy Zy
Zy
@ 50Q
a) b)

Figure3.1-1: Dualband mpedance matching network composed ofia-dectionimpedancédransformer
a) 2port duatsectionimpedancedransformer b) $ort mirrored duabkectionimpedancdransformer

For the circuit inFigure 3.1-1 b) to meet the design requirements of our dhaadd splitter, it must also
provide isolation between output poiBy usingthe techniquesmployedin [44], isolationcan beachieved

by shunting an RLC tank between outputealized as a completeircuit in Figure3.1-2.
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Figure3.1-2: Distributed/lumped schematic of the doaind power splitter topology.

Perfect symmetrpetween outputis still maintaineddespite the addition eflumped isolation network
Therefore,even and oddmode analysis can be used to determine the unkddwparametersn the
distributedmatching network and the RLémponent valuei the lumpedisolation networkThe next
two sections briefly cover theven and oddmode analysis used to extractgeeomponent valuept3]
[44]. Once the unknowvain Figure3.1-2 are solved, theextstep is to transform tHELs to lumpedelement
equivalent circuitsFinally, thefully lumped circuitcan be transformed onegain tolumpedmulti-layer
microstrip sructuresfrom the parts library irChapter 2i.e. parallel plate capacitors]LSHIs, etc.)for

LTCC miniaturization.

3.1.1 EvenMode Analysis

Evenmode analysis is used to determine the transmission line parameters in each signadpath, for,

and & . During eveamode excitation, there are two incident signals at both output ports with equal
magnitude and phase, thus inducing perfect constructive wave interference and doubling the signal
magnitude at the input. Then, due to symmetry, just one ofghalgpaths may be analyzed as there will

be no current flow between output ports from either the shunt RLC tank or the short at thEigyat.

3.1-3 shows the equivalent circuit of the dimgind splitter irFigure3.1-2 during eveAamode analysis.
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Figure3.1-3: Distributed/lumped schematic of the duind power splitter topology during everode excitation.
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To beginevenmodeanalysis, it is well known that the ABCD matrix of any terminated transmission line
with an electrical length-and characteristic impedanéeis given by the following equatidiO]:
Al & HOET

e . -
4 Al 6 (3.1-1)

0 0
6 O

Thus,for two transmission lines in series with independent length and impedance parameters, the ABCD

matrix for the circuit inFigure3.1-3 becomes:

Al & ®OE}R Al & @OER

gg) et L. e o (3.1-2)
And, if both ransmission lineshare the same lengths such that @ or— — —then,
5 Ao LOEE (3.9
)
6 QOEH Q& @ (3.1-4)
6 NOEOER-O & (3.1-5)
o AT@-&?fL' (3.1-6)

The input impedance can thenéderessed in terms of the ABCD parametedsichis equal tagw

during evermode analysis as shownhigure3.1-3.
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&) 00 © ® 3.1-7
56 0 °© (3.17)

Monzonin [43] algebraically solves equati@8.1-7) to obtain two equations and two unknownscbor

andw , leading to the design equations as:

o oW (3.1-8)

6 o L P (3.1:9)

a & — (3.1-10)
Such that,
QA (3.1-12)
T % (3.1-12)
O A & (3.1-13

Where, & is the cente-frequency ratip€ is an arbitrary integer set to unity for applications when
p & o, isavariable used for simplifying the transmission line impedance in eq(aties), and
is the wavenumber aherespective transmission liae
I n summary, these design equations are obtained
mode analysis and solving for when it is matched or equabtdor both cente frequencies®, and’Q;,
and is the condition necessary for mitiggtany reflection losses/er two independent band3y forcing
the length condition in equatidB.1-10), the impedance design equations form patesin the reflection

coefficients at each ceetirequency.
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3.1.2 Odd-Mode Analysis

Oddmode analysis of the splitterigure3.1-2 determines thdesign equations for the remaining lumped
elementsshuntacross both output porteatcomprisethe isolation networkUnder odemode excitation,
there are two incident signalt both output ports 180out of phasePerfect deconstructive wave
interferene occursalong the axis of symmetryhus creating a voltage null or virtual ground seen by both
signal pathslong this line Theresultingschematiauringoddmode analysis of the dubhnd splitter is

shown below irFigure3.1-4.

W 1,
7 7, 2
0Q R % L ézc —L @ Zy

Figure3.1-4: Distributed/lumped schematic of the durand power splitter topology during odabde excitation.
(Schematic Sourcg44]).

The following oddmode analysis is aoncise summary of the work done [#4] which begins by
identifying that a transmission liftes i nput i nependtedribycsemieadingpedancey can be

written by

O O IAT (3.1-14)

Since®  Trrelative todd and®  deeelative to® |, the two respective impedana@edetermineg by
equationg3.1-15) and(3.1-16) below. Each impedance, includidg , must be solved for each cemntr

frequency. The following equations U§g as the exemplar:

. LT @OAT a L .o
- - ' -1
W, © o GOAT a (3.1:15)
O, GOATf & 3116
© R ©% @ 0AT & (3.119)
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By substituting® . into® . andaccountig for the lumped components-, andg0, thendee | - may

be solvedsuch that,
" C .. . q
@ j . T 5 Q0 ¢6 —= (3.1-17)

