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ABSTRACT

Transmission loss needs to be considered in the design of telecommunication syste
telecommunication systems have high transmission loss, the signals lose too much

strength, which results in poor reception in television networks and Idst icatellular
networks. Total transmission loss, in the MBEz range, has several different lo
components, some of which are poorly characterized. Conductor loss is the large
component and the most difficult to predict. It is known that thwedactor geometry ol
features influences the conductor loss. However, current numerical, analytical and en
tools do not accurately predict this loss component, and there is little experimente
available to explain and show the impact of thessdactor geometries. The conductor she
is heavily influenced by the ceramic substrate surface roughness, and this is especially
printed circuit boards fabricated with thi¢km technology. The two conductor features
interest are the condim-edge angle and conductoeramic interface. For thieklm circuits,

the edge of the conductor does not have a square cross section but has a tapered
angle. The conductareramic interface is also rough at the micron scale. Since the tct
density is concentrated at the extremities of the conductor then these features, cor
ceramic interface and conductor edges, can potentially have a large impact on conduc
For this study, the surfaces of ceramic substrates were subjeddfitent surface finishes
that resulted in distinctly different surface characteristics. This in turn resulted in a ral

conductorceramic interfaces and conducexdge angle geometries.



The impact of the conduct@dge angle and conductceramic interface features o
conductor loss was measured over a range of frequencies and conductor conducti
ascertain the level of their contribution. It was shown quantitatively that the conedge!
angle was significantly altered by the sedaoughness and heavily influenced the condu
loss result. The consensus for decades has been that greater surface roughness c
ceramieconductor interface geometry to have a greater impact on conductor loss, incr
the conductor loss. Hhever, this study has shown that greater surface roughness also
the conductoedge angle feature to have a smaller or reduced impact on conducto
improving the conductor loss resulthis has not been considered previously. Focusing
only one of these features can give an anomalous loss prediction; both features nee
considered for the calculation of conductor loss for tfilck applications.The low frequency
loss results are as expected but the high frequency (greater than 5&Hiz)depend on edg

angle and therefore thidim paste viscosity, and substrate surface roughness.
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1.0 INTRODUCTION

1.1 MICROELECTRONICS AND MICROELECTRONIC PACK AGING

Microelectronic circuits exisin numerousapplications some exampearetelecommunications
systems, automobiles and medidalvices- hybrid microelectronis - also known as microelectronic
packaging, areused in all facets of the electronics industand areespeciallycommon within
telecommunications. High-performance microelectronic packagingnaterials, andthe processes
required to make these materials iefectroniccircuits, were initially developd for applications in the
computer and defense industriesthe 1960s. Since then, these materials have been used to meet
stringent design criteria for many other applicatio@pecific applications of this technology include:
anticollision radar forautomotive, phased array radar for satellite systems, MRI scanners, Bluetooth,
and even digital applications such as video cards that usespdgu interconnects.

Microelectronic packagingircuits haveto be smalland havelow transmission lossThereare
limited materias availablethat canbe used in designs toeetboth of these design driverand this is
especially trudor devicesthat have propagatingiicrowavesignals The material choice isarrowed
down to ceramic or ceram@mpositematerials for thelectronic substratend precious metals such as
silver or gold for the conductor.Thesemateriat are expensive when comparedorganic Printed
Circuit Boards (PCBs) buheimprovedperformance outweighs the increase in cost.

This thesis takes a look at a major loss component of transmission dosgluctor los§ for

ceramic PCBs using precious metal conductors for frequencies up to 20GHz. It is knoasthieat



conductor topography changeke conductor losshangeshut thee is little experimental data on this
topic and little comparisoaf the different conductor topographies and their impact on conductor loss.

Organic PCBssuch as Rogers or FR4, have larger dielectric losses than ceramic substirates
are relatively ingpensive Organic PCBs also have lower permittivities ttamamicPCBs, which
forces the conductor to beider for the same thickness substrate. Widening the conductor trace evens
out the electric and magnetic fieJdand reduces the conductor loss the wider conductotakes up
more space For microelectronics design, the area of the circuit is usually limitecgreee availablés
often a significant design driver.