Like evenmode analysis, the series transmission line impedance must be matthedcharacteristic

impedance at Port. Zhus, by forcingY ¢ andaee . @ and repeating the derivations from
equationg3.1-15)-(3.1-17) for ", , two equations and two unknowns are obtained for the shunt inductor

and capacitowith design equationgiven by,

0 O
o U V]
v 0
cL cL
; U0 (3.1-19)
60 00

Where,0 ¢“"Q, and term® and0 are used to simplify theesignequations such that,

n OAf a (3.1-20)
n OAf & (3.1-21)
e (3.1:22)
ON W ®
“ “n (3.1:23)
OO ®

3.1.3 Design Verification
Design equation€3.1-8), (3.1-9), (3.1-18), and(3.1-19) obtained from everand oddmode analysis from
the dualband splitter irfFigure3.1-2, for @, @ , 6, and0 are evaluated in this section to construct an ideal

circuit in order to verify the accuracy of this theory andaiplicability to this GNSS applicatioithe
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lower- and uppeiGNSS bandsaire characterized with cergfrequencies ofQ; p ¢ Mz and™Q;
p L Wbz, in addition to a standard characteristic system impedande ofu m.LTo begin the ideal

design, the gded wavelengths inherent to the substrate were considered, such that:

. . a
® ogup T+
‘K- p& Gp OGN D

e TP p X @C

- . a

o) o8wp Tt T

R - —— e T8t W Par
Q- p® Yop TS

With corresponding wavenumbers,

The equivalent legths for both transmission lines can now be solved, wherep since the frequency

ratio& —: p& s within the boundary condition of &  ©. Thus,

; Tec&pwa

Since itis most convenient to use the transmission line electrical lengths,

— Zoomk@ng

— gG(pn;Jp mHwd

And subsequent|ythe transmission line impedance design equations are solved:

OAf & B d OQ
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It is already known thdY ¢ , sothe remaininginknowns ¢ and0) for the isolation network are

n OAfa n

VT X § WQ
— O TT PYE QoaQrl i
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6 0O
O A O
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0 0
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] 0 <
e e 0O
ou ov P8

The ideal values obtaindbm the even and oddmodeanalysis are summarizéalowin Table3.1-1.

Table3.1-1: Ideal component valuemnd TL characteristiosf thedistributedd L u mp e ebénd powex $plitter

Component  Ideal Value

@ 835Y
@ 59.88Y
a o 25.715 mm
Yogh 100Y
0 1.2 nH
6 10.82 pF

With all the variables of the dublnd distributed/lumped splitter known, the circuit was created in
Key s i g h®& uéirggidealbdtponents for both the transmission lines and the shunt eleffieaisieal

simulations are shown in the followirfggures; howeverthe amplitude and phase unbalanets are

omitted forconcisionsincetheyarevirtually zera
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Figure3.1-5: Ideal ADS® simulation results of the distributed/lumped dbhahd splitter.
a) Reflection coefficients (red) and output isolation (black) b) Transmission coefficients (red/black)

FromFigure3.1-5, it is evident that the ideal simulation results are exceptional, thus validating the
design equations frofd3] [44] and the topologies applicability to the dir@ind GNSS applicatior\s
expected, the reflection coefficier{&i1) and output isolatioS;3) have poles positioned exactyeach
cente-frequency The splitter is well matcheaindprovides good isolation between outputs across both
GNSS bands. Notably though, the isolation bands are narrow, especially for the lower GNSS band with a
larger FBW which was an immediat®ncernwhen formulating the LTCC equivalefurthermore, the
trarsmission coefficients ¢sandSs;) portray an equal split across both outputs witlexpected3dB
loss in each signal pat@iven these desirable duaénd splitter properties, this topology was chosen as
the fundament al d e s-haml splitterolm orderhoaniniaturizentipsecict @it halvavar)
the transmission lines must first be transformed to their lurepEdent equivalent models using the
lumpedelementransmission line theory fro@hapter 2 The next section outlines the design pssand

the final schema t-bamd spiitfer attehtensformatiomp e dd d u a |
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3.1.4 Lumped Transformation

Th e 0L u mphbaddsplitttrucavests name based on the fathat it was transformed fromthe
distributed microstrip TL circuin Figure3.1-2 to an equivalentumpedelementircuit using transmission
line theoryfrom Chapter 710]. The shunt RLC tanisolation network already consists of lumpsdments
soonly the lumped transformation of the two transmission lmmestbe done to realize a fully lumped
circuit. After applying lumped equivalency to the two transmission linedrémsformed splittebecomes

thecircuit in Figure3.1-6 below.
Ly
[ ¢ T o L
1101
Ly
R
12171

Figure3.1-6: Lumped transformtion of thedistributed/lumpediuatband splitte(15 elements)

2

The circuit is further miniaturized by absorbing parallel capacitors, resulting in the final schematic of the

lumped duaband splitter that consists of 12 componeatker than the original 15.

P e e o e o e o e = mm = mm = my

Isolation
Network

Impedance Matching Network

Figure3.1-7.Fi n a | circuit -bahdsplitte12 éldmentsfiorel dCGC redilizaion.
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The capacitor grortd with valued hasasignificantr ol e i n t he dtpslinientionally 6s ope
situated along the axis of symmetrymmimizethephase and amplitude unbalanaedalow-pass filtering
elementwi | | be pr es dransmission cdefficeentsecause tiei capacgor isunt To show
this, and to also validathatthe lumped equivalent circuit is similar to that of the distributed/lumped design
the componemtin Table 3.1-2 were usedo designand simulatehe splitter inFigure 3.1-7 with ADS®.
The component values were sol\gehd optimizedusing equation$2.4-1) and (2.4-2) from Chapter 2

with theknowntransmission line impedances and lengths fronettest and oddmodeanalysis.

Table3.1-221 deal component v al-hamdpowerfsplitehe O Lumpedd dus

Component  Ideal Value
9.36 nH
6.77 nH
2.82 pF
4.0 pF
100Y
1.6 nH
7.92 pF

Ot c: g O: O: C:

A0

Magnitude [dB]

51

Transmission Coefficients [dB]

20

dB(S,,) - Ideal
dB(S,,,)- deal

dB(S,,) - Ideal
dB(S, ) - Ideal

| | | | | | I I I | 25
1 11 12 13 14 15 16 17 18 19 2 1
Frequency [GHz]

1.5 2 25
Frequency [GHz]

a) b)

Figure3.1-8: Ideal ADS® simulation results of the fully lumped ddadnd power splitter.
a) Reflection coefficients (red) and output isolation (black) b) Transmission coefficients (red/black)
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Following thelumped transformation, the reflection coefficients and output isolation still have poles
positioned at both cemtfrequencies. The components in the isolation network have changed slightly,
however the & plot has notchanged since thesolation network itself remains the same from the
fundamental distributed/lumped desi@dther points to note is thagftections are highesompared to the
transmission line topology, and the kmass filtering effect from the shunt capacitor at the inputhcan
be seerfrom Figure 3.1-8 b) i where he transmission coefficieatplot has been extended over a wider
frequency to highlight the filteringAs previously stated, this topolognenefits the GNSS feeding circuits
by rejecting outebandfrequencies greater thdine upper GNSS band@he transmission coefficients for
both outputs are also equivalent and provide eeB@dB splitting. Hence, the axis of symmetry was
maintained througput the lumped transformation, and again the phase and amplitude unbalances are
omitted since they are virtually zero.

Moving forward, thdumped duaband power splitter ifrigure 3.1-7 is the circuit of focus for LTCC
implementationThe topologp s p e r fhasrbeea watdetegiven the exceptional match, isolation,
and filtering provided over the lower and upper GNSS badidce &ery component inow lumped they

may beonce again transformed multi-layer microstrip equivalent elements

3.1.5 LTCC Transformation

To obtain an LTCC structure that consists entirely of majter microstrip elements, the location, shape,

size and layer occupancy of each element must be simultaneously considered. As such, this section will
explainthe overalldesign strategand the methodicalonfiguration of each component to realize the final
dualband power splittedesignin Figure 3.1-7 as a miniaturized LTCC structuféigure3.1-9 presents the

HFSS®R models and fabricated dies of thélayer FerroA6Mdualband splitter with and withouat shield

The structure isharacterized bynshielded and shieldetimensions of 4.74mm x 2.48nmxril.28mmand

6.23mm x 3.9mmx 1.28mnrespectivelyShields are shown as grey and transparent for the ®llrRg8els.

Fabricated and cut dies of the splitter are also shown for both the RF probeable and SMT packages.
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f)

ddnd powee spliftdr in hTICE. d 6

e)

dual

Vi ews
d) Topview of die e) Bottom view c8MT modelf) Bottom view of SMT die

Figure3.1-9:Mul t i pl e
a) Isometric unshielded model b) Isometric shielded model c)viemp of RFprobeablemodel
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The key to realizing thesplitter as anLTCC structurewas to divide and conquerthusbreakng the
circuit down into smallersegmentsand obtaining approximations feecludedsubsections First, it is
reasonable to assunmsed on evenand oddmode analysighat the impedancenatchingisolation
networks are relatively independent from one another, therefore these netaroldesdesigneskparately
Within each networkexists capacitors and inductors that must be tram&fdrto some mukiayer
microstrip equivalentrom the library inChapter 2To achieve this, the capacitors/inductars designed
as independent structuriesan isolated and unshielded environmemesembleheidealvaluesfrom Table
3.1-2. The type ofmulti-layer structureused toimplementthe transformation iscrucial and ultimately
depends on the netwotke componenbf interestis found in.After obtainingan approximation for each
multi-layer component the independennetworksare formed by appropriately combining the lumped
element microstrip structureSeparately, &h retworkis optimized to account for parasitic coupliwgh
neighboring elments and shieJdhen pieced together in a fully shielded structuxetworkswerethen
optimizedonce again to account foew parasitics betweeeaach otherFigure 3.1-10 demonstratelow

the components were separated into the respective networks and as independiyemsituctures.

Figure3.1-10: 6 L u mp e ebénd pbwex $plitter in LTC@xcluding shieldwith colored labelshathighlight
individual multi-layermicrostrip structures and networksbels efer toFigure 3.1-7.
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Each componer(and respective netwoyks now distinguishable as an independent entity and may be
directly correlated to the original schematic illustrated earligfigire 3.1-7. The circuit is even further
broken down into thandividually designednulti-layer lumpeeelementshownin Figure3.1-11, with final

dimensions summarized Trable3.1-3 (excluding thestandard402 SMT resistorY).

Figure3.1-11: Individual lumpedelement microstrip structuréwith dimensionlabels)fromt he o6 Lumpedé dua
band power splitter.

Table3.1-3: Dimensions of the muHiayer lumpede | e ment st r uct ur eband power splitter. 6 L u mp e d

Schematic Elemen Dimension Value #of Schematic Elemen Dimension Value # of

& Topology Variable  (um) Layers & Topology Variable  (um) Layers

0 a 1361 5 0 a 988 6
MLSHI 0 650 MLSHI 0 727
0 f‘} 770 7 5 a 1577

RPPC U 726 Planar Meander ) 1304 1
07Tc 0o 7¢ a . 1570 4 0 235
RPPC 0 & 750 a 1489
; a 988 ) 0 1593

R?P{;CC 0 774 4 MLIC 0 150 ©°
0 236 0 ; 185

All four multi-layer microstrip lumpeeelementtopologies presented iG@hapter 2were used in this
design.The impedance matching network consists of maiter rectangular plate capacitaguarehelical
inductors whereas the isolation netwoik comprised of singlemulti-layer interdigital capacitor and

meander line inductorMost structuresonly occupy l1@ayers (with the exception of theesistor
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connectionsand shieldhich fails totake advantage céll 14-layersin the structure. Although the overall
size could be reduced by using the extlaykrs, i.e. stacking more capacitive plates, the decision to use
only 10layers was intentionabuch that,n the event that the mulayer resstors yielded reasonable DC
tolerances from the case study @hapter 2 future work would consist of removing thelad/ers by
embedding a printed resistor in the shield instead of using an externally soldered SMT conmponent.
addition, all ground viaare shunto a common ground plane on the bottiae of the structure. This was
done toisolatethe return current loop® theground closest to the I/O feettsus minimizing inductive
parasitics inherent to the through vias in the shield.