The conductor losof an organic PCBias a smaller percentage of the total lakan ceramic
PCBs,but it is still a significant loss componeniConductor loss foboth organic PCBs anderamic
PCBs are influenced by the conductor topographtherefore any findings that relate conductor
topography to conductor logm one of thesenaterialsystens could be applied tahe other material
system

Microelectronics packaging circuitican befabricated using several technologies; the fabrication
method can influence the conductor topographye Gfthe fabrication methods thick film; so named
because the conductor trace is betwe&rbd um thick, by comparison thin film is 5n#0.2um. For
thick-film technology, the paste or ink is deposited through a screen onto an insulating substrate, usually
a ceramic or ceramic composite makr The ceramic substrate can #dumina or AIN or more
commonly Low Temperature Gired Ceramic (LTCC). These ceramic substrates are attractive
because they have | ower tan u, al so known as di
much more expensive All of the ceramic substrateamples used in this study were fabricated using

thick-film processing.



LTCC involves screen printing green ceramic sections with conductive patterns; several of these
sections or layers collated, laminataad fired to produce a sintered monolithic substrale LTCC
technology is often usetbr wireless and higiirequency applications for making hybrid integrated
circuits, know as systenrin-package (SiP)J]. These circuits integrate components, suEkapacitors
and inductors, into the printed circuitry and add ICs, such as flip chips to the same padkage.
hybrids have a smaller initial cost as compared with Systechip (SoC) B], making them an
attractive alternative fosmall scale integratrodevices.

The samples used in this study were fabricated using -tiicktechnology, therefore the
conclusions madéy this thesis directly relat® this type of PCBedchnology However, this wik
could potentiallyapply to other PCB technologies suasthin-film and copper foilaminate boardsall
of these PCB structures asensitive to changes ronductor topography.

Further researchis needed in the area of PCB characterization in relation to electronic
parameterizatiorand specification The International Electronics Maufacturing Initiative (iNEMI)
Research Priorities éport for 2007 included the nek for standardized test methods diglres of
merit for printed electronicsAnother sectionof this reportstatedthat research was also neddo find

low-cost solutions for carrying signal rates greater than 10Gb/s between components on a PCB.

1.2 BACKGROUND FOR PROBLEM STATEMENT | T ELECTRICAL LOSS DUE TO

MATERIALS PROPERTIES

Electrical loss, also known as signal attenuation, is to be aveigdhdn a signal loosgmwer; it
often needs expensive amplification teach itsintended destination.There are foudistinct high

frequency (GHz) losgategorieqor causes of signaltte@nuation) radiative, reflected, conductor and



dielectric. Radiative and reflected lossesdirectly related tcelectricaldesignand can beccurately
predicted by fubwave electromagnetic solver®ielectric and conductor loesdepend ommaterialand
procesgarameters Dielectric lossis thesignalthatis absorbed by thmsulator materialthe ceramic
substrate. Theonductor losss thesignalthatis absorbed by the conductdhe metal stripconductor
loss camalsobe known as ohmic oresistance lossThe main focus of materials engineers has been to
create materials with low dielectric losses.

Most high-frequency high-performance electronic substrates/elow dielectric loss to the point
that conductor loss ihe largestosscomporent[4]. For DC and low frequency signals the conductor
loss is directly related to the conductivity (inverse of resistiwitythe conductgr PCBs are fabricated
with silver, copper and sometimes gold becaak®f these metalhaverelatively high caductivity.
The high conductivity of these materialees result irsmall conductorlossfor the DC-kHz frequency
regon. At frequencies above theHk regionelectromagnetigghenanenainduce a skin effect that
exacerbates theonductor loss The impactof the skin effect on conductor loss influenced by
conductorfeatures or substrate surfaopography. The specifics of these phenomena witliseussed
in the next sectigrbackground for the problem statement

Microelectronics circuits are desigheusing electromagnetic (EM) simulation in order to
decrease design costs and quicken the process. Thexfoud, design for microwave frequencies
heavily depension the accuracy adimulation tools that allow circuit prototypes to be created quickl
and inexpensively. Ahough current EMsimulation packages, such @®NNET® CST® andHFSS®,
can be good tapredicting mostelectrical resultssuch as matching of interfacesl'hey consistently
underestimate the transmissiondps&nd therefore conductdmss, in an unpredictable manner A
summary of the commercial solvers currently available isrgivélable I. Each software package uses

a numerical method to solve either the electromagnetic fields or distribution of current density.