Theimpedance matching network wdesigned first, with the strate@y minimizing space occupied
by the components in 1@yers by overlapping structureSimultaneously, it was known thahysical

symmetry between output s dpbdse unblancéiencel G | pwerktee D s
centred down the axis of symmetmnereas all other components in the network ¢ , — —, and—)

weremirrored on both sides ob . A multi-layer rectangular plate capacitor was used to cKkeagince
this topology maintains a perfect degree of symmetry over all three axes when cut down && lzentr
capacitor also acted as the focal point for dictating the total width of the splitiéx being wide enough

to accommodate the isolation resistéior example and & . were optimization parameters that

i
increased proportionally to the feedstof while the widths of these elements remained fixEde last
consideration for this network was designing tipperhalf of the impedance matelg networkthat is
closest to the isolation netwoakndwhered and0 g overlap Becaus® *¢ is shunt and connects after
0 relative to the input, it was known thtats connection would be awkward and would requieng, and
thus highly inductiveground vialnstead of introducingnadditional viawith parasiticsp 7¢ was flanged
so that it could be fed upwards by while sharing the shunt via with .

As discussedn Chapter 2thepurpose of implementingiulti-layer interdigital capacitsrandplanar

meander line inductors to achievenear perfec-D symmetry betweetwo portsto minimize output

imbalancesThese structures are exclusively usedsimlation network giventhe interconnection between
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two output portsRectangular plate pacitors and MLSHIs could theoretically be usesteadf they were
doubled/halved respectively and mirrored along the axis of symmetry, however this option is impractical
due to the additional size implications and issues with satisfyingd Ei&ign ruks. Instead, the
fundamental design strategy for realizing the isolation netwak to overlap elementg, 0, andd by
connedng them with commorthroughvias andenforcingd and 6 as interdigital and meander line
topologiesSince the widthob accommodat es the resistor ofer'YWas mensi o
to ensure thait was mounted in a position centeratbng the axis of symmetri.o ensurethat 0 was
balanced between outputsyias designed witan oddnumber of meanderhree)with the cente meander
situated along the axifn contrast® must occupy an evemumber of layerso achiee best symmetrical
properties sinc¢he stackedayers are mirrored copieBecausea design goal was to occupgn of the
fourteenlayers,0 was realized asix-layers so that) could be separatday two-layers rathethan just ong
thereby mitigatingoupling betweethe twoelementsDimensions of botld andd were also restrictedt
the total width of the impedance matching network, hence why it was designedrfiestditional blank
layer was also left in the isolation netwad thaty could beprinted ancembeddedherein future work.

Overall, the divide and conquer techniquevedsuccessfuand greatlysimplifiedthe desigrprocess
Combining theimpedance matching and isolation netwoh@veverresulted insomevariance to the
expected frequencesponse, whose effect dominated the isolation more sdtibinput VSWRs. As a

result, the layout was subjectrtonor modifications and final optimization

J b Isolate Inductors Design asymmetrical Form network: Ontimi
ity ]aqncc Mlactc ng & Capacitors in = microstrip structures & [+ comnect & shield all [~ ﬁlllpn:iﬂ\:fzoerk
Sivor unshielded LTCC optimize to ideal values element structures
Divide & Conquer Connect & shield L Full circuit
Independent Networks both networks Optimization
t
Isolate Inductors Design symmetrical Form network: Optimi
Isolation Network & Capacitors in =+ microstrip structures & [=#| connect & shield all = fl,lllpnel?‘;i:erk
unshielded LTCC optimize to ideal values element structures

Figure3.1-12. Summarizedldbw-charto f t h e duatbandmpewd® p | | UTC@desigs process

In the following section, design goals that regulated the final optimization are defined, alongside the

presentation of EM simul ati ons -bandgbwemsplatanl TCECd r es ul
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3.1.6 Design GoalsEM Simulaions & Measured Results

Table3.1-4 summarizes the final optimization metrics applietHFSS® to the fully integrated structure
where both networks are connected and fully shieldazhsidenng the requirements of the feeding
networks, emphasis was given to input VSWRs, isolation between outputs, and amplitude/phase unbalance.
After satisfying, and in most cases surpassing these conditions, tHeatdasplitter was fabricated and

measured agutlined in this section. A summary sifnulated andneasued frequency responsagegiven

in Table3.1-5 to reflect theRF-probe basedtheasurements obtainedrigure3.1-13.

Table3.1-4: 6 L u mp e ebénd pbwessplitter design goals

Frequency Reflection Coeff. Output Isolation

Amplitude Unbalance

Phase Unbalanc

(MH2) (S11)a8 (S23)a [(S2)de T (Ss1)as| [(S2)°7 (Ss0)°|
11651295 O-15 0-15 +0.3 +5
15601606 0-15 0-15 +0.3 +5

Table3.1-5: EM simulations vs. Rfprobebasedne asur ement s

of

t hhband@dwersiteerd 6

EM Simulated (best, worst, typical)

GNSS Reflection Insertion Output Phasg OutputAmplitude Output
Frequencie§ Coefficients Losses Unbalance Unbalance Isolation

(MHz) [-dB] [+3dB] [’] [ldBI] [-dB]
11651295 | 42,21.4,30.2| 0.2,0.3,0.2| 0.7,1.8,1.3 0, 0.1, 0.07 34.9,9.1,17.7
15601606 | 43.2,22.5,32.9 0.3,0.5,04( 29,3.1,3 0,0.09,0.06 | 28.5,17.8,22.3