Table 1 Summay of Description Numerical Conductor los&\nalysis
commercidly available Technique
simulation tools and
their prediction of
conductor loss
SONNET 2D current Moment The n, two-, and one layer model used |
density planar Method predict condator loss over a range of
solver (MoM) frequencies and the different physical
effects at those frequencies. The mod
recognizeghat edge current density cal
be a large contributing factor to conduct
loss Rautio] This model wasampared
to experimental dataArbitrary conductor
geometrynot modeld.
Computer Simulation 3D Finite Some comparison wittmpiricalmethod
Technology (CST) | electromagnetiq Difference [5] for calculating ceramiinterface
solver Time roughness contributiof#1].
Domain Future research probabilistic
(FDTD) approaches.
and (FEM)
Ansoft, High frequency 3D Finite EmpiricalmethodHammerstad5s] for
Structure Simulator | electromagnetiq  Element calculatingthe surface roughness




(HFSS) solver Method influence onconductofceramic inteface

(FEM) Is incorporatednto Software.
Vector Fields, 3D and 2D FDTD and | No information on conductor loss analys
CONCERTO solver MoM found.

It is not just analogue applications, in the GHz range, that are affected by conductor less; fast
switching digital signalsalso degradeébecausethesetypes of signa propagateas electromagnetic
waves. Video cards have digital signals with rise times less than 50 pico seconds (ps); the Fourier series
of this rise time ramp includes signal components greater than 8 GHz. Thus, even digital signals, which
have fast switching times, can suffer from higéguency loss. Digital engineers such adggal
integrity engineersare increasinly usingthese EM simulation tool predict loss characteristics in
digital systemsSince digitalswitching times are aeeasingthe loss caused bydh frequency will als
increase A method ortool thatcan accurately predict the conductor loss for these systems will greatly

improve the design process.

1.3 BACKGROUND FOR PROBLEM STATEMENT Il - CONDUCTOR LOSS AND SKIN

EFFECT

Even at DC the geometry of a conductor deteresrthe overall electrical resistance. The

eqguation for theasistance of a materidrmed in a particular shape is

a
N oy 7 e T N er a1 LR
LZOET Qe oI Qo

Yo = Ohms/per unit length  (1.1)



Applying this equation to wire, wherel is the total length of the wite h e air’am issi g ma,
the material conductivitylf the radius of the wire is reduced, the resistance increases.

The geometry factor becomes more complicated as frequency increases. At microwave
frequenciesP.3GHzi 300GHz,the skin effect causeke signalwithin the conductqrto concentrate at
the conductor extremitiesand therefore becomes sensitive ttee conductortopographyat these
extremities

Skin effect is caused by alternating currents induciagnetic fields internal to the conductor.
The internal magnetic field is in addition to the magnetic fields between the signal and ground plane
conductorsthese fieldswill be discussed later in this thesis. These internal magnetic fields, shown in
Fig 1.1 asH, create induced current lo®pvithin the conductor, shown in Fig. 1.1"@ The current
loops @ producetheir own magnetic field, which oppose the initial magnetic fields; this effectively
pusheghe current carrying electrons toware tsurface of the conductom.he skn effect becomes more

pronounceds the frequency increases.

hod <
WD




Fig. 1.1 Metal wire with AC signal at GHz frequencies showing current |, induced internal
magnetic fields, H and current loop§).

The equation for skidepth G, is given below, eq. 1.2The skin effect depends on frequercy

and material conductivity . U

_ 1
1 === &0

S/m (1.2)

At frequenciegreater than 1GHz, with materials of high conductivitguch as silver otopper,
the skin depths in the oder of amicron. At this scale,he shapeof the conductor materiadt the
conductorextremities influences the flow of the signal.

There are many different structures that can be used to transmit microwave frequency signals.
These include: coaxial call stripline, microstrip,twisted pair, finline, €tline, doubleridged
waveguide anaircular waveguide The cheapest and most common structure is microstrip, and it is the
structure that has been used for this stutligree common transmission struasiy includingmicrostrip
are shown in Fig. 2.

Three common transmission structur€maxial cable, Stripline and Microstrip ashown by
Fig. 1.2. These structure have different geometiredtherefore different loss resultsCoaxial cable is
a wire, surrounded by a dielectric material, which can be air, surrounded by another conductor that is the
groundplane. The signal is the potential difference baiwee groundplane and the wire. The wire is
also known ashe centercoductor. At frequencies inhe GHz region the skin effect draws the current
to the extremities of the centerconductor but since the centerconductor is a cylinder, the current density
is evenly distributed around the circumference. The stripline strust@dayered structure, with the
groundplane on both sides oftleenterconductor. The dielecttayer, of ceramic materiakeparates

each groundplance from the centerconductor. The stripline centerconductor has a rectamggilar

sectionthat causeshe field, and therefore current density, distribution to be higher at the edges and

8



sides. The microstrip structure has a single groundplane and single layer of dielectric material that
separates the groundplane from the centerconductdrs geometry auses le fields and current

densitiedo beconcentrated on the underside and lower edges of the centerconductor.

Transmission Structures

; 2 E Conductor

Dielectric
Co-axial cable Stripline Microstrip

Electromagnetic Fields
Magnetic field—_

Skin Effect - Current Density

Current density




Fig. 1.2 An illustration of hree transmission structuregommon for signals in the GHz
frequency range, the distribution of the electaicd magnetic fields, and éhcorresponding current
density. The circuit structures are shown for comparison and are assumed to have similar
conductivities, dielectric constants and operating at similar frequematisgnilar scale.

A microstrip B suppored by a dielectric layeso that most of the field is confined between the
groungplaneand the centerconductor, as shown in Figdn3he right hand side. This circuit structure
is often called a printed circuit board (PCB) and can be made in sevemltiaigfilm, thin film or by
laminated copper foils.

The distributed magnetic and electric fields change as a function of frequelniciy changes
the arrent density distribution as fanction of frequency At DC and low frequencies, theircent
density and resistance aegenly distributed across the conductor cresstion geometry, represented
by eq. 1.1. As the frequency increases the current distribution starts to change due to the changing
electric and magnetic fielddt is seen from Fid..2 that the current densitpncentrates at the edges and
this effect is often assumed to hapmdna medium frequencynithe order of 4 skin depths of the
thickness of the conductoiThe medium frequencies are also known as the transition frequamngg. r
At high frequencies, where the conductor thickness is greater than five skin depths, the current density is
assumed to beoncentrated at the conductor surfa€a skin depth, represented by eq. 1.2.

The resistance of the conductor, for a micrpstircuit, at frequencies in the high frequency or

skin frequency region has been represented by:

1 Q0
»” wney 32 —_

Yiep = 03178 —+ g1+ 2gy 22 Qe 2 (13)
Q 1 qgo 0 [ 304 | "g]o

Wheret is the thickness of the conductp, is the heighof the substrate.
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(1.4)

With T g0 =1 + 2 @E 1+ - 2 O
e 6.517é$T

The resistance at GHz frequencies given byle®jis far morecomplicatedhan the resistance at
DC represented bgqg.1.1. The'Y;«g depends on the size of conductor parameters sucmnasQ,
however, these parameters give a simplified representation of the cross sectional geometry of the

conductor.

1.4 PROBLEM STATEMENT - CONDUCTOR TOPOGRAPHY INFLUENCE ON

CONDUCTOR LOSS FOR A MICROSTRIP STRUCTURE

Thin and thick film fabrication can produce various cross section shapes that will influence the
conductor loss result. Fdhe screen printing proceg$ie conductor paste shape is influenbgdthe
ceramic substrate surface. The condustarts in a viscous form and is pes through a mesh screen,
onto the ceramic substrate. T haad npraimalty squase sitvér e n
alloy conductor line is formedThere are severabpographiccomponentsof this silver alloy line,that
contribute to conductor lossThe topographior geometriccomponents examined in this studglude
conductorceramic interface and the conductor strip edgee focus of this work has been on isolating
and measuringhe impact of te conductoredge topography and conductmramic interfacess a

function of frequencie for frequencies ranging frontiz to 20GHz

11



Thick-film microstrip PCB

Conductor-ceramic Interface

Empirical model developed by Conductor Edge Profile
Hammerstad and Jensen

Analytical models: Scattering of
electric and magnetic fields on
periodic surface or scattering from

a distribution of hemispherical Conductor
"bosses" Microstructure
Conductor Edge \ /
Angle Topography influence on

conductor loss

Analytical model
developed by
Barsotti

Fig. 1.3, an illustration noting the three conductayeometries thatre thought to influence

conductor loss.

Different mathematical models have been developedpriedict the influence ofcertain
geometries on conductor los#\n empirical modelwas developed byHammerstad5] to predict the
increase inconductor loss ¢, due to surface roughness. The averagése roughness parametés
was used to curve fit the increase in loss, eq. 1.5.

v 2
“‘.

2 ~
ey Ty ey

| &= jqeeool+ @ 14 (1.5)

The empiricalmodel uses familiaand conventionasurface roughnegsarameterizatiorthat is
often readily available but perhaps not the most suitéibléor this physical phenomenonRa is

insensitive to the spatial distribution of the surface heights; two very high peaks will contribute the same

12



value whether the peaks are close tcheather or sepated over the measurement figtdalsoaverage
the absolute value without representing any anisotropic characteristic of the dRddoesnot directly
relate the surface roughness profile to the electrical path length at a partieglaency or scale.
Additionally, the empirical method only considers the condudielectric interface geometry influence.