RFProbeBasedVieasurenent(best, worst, typical)

11651295 | 30, 19.8,23.6| 0.3,0.6, 04 1.1,5,3 0.2,0.4,0.35 | 33.6, 10.5, 20.4
15601606 | 43.5,19,29.8| 0.7,0.9,0.8 | 3.5,3.7,3.6| 0.38,0.44,0.4 | 15.4,11.6, 13.5

As previously stated itChapter 2identical copiesof this splitter were manufacturexhd testedo
determineif shrinkagewas consistenacross the LTCCIn addition, dies matchingFigure 3.1-9 were
equippedvith SMT leadsand+1% increases to their packageswever only the RFprobeable dies were
optimized so theywereused as reference for all simulatiombereas reasure resuls of the SMT and
+1% circuits shown ifFigure3.1-14s er v e
layout changesln summary all dies were t&ed, howeveit was found that identical diggeldedvery
similar resultshencemplying consistent. TCC shrinkage Thus, for brevitypnly single diemeasurements

are presented. Thisame philosophy holds true for all other circuits in this thadisss otherwise stated

t he
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Nominal measurements of the fRFobeable die irFigure 3.1-13 suggest very good agreement with
preliminary simulations. Several discrepancies are worth highlighdired in future researctihough,
particularly the upwards frequency shift to the upgefation band and théarger than expected
amplitude/phase unbalanceBhankfully, the postfabrication check inSection 2.8provides sufficient
information toconfidentlyidentify the underlying reasons for these findings.

It can be easily shown via idesimulations that changde eitherd or 6 in the isolation network

described in the following textill cause the bands to shifpwards and awafyom the two GNSS center

frequenci es. Recalling an expdgee?.8da), thegapbetweehh t he

06 s me aon §lwas found to be much smaller than originally desigfiddks realization has lesser
inducanceimplications for0 giventhe smaller line lengths between meanders but is also related to the
distance between fingersfrodd s i nt er di gi t alinherently lnak @lgsger qudity facior s e
ando is much larger and therefore much more affected, the isolation neésrasgumed to have undergone

an increase in capacitance and decrease in inductance, thereby leading to the upwards shift.

Output unbalanceare also likely a result of findings from the fabrication check. Repetitive emphasis
has been given to symmetry aitgl importance to the unbalance characteristics of this splitter given its
reliance orevenrr and oddmode conditionswhichis mostlylinked to layer misalignment as demonstrated
by thevia crosssections irFigure2.8-3 andFigure2.8-4. A minor reason that is likelglso a factoris trace
width and geomejrvariations Particularly for the impedance matching network, layer misalignment and
trace consistencyuggesthe structure is not a perfect mirror of itself alongdkis of symmetry A good
example of thids the l4layer through vias on either side of the structira ttonnects the isolation
network. Misalignment of thegall vias can undoubtedly be shown to result in larger than expected output
unbalancesAn X-r ay was taken of the 6Lumpedd splitterds
shown inFigure 3.1-15 below. Solid black represents vias whereas seansparent black indicates the
presence of a trace. It is easily distinguishable that the layer misalignment creates significant asymmetric

characteristics along the axis of symmetry where almost every viawgiaslstaggered.
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Asymmetric Vias

Figure3.1-15: X-r ay i mage o fluathandpowerlsplittepireLd©Go highlight asymmetric vias created
by layer misalignment.

Similar behavior can binkedto the SMT measuremenits Figure3.1-14 in terms of output unbalance
which likely increase as a result of the BfiQvias on ports 2 and 3 occupying different diametefmal
observationd note is that the1% dies exhibit only minor frequency shifts over the reflection coefficients
and output isolation, implying that th@pologyis somewhat insensitive

Froma systerrevel perspective, this splitter exhibits and satisfies the many requirements desired by a
GNSS receiverlt may be concluded frorfrigure 3.1-13 that dualband operation alongside loywass
filtering is portrayed by this splitter. Insertion losses, amplitude/phase unbalances, and antenna input
VSWRs are more than satisfactory for our desired application. One improvement that can be made though
is to improve thedwerFBW of the isolation. In its current state, isolation is providemstlyover the
lower-band while itcovers theentirdy of the uppetband.Thi s i snét very significa
integrated within the receiver as isolation is provided histhe 90 couplers Chapter 4, but it would be

avaluableimprovement for standlone and commercially viable GNSS applications.
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3.1.7 Conclusion Contributions

Throughout thisection a high performancand highly miniaturizeghowersplitter LPF hybrid has been
demonstratetb excel induatbandGNSS applications where upgeand interference rejection is an asset
Mi ni aturization can be dimensiams ob 623mnhxe3.9ranp X 1i.28nomety 6 s  mi
overall surfacearea of 24.3mr Practical implementation of this splitter halsobeen validated through
typical measurenents of -23.6dB£29.8dB reflection coefficients, 41B/0.8dB IL, 3/3.6° phase
unbalances, 0.35dB/0.4dB amplitude unbalances;20@dB/13.5dB output isolation asss the lower
/upperGNSS bands respectivellence, thesis goals of staatbne operation anithtegrationfeasibility
into GNSS antenna feeding network 6B6 have been f
In summary, a miniaturized LTCC power splitter with strdiftgring dualities (Qe 1.75GHz) dual
bandbehaviorafully enveloping shield, SoP design, and SKave been provem collection of features
thatcould not be identified through the industry nor in acadaasiindicated byhe literature review in
Chapter 1Thus, it may be concluded that the splitter proposdtignchapter isiovel in nature antias
competitive features for stavadll one fic hi fooa consumergnarkeCammercially available
power splitters fronChapter J11] [12] cost roughly $4.0@nd $1.50 respectively; thus, if mass production
is desired, these are the cost metrics per unit to beat or compete with.
Chapter offers suggestions for fineining the fabrication process in order to remedy the issues caused
by manufacturing discrepancies. Specific changes that can be madetopgbsedayout foradditional

miniaturization and performance are also includedimahapter.