Comparisons between this model and actual data are presented later in this thesis.

Several analytical methods have been deeoto predict the conductoeramic interface
topography on conductor loss. Most of these methods represent the surteees periodic or
Euclidean structure, such as a flat plane with hemispherical bobkmgever surfaces do not follow
periodicor geometric rules Most of these studiesttempt toprove a mathematical model by comparing

it to other mathematical models.

There has been omeimary analytical methodisedto predict the conductor edge anfgature
that has been developed and camal to experimental datat is not known if his methodreliably
predics conductor loss for angldesst h a n In2géngral there has been little research in this area,

especially when compared to the amount of research on the condeicoricfeatue.

Numerical methods requireehproblem region to be discretizday meshing, and approximate
solutions found at mesh nodes. However, it is difficult to mesh geometries with small scale detail and
arbitrary shapes. The commercial solyarsich use numerical techniquesther do not address small
scale geometrysuch as surface roughnessaccount for the additional conductor loss by includimg

Hammerstad empirical method within the softwarable 1
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1.5 RESEARCH OBJECTIVE

It is well knovn that conductor loss is the largest losstdador microelectroniccircuits
operating in the GHz frequency randrit it is poorly understood and is naiably predicted with
current empirical, analytiaand numerical tools. There is little publisheeasured data for conductor
loss and thdeaturesthat influence this loss. It is well known that surface roughness can have an
adverse influence on conductor loss, and similarly, aiteemetricfactors, such as conductor edge, also
influence loss However,these loss componerisve never beeocalculatedor measuredt the same
time. There is little published data for surface rougisnefluence on conductor loss.

The objective of this research isittvestigatethe impact by experimentationof the conductor
feature effects on conductor losspecifically with respect to thieklm fabrication The impactis
observed and measureder a rang of frequencies and skin depth§he surface of the ceramic
subgratesarealteredby using different surface finishirtgchniques anthe substratesurfaceroughness
is characterized usingonventional andengthscale fractal analysisThe differentiation of ceramic
surfacesdue to the different processing techniquesletermined. Té influence of the conductor
features:conductofceramic interface and conductedgeangle are quantified and tested against the
conductor loss resultsThe conductor loss is tested over a frequency range from kHz frequencies, which
will be similar to canductor loss at DC, to the skin frequencies, where there are at least five skin depths

per conductor thickness.
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1.6 PUBLICATIONS AND PRESENTATIONS

This work has been presented at various seminars and conferences, published in conference
proceeding and submitteo journals. A summaryof the significant publications angresentatios is
given below. The Journal piblications can bedund in Chapter Il and IVand some ofhe proceedings

in Appendices A and B.

Journals

T. Vincent, I. BarOn, and B. Powers "The Influence of Electronic Substrate Surface Roughness on
Radiofrequency Transmission Loss Utilizing Conventional and Lessgtdie Fractal Analysis” Wear

(submitted April 2009

T.Vincent, [.BarOn a nd Y QuartitativevGordhctofiEdge Angle Influence on GHz Frequency

El ect r i Toandactidn® s €amponents and Packagngmitted~ebruary2008)

Proceedings/Presentations

T.Vincentand I.BaOn,i Conduct or Edge Definitionrlircfalluemcses
Proceedings and Presentation, MSRO08, Pittsburg, Pennsylvania, Octobedth, 2008.
T.Vincentandl.BaOn, ATopography I nfluence of Ceramic S
Loss for Microelectronics Applicati ormattogiccConf er
ICC, 2 International Congress on Ceramics, Veronay, 28" Junei 4™ July 2008.

T. Vincent, C.A. Brown, and |. Ba® n , APCB Topographic I nfluence o

Conference Presentation iMAPS New England Conference, MA. USA, f29@s.
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1 T. Vincent, I. BarOn, C. A. Brown, Worcester Polytechnic, USR.r esent ed @ASur face F
Influence on Insertion Loss with use of Lengtale Fractal Analysis at Raelieequencies within Low
Temperature Gd i r ed Cer ami cs ( LTCQVichigaM Sept&1&0,200D 07, Detr

1 T. Vincent, I. BarOn, C. A. Brown "Examination of Surface Roughness Effect on Insertion loss at
Microwave Frequencies within LTCC Structures" Conference Proceedings and Presentation
IMAPS/ACerS 3rd International Conference dgxhibition on Ceramic Interconnect and Ceramic

Microsystems Technologies (CICMT), April 2%, 2007, Denver, Colorado USpp 138144.

1.7 THESIS ORGANIZATION

The core of this thesis is divided intgix chapters. This chapterChapter ] is an introduction
that gives an overviewf microelectronics and conductor loss. Chapter | also desdhbgsoblem
statementthe research objectiveand the thesis organizatiorChapter Il is a thorougheview of the
relevant literaturdrom several subject areas necessary to cover thissRidy Chapter Il contains a
paper that has been submitted to the journal Weed "The Influence of Substrate Surface Roughness
on Electronic Telecommunication Transmission Loss Using Convexritidmalyses and Lengtbcale
Fractal Analysi$ by T. Vincent, I. Bar-On, and B. Powers Chapter IV containa paper that has be
submitted to the journal IEEE Transactions on Components and Microwave Packdlgdg
"Quantitative Cosssectional Angle hhp a c t o n C o n@haptetVooffers Lsaggestions for

further work within this expansive area. Chaptémpxbvides the conclusions based on this research.
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2.0 CHAPTERI

This dissertation includdsvo papers each with a referendédrature reviewsection in chaptey Il
and IV. The Iterature review for this studycludes several are@f research and is brought togetler

this Chapter, Gapter 2for clarity andthoroughness

2.1 LITERATURE REVIEW

2.1.1 Conductor loss and Skin effect

The skin effect is the description given to the phenomenon where electromagnetic fields, and
therefore the current density, decay rapidly with depth inside a good conductor. That is, the electric curren
tendsto flowatthd ski no of the conductor. The skin eff
the frequency of the alternating current as described in the introduction.

Maxwell [6] noticed that the resistance in a wire increased with frequency in 187#ystulated
that this could be caused by a departure from uniform current density. The concentration of current densit
at the surface of a conductor was first described in a paper by Lamb if718&8 the case of spherical
conductors, and was genkzad to conductors of any shape by Heaviside in 1885 Lord Rayleigh[9]
gave the formula for skin effect in 1886 for the case ofmdinitely wide strip. Hertz 1889 [10] and
Thompson (1893) [11]discussed the subject from the experimental andhenadtical viewpoint.
Swinburne used the term fAiskin effecto in 1891.
sizes and crossectional forms was made by Kennellg915 [12], this is a common reference for skin
effect in the literature Kennelly measured the skin effect in materials to 5GHz.

The skin effect describes how the current density is concentrated at the conductor extremities. The

depth of the current density from the surface of the conductor, where the current density magoiede
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to the internal of the conductor, where the current density magnitude has fallen to 1/e; is described as th
Adepth of penetrationd or fAskin deptho. The sk
conductor loss.

If the thicknessof a conductor is much greater than the skin depth, its behavior toward high
frequency alternating currents becomes a surface phenomenon rather than a volume phenomenon, Whee
[13]. The transition between the volume and surface phenomena is complmalgiical method of this
transition was puyi4. forward by Djordevil

The analytical methods of Purddlq derived from Wheelerds 1inc
used to calculate conductor loss for microstrip applications. The attenuation fonged or distributed
circuit is known if its inductance as a function of the geometrical conductor parameters can be calculated
However, the geometric parameters used for these calculations are simply the width, height and thicknes
of the conductor sp. Additionally, since the Purcel method uses an equivalent circuit represeiitation

inductori the model is limited by the ability of an inductor to represent the loss phenomenon.

2.2.1 Conductor topography influence on conductor loss for a microstrigstructure: Conductor -

ceramic Interface topography

The interaction between electromagnetic wavesaaraligh surface was first anaggz by Rayleigh
[17]. Rayleigh scattering is the scattering of an electromagnetic wave by particles much smaller than the
electrical signal wavelength. In terms of plane wave travelling parallel to a surface; Rayleigh looked at the
reflection and refraction of the wave, where shieface is periodic/corrugated (1943)e found that a deep
corrugation, with high incidence deghad the same effect as a shallow corrugation with a small incidence
angl e. Rayl eighdéds approach has been developed
It was recognized in 1948 that electrical loss of a copper wire at GHz frequencies had a relationship

with the surface finish of the copper wire. Morg8] integratedMa x we l | 6 s equati on:
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surface shapes, such as rectangular and triangular grooves, transverse to the direction of induced curre
flow. The calculatedoss increasetly 60%whenthe dimensions of the surface scratches were comparable
to the average skin depth. These classic papers looked at the problem from a theoretical stargpoint
with the surface set as a periodic structurBrom this work a technique called the RayteRjice
perturbation method was developed, again only valid for surfaces with small to moderate slopes.
Sanderson]9] used the RayleigRice technique to compare calculated loss with experimental data; the
results from this study had mixed correlationheTexperiments were carried out on surfaces of high and
relatively low conductivity materials: turned brass and steel and the surfaces of these samples were mac
periodic.