Figure3.1-16: 6 L u mp e ebénd IdTC@ power splittedtie compared to @anadiardime.
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3.2 4.C LaddebDualBand Power Splitter

The second dudland power splittefdenoted a® L C L aisltiled TC& interpretationof [45]; a fully
lumped tweway equal power divider based on frequency transformatibmofttorCapacitor (LC) ladder
basedcircuits. Asstatedin Chapter 1this splitter topology was natplementednto the GNSS antenna
feeding structures since it was found to be highly sensitive to parasitic coupling when transformed to the
LTCC domain. Instead, thgpalwas to experiment with differedesigns and fabricate the model that most
accurately represented an ideal do@hd splitter BPF hybrid and to studysensitivityto parasiticsThat
is, if measurements proved be consistent with simulationthen thefeasibility of this circuit topology
would be validatedor future work.

Two separate OLC Laddendé6ted| ast 6y, withéehdréspestivad d O & g p
circuit schematics shown below kiigure3.2-1 @) and b).In their current state, these circuits operate over
a single narrowband cestfrequency and must be frequency transformed to accommodate twe- centr
frequenciesQ, and"Q,.The O Ty p ethetréticabypé i t o ems sl i ghtly better
such thatthe FBW a T y pis 12.49% whereas the FBW of the latter is 10[@%}. Although both types
theoreticallysatisfy the GNS®ands the obvious choices to used Ty pe 1 dlargpiFBV. Thei t s
choice becomes leapparenhowever when considering the equivalent frequency transformations of these

circuits(Figure3.2-2 a) and b)jandtheimplicationsof said circuitsn LTCC.

Cy G
— P, | 1 1P,
L Lint
Pl +__rv'v:'l'n_', pl F“r;l:“" Lint Rint
(I:% f"int H : ! %p3
1 1 Py C,
a) b)

Figure32-1: O6LC Ladderd6 circuit schematics prior to freqgu
Source[45]
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a) b)

Figure3.22. o6LC Ladderd circuyttsaheimatimasi afntea) foEgpen

Source:[45]

A frequency transformatioappliedto both splitter types revealsthat the network of components

connected between outputs is thiferentiaing factorin terms of symmeyr and thus ability to mitigate

output unbalancesr h a t i s, splitter O6Type 16 is asymmetric

Elementd) andd can beenvisionedhs stacked components centred down the axis of symrHetnever
'Y can be halved and mirroréolbothoutputportsandf o r ¢ e o Desynenetital butonly at the
expense of madditionalresistor Given thesensitivityof these circuits, 0 was also doubled and mirrored
to mitigate coupling with capacitar for both typesthus resulting in the final schematics for LTCC

realization as shown iRigure3.2-3.

i

!
2L1§ Ci’2 Lr2
2L
3, L,

r r
C int,2 L int,2 Rint,z

',
P

-

21 3 ¢, L

a) b)

Figure3.2-3: Final 0LC Ladderd circuit schematics for
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Before identifying whichsplitter topolog is most favorable for LTCQealization it must be
emphasized thdipth topologies dual as BBBver the wideband GNSS spectrum due to the shunt LC tank
at the input porthat consist®f 0 andd . Thus, both circuitare capable afatisfying the requirement of
dualband power splitting and baiass filtering As will become apparent in thelfowing sections, these
circuits have dissimilarities such thae 0O ,02 ; 02 f,andY 5 Y f.

By forcing symmetryjto the 6 T y p splittdr (Figure 3.2-2 a)), amplitude and phase unbalangas
successfully mitigatedHowever a new problem arose witlargeinsertion losseslue tothe additioml
resistor.EM simulations recordedL of up to 1.2dBalong both signal paths (negating #3elB split)
resulting in the decision timcus ons p | i t t e despiteTity lpsser EBWL should be mentioned that
both topologies were design@dLTCC,butonl y &6 Type 206 amdaeportadamthisfasisct ur e d
for thisreasonFor insightful purposeshe analysis foextracting the design equatios® presented in the
following sectionsfor both circuit typesThe analysis procedure is identical, such that deddmode
analysis isconducted on the origal LC ladder circuits fronfrigure 3.2-1 to determiné) , 6 ,0 , and
'Y . Oddmode analysis differs between these two circuits, suchstimédesign equations for splitter
6Type 206 wer e d eathervha éxtractaddfrenpdé]nTesen parargeters are used in the
frequency transformation to satisfy the design equatiorgpfaroximatingcomponent valuesi , 0 , Oee
0,06 ,ando

Throughout this chapter, ¢fldesign equations obtained from theoretical analgistsverified and a
comparison is drawn bgeen thadealfrequency responsgf both circuit typesMoreover, thdabricated
0 Ty pl&CQniodelisillustrated wherethedesign strategis presented for realizing ¢l TCCstructure
using the 2D lumped microstrip equivalent circuit library fro@hapter 2Lastly,theEM simulated results
ofsplitter O0Type 2the measwed cesulmpdaarcandusiangsamade ot whether this

circuit can besuccessfullyapplied to GNSS applications.
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3.2.1 EvenMode Analysis

Bot h 6LC L addRguré3.24 gap besillustratechsnan equivalent circuit under everode
excitationas shown irfFigure3.24below.Sp 1 i t t er ¢ T yafisly evéahoderan@rementir its
current statesince it isasymmetrical howevercomponent®) and’Y may be halved and mirrored on
both sides to replicate a symmetric plaAs explained inSection 3.11, the inputterminalimpedance
doubles,and no current flows between output branches, h&hceandd are open circuiandcan be

omitted.