Another approach, not limited to surfaces with small slopes, is based on twadctite multiple
scattered fields from a large number of small protuberances. Xlpand Wait R1] investigated how an
electromagnetic wave would be scattered by a surface represented by hemispheric bosses.

Holloway and KuesterZ?2] looked at the spcific problen of a planar conductor layer with a
dielectric layer interfageessentially thélicrostrip structure They theoretically applied a thin cover layer
to the rough surface in order to develop an equivalent boundary condition that can irtlexgiret and
magnetic field densities. The result is an equivalent boundary condition that calculates the average electri
and magnetic fields at an average smooth surface. The Holloway and Kuester modelpeseslia
dielectricconductor interface

The microstructure of copperfoils has been examined and a model formyaiteday R3]; these
foils are used for laminate PCB boards such as FR4. Huray examined the power lost due to a distribution c
copper spheres or @s no wtheaturd of @ectrodepositiorkon nogpertfoilse Thaa t
electrodeposition process purposely roughens the conductor surface to increase the adhesion between 1
conductor andnsulator materials The printed and fired thick film traces used for microelecthave
different microstructure compared to laminate copper foilkhe fired thickfilm pastes do not form

spherical or ball like structureslhe Huray/Hallanalyticalmodel for copper foils describes the surface as
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flat with a distribution of hemisphes; the model is valid forcales where the skin depth is less than the
peak surface height. Ceramic substrate surfaces used for microelectronics applications have a differel
surface structure.

For the last decadegroup at the University of Washingtfit¥, 23 hasbeensimulatingthe surface
roughness effect with various methods where the surface roughness is represented by probabilit:
distribution functions The surface distribution function is inserted into analytical and numerical methods
and the cleulations compared.

The empiricalequation generated by Hammerst&f | derived fr d8hisstlingano
wide use. It calculates surface roughness effect on transmission loss as a function of average roughne
and skin depth. It has ndieen found to determine this loss over a wide frequency rafjge The
transmission loss does not appear to follow a square root of frequedatignship 27, 2§. Thesestudies
altered the Hammerstad equation to curve fit the data. These papers,invehide experiments, have

focused on laminate printed circuit board (PCB) topography.

2.2.2 Conductor Topography: Conductor Edge Angle

By contrast to the cerammonductor interface roughness, the conductor edge inclination
topography influence on conductarst has had little research focespecially in the last decadéVost
conductor loss research has focused on the mathematical modeling of the cecehactoe interface
roughness. Since the thifikm process can produce a wide variation of edge tcpuges it is of
particular interest to study this topography effect within this material process system.

Most mathematical methods of calculating conductor loss ignore edge effects since they work on
the premise that the conductor is infinitehin [29]. The strip thickness of a microstrip circuit is much
smaller than the width and this does not change the field except at the edges. The edge research to date

focused on analytical calculation techniqueg
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The increase in conductor loss due lte edge is caused by an increase in current density. It is
thought that this occurs at frequencies between kHz and the skin frequeii€a/itjen thickness is
greater than five skin depth). It has been shown theoretically that the edge loss is ifanrtiased the
edge corner gets sharpeB2]. Mei xni er 6s paper focused on edge
Waveguides are hollow metal pipes, either cylindrical or rectangular, and are much more expensive
structures to make thamicrostip, structures Waveguides tend to be used for applications with high
power or frequencies above 15GHzZhryssomallig33] usedan analytical method took at the difference
of current density in rectangular and circular cresstion edges in a microstrip circuit.

A comprehensive mathematical study of conductor edge losses is given in an MS Thesis by Barsott
[34] to derivea conductor loss calculation process for CAD. As an extension to this thesis, a method used
to mathematically modeahe edge inclination is giveby Barsotti B5] using conductor loss calculations
from the Lewin/Vainshein metho@, 37, who found the method independently, to equate the edge shape
to a trapezoid. Barsotti uses trapezoids of 30°, 40° and 60° degree inclinations and it istseethéha
angle decreases the loss increases.