P 1 LZ 5’1 Cl P2

27, % 2L, % Zy
v

v

Figure3.24:Equi val ent circuit of bot h-madée&citdtiendder 6 spl i tt
(Sourcei[45]).

Minimum reflections occur whethe evermode input impedanced is equal to 2 times the %0

characteristic impedance . For a single frequency,

,, p (321)
vt e P
R

Satisfying equation(3.2-1) is a choice that ultimately contsothe inductance and capacitance of the
frequency transformed components. For example, the circuit is matdhed i6  p, but were chosen
as0 v mandO T8t ¢to obtainreasonaly small inductances and capacitancéote that these

parameters are unitless.
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3.2.2 Odd-Mode Analysis

Figure3.25 a) and b) illustratethee qui val ent ci rcui t s durng oddmodei t t er
excitationrespectivelyThese circuits are not equivalent; therefore ta@yndependently analgdin this
section with separate design equations for eBciing evermode excitation, the axis of symmetry is

virtual groundi resulting in a shunt at the input port and between outputs.

Lint1 | |
in C Pz C, Pz
Zionl Zy Lint,2 Rint,z Ziﬂnz Zo
- 2 2

v v
a) b)
Figure3.25: Equi val ent <circuits of -nblle@xcitabod.der 6 spl i tte
a) O6T@Wuee[dhPb) O6Type 26

2

Again, reflections are miniad whenthe oddmode impedanced and® are equal to theharacteristic
impedance® for some frequencyQ For splda,tttehhi s Typrdilti on i s met
equation is satisfied:
o o p P (3.2-2)
p I C_ @
h Y & P R Y |
C ¢ @

Giventhad T8t qvas chosen duringverrmode analysis, equatigd8.2-2) was satisfied witiparameter

valuesO 0 vuvmndY ; & v m.llikewise, the impedance matching condition for splitter

6 Ty pveas derivedisequation3.2-3) and was satisfied with parameter valies:; p mandyY

G prmmlLl
oo p P (3.23)
p P P g [
Ye @8 p Yi @y a
C ¢ a
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3.2.3 Frequencylransformation

With all unknowngdefinedfrom even and oddmode analysisar the twocircuitsin Figure3.2-1, thefinal
step is to determine thelosedform expresgins of theundeterminedparameters in the frequency
transformed splitter&vhich are given in this sectiofrrequency transformation agfinedby the following
equationdn terms of angular frequenciés)(with respecto GNSScenterfrequencies, 1230MHz

and®, 1583MHz thatare applied to each reactive elemenigure3.2-1:

P (3.2-4)

—
—

(3.2-5)

— (3.2-6)

Finally, design equation8.2-7) to (3.2-12) arealgebraically determined in terms f and6 asclosed
form expressions for the unknown parametétsothsplitter typeslt is important taecognizehatld

¢0 j impliedthatconditionscd 0 {,07¢ O ,andCY i 'Y j musthold true.

R (3.27)
5 6(“ Sy (3.28)
o CLO% p,Q (3.29)

8 2— Qﬁqﬁ Qf?ﬁ (3.2-10)

o 5 "‘3‘% = (3.211)

5 6 o op o P o (3.212)
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3.2.4 Design Verification

Design equation§3.2-7) to (3.2-12) from the previous section were evaluated in order to construct ideal
circuits for both splitter types. For concision, the calculations have been left oigtbEgis however the
component values are summarized able3.2-1 below.No optimization was required; the values directly
obtained from these design equatiarese used to assemble the circuitsigure3.2-3. Ideal simulations

of the two splitters were conducted with ABSnd are illustrated irrigure 3.2-6; amplitude/phase

unbalanceplots areabsensincethey are virtually zero.

Reflection Coefficients [dB]

-60

-70

Table3.21:1 d e a |

component

val ues afndé 6T ylpaed 2eér. 6

Circuit Element

Circuit Element

o f 6Ty | Value o f 6Ty | Value
0 1.45 nH 0 1.45 nH
6 8.97 pF 6 8.97 pF
0 22.5 nH 0 22.5 nH
o) 0.58 pF o) 0.58 pF
0 & 1.45 nH 0 f 2.9 nH
6 i 8.97 pF 6 4.49 pF
Y i O 50Y Y 5 oc®d 100Y

=20

=25

Transmission Coefficients [dB]

dB(S, ) - Ideal -30 dB(S,,) - Ideal
dB(S,,} - Ideal dB(S,,) - Ideal
11 12 13 14 15 16 17 18 19 2 0.5 1 15 2
Frequency [GHz] Frequency [GHz]
a) b)
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-0}

15 f

=20

Reflection Coefficients [dB]

25

Transmission Coefficients [dB]

60 F —dB(S, ) - Ideal 30t
dB(S,,) - Ideal

dB(S,,) - ideal
dB(S,,) - Ideal

-70

1 11 1.2 1.3 1.4 1.5 1.6 1.7 18 19 2 _350_5 1 1.5 2 2.5
Frequency [GHz] Frequency [GHz]
c) d)
Figure3.2-6: Ideal AD®s i mul ati on results of both O6LC Ladde
a) Reflection coefficients (red)/output isolation (bl a

¢ Reflection coefficients (red)/ cwtegdti ciienltast i(ored(bll a

Figure3.2-6 validates the expected detznd BPF hybrid power splitting characteristics of both circuit
types butperforms worse than anticipatdd Figure3.2-6 a) c), theoperationaFBWs areexpected to be
1280 and10.% f or splitter 6Ty pe InstéadFBWIof9d% sgnd7ePo®elie r e s p e «
recordeckven after applying multiple iterations of optimizatidhese simulationdo howeverconfirm the
expectationthad Ty pe 16 out per f or msdudbaydpequirdmgntgraatédahatisv e t o (
and $; are identicabetween the two. Frequency smatiendseyondthe L-band inFigure3.2-6 b)/d) to
highlight BPFduality whose lowerand upper3dB roll-offs occur at 1.09GHz and 1.79GHz respectively.
Compared t o tittereit hasbaemyerdied dhatshipll C L affeds eddifional loweband

interference rejection, but at the expense of increased return losses and @upliggt outputs

3.2.5 LTCC Transformation

I't was previously mentwasmandacturédadl t jeustcoanpli irmi g & h
2-D response in the previous sectitime next logical step was to transfothe lumpeeelements from

Figure 3.2-3 b) to multiHlayer microstrip elements fror@hapter 2for LTCC realization.Figure 3.2-7

presents the nghieldedshielded HFS® modelsand fabricated dies of the Rffobeable and SMT
packaged OLC L ad dTdestuctardcanpbe se@n@vithgdiménsidn®oéOmm x 4.58mm

x 1.28mm and 3.56mm x 5.7mm x 1.28mm unshielded/shielded respedivelyith SMT 0402 resista
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e) f)
Figure3.27:Mul t i pl e vi e Wws dfa dtdieandpovicusaldter ih LTCC.
a) Isometric unshieldechodelb) Isometric shieldecthodelc) Topview of shieldedRF probeable model
d) Top-view of diee) Bottom view of SMT modelf) Bottom view of SMT die

The LTCC design process watenticalt o t hat of the OLumpedoThespl i tt e
same divié and conquer technique frdfigure3.1-12was used to isolate, design, and optimize individual
elementsto realize a collection of separate impedancéchiag and isolation networks$igure 3.2-8

highlights individual elements and networks, whose rialter properties are summarizedliable3.2-2.
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Figure3.28:a )
b) Individual lumpeee | e me n't

Table3.2-2: Dimensions of the muliiayer lumpede | e me n t

microstrinp

b)

0 L C oweraptitigranrLTCC (excluding shield) with highlighted elements.
s t r Gsplitteu Lrakeels refer adtigord3.243 b).

struct ur ésplitter.r om

Schematic Elemen Dimension Value #of Schematic Elemen Dimension Value  # of
& Topology Variable (um) Layers & Topology Variable  (um) Layers
6 o 788 a 1470
. 4 .
RPPC 0 900 0 j v 1250
. , 8
5 & 497 5 MLIC 0] 125
RPPC 0 630 0 150
b a %0 a 1100
MLSHI 0 950 0 o . 1580
1
0 a 650 Planar Meander )
MLSHI 0 1060 y 165

The impedance matching network is showmraasist of a mirrored layout of MLSHIg{ , 0 ) and

RPPCs ¢ , 0 ) along the axis of symmetry. Connected in series by largaybt through viasis the

i sol ati on

net wor k;

an

i dent i ¢wihthe exaeptmwf two additionah a t

interdigital capacitor plates and dimensional differepdésvould be redundant tceexplain the layout

design process sinedbe methods fromthé L u mp e d 6

s p | i In&deition, theoptimizatioa u s e d .

goals inTable 3.1-4 were identicalhencea concise transition is made to presentimgsimulated and

measured results of the RiFobeableand SMT/+1% diesasshownby Figure3.2-9 andFigure3.2-10in

the following sectionSpecific to this splitte Figure3.2-9 plots measurements taken for two samples of

the duplicated Rfprobeable die to discern the sensitive nature of this LC based topology.



3.2.6 Design GoalsEM Simulations& Measured Results

-

—

— =)
o .
=]
& 8
£ 5 °
@ 8
2] =
= AS
% ~r F":“—-,}‘ g
© S / O
&) L VT Ay y P
c 25 \ y | &
k= | W @ dB(S,,) - EM Sim
- e
S aof | v E qof — — —dB(S,,)- Measured #1 N,
& I|I If "1 ‘.,J/ E — — —dB(S,,) - Measured #2
-35T | II Vl dB(S,,} - EM Sim dB(S,,) - EM Sim
w0l | Irf — — —dB(S, ) - Measured #1 — — —dB(S,,) - Measured #1
| [ l” - — 7dB[S11}- Measured #2 dB[Sm) - Measured #2
A5 L L H L L 4 L L L L | 15 L L L L L L L L L |
1 11 12 13 14 15 16 17 18 19 2 1 11 12 13 14 15 16 17 18 19 2
Frequency [GHz] Frequency [GHz]
a) b)
or 0r
dB(S,,)- EM Sim dB(S,;)- EM Sim o
I — — —dB(S,,)- Measured #1 Sk — — —dB(S,;)- Measured #1 ;',,-"
_ -1 — — —dB(S,,)- Measured #2 \‘: | / 94— — —dB(S,)- Measured #2
g dB(S,,}- EM Sim Aolb \\\\ xf"
% 2t — — —dB(S,)- Measured #1 g \ f";
= dB(S,,} - Measured #2 = I\ /,‘
= S -5 1l \r’ )
] | L !
S e i -ﬁ
o3y 2 ! v /)
= - L ’
8 ST 27 | (T
@ ey eyl < 2 | i
A - 1t
r 7 - i
/s - s /!
[l v WM ¥ :
L j | | ] \
B -30 i i
I{f ol nlll
f ! I
/ | | | | | | a5 ! \ ! ‘ ! ! ‘ ! ! j

1 11 12 13 1.4 1.6 16 1.7 18 18 2

1 11 12 13 1.4 1.5 1.6

2 Frequency [GHz|
Frequency [GHz]
c) d)

e) f)
Figure3.2-9: EM simulations vs. measured resulisthe LTCCO Ty p&L @ 6L a d d eR~prob8gblé girtuit. e r
a) Reflectioncoefficients b) Transmission coefficier{tgide view) c) Transmission coefficients (narrow vied)
Outputisolatione) Output amplitude unbalance®utput phase unbalance
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