It has been noted that thi¢km fabrication creates sharp edges and hypothesized that changing the
shape would improve conductor Id88]. The crossectional shapes of LTCC substratesaralitatively

observed and the electric fields simulated using Ansoft.

21



3.0 CHAPTER I
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PAPER #1

The Influence of Substrate Surface Roughness on
Electronic Telecommunication Transmission Loss Using

Conventional Analyses and Lengghale Fractal Analysis

Synopsis

The objective of this paper is to investigate the influence, by experimentation, of the conductor
topography effects on conductor loss, for circuits made by filiokfabrication. The impact is gauged
over a range of conductor conductivitie®dguencies and skin depths. The ceramic substrate has a range of
surface roughnesses made by using different surface finishing techniques. The substrate surface roughne
is characterized using conventional and lerggthle fractal analysis. The distirdifferentiation of ceramic
surfaces due to the different processing techniques is determined. The influence of the conducto
geometries, conductareramic interface and conductedge angle, are tested against the conductor loss
results. The conductor Ipss tested over a frequency range from kHz frequencies, which will be similar to
conductor loss at DC, to the skin frequencies, where there are at least five skin depths per conductc

thickness.
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AbstracD Two components of conductor topography can imact conductor loss for signals in the GHz frequency range: conducter

ceramic interface roughness and conductor edge angle. This study is an experimental investigation of the influence of thesductor
topographies on conductor loss in microstrip circuis produced by thickfilm technology. The aluminum nitride ceramic substrates
have different surface roughnesses due to different surface finish processes. The substrate surfaces were characterizedy usin
conventional and lengthscale fractal analysis. Tle conductorceramic interface was measured with a contact profilometer. The
conductor edge angle and conductor edge profile were measured optically. It was found that there is a direct correlationvieetn
conductor loss and conductor edge angle, while ¢ne is an inverse correlation between loss and substrate roughness or relative length
of the conductor-ceramic interface. There is also a negative correlation between conductor edge angle and surface roughness or
relative length. The loss behavior can bexplained by the interaction of the conductor paste with the surfaces during processing. The
paste tends to spread more on the smoother surfaces and, thus creates an elongated edge of diminishing cross section aradl dge

angle. This leads to greateconductor loss.

INTRODUCTION

Avoiding transmission loss is a significant design driver within the telecommunications field. It is
undesirable for a signal to have high conductor loss, and therefore suffer from signal attenuation, since the
signal therrequires expensive amplification. For digital systems, with increasing bit/sec and pulse rise
times in the picsecond range, frequency dependant loss results in signal distortion and delay in
interconnect applications; this leads to increased erras fat]. It is difficult to mitigate electromagnetic
losses unless the mechanisms and impact of the loss components are fully understood.

The majority of prior work has focused on building mathematical models; there is a lack of
published measured datspecially for microstrip topology and none has been found for microstrip made
by thick-film fabrication. It was observed in 1948 that electrical loss of a copper wire at GHz frequencies
would depend on the surface treatments to which the copper haduigected [3]. Loss increased when
the dimensions of the surface scratches were comparable to the average skin depth. Most classic pap:e

looked at the problem from a theoretical standpoint with the surface set as a periodic structure [4, 5]
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Experimens with mixed results were carried out on surfaces of high and relatively low conductivity
materials: turned brass and steel, where the surfaces were made to be periodic. In all prior studies tt
multi-scale surface is represented by a geometric avgperstructure; however real surfaces do not follow
periodic, geometric or stochastic ruldReal surfaces do have fractal properties [6], in that the length of the
profiles and the steepness of the slopes on the surface in@sdise scale of obseti@n decrease.

An empirical equation to estimate transmission loss was generated by Hammerstad [7], and is still
in wide use. It calculates surface roughness effect on transmission loss as a function of average roughne
and skin depth. It has not beferund to determine this loss over a wide surface topography or frequency
range [8] , and transmission loss does not appear to follow a square root of frequency relationship [9, 10]
These respective studies altered the Hammerstad equation to curve diata. These papers, which
include experiments, have focused on laminate printed circuit board (PCB) topography.

Fractal analysis has a broad range of applicatah gives a good fit for structures in nature [11]
Fractal electrodynamics is an emieilg research area [12]. Scalensitive fractal analysis has the benefit
of characterizing the surface over a range of scales [13] that could apply to different scales of interactior
[14]. Lengthscale fractal analysis is based on the principle frostdiyeometry that the length of a rough
profile depends on the scale of observation.

This study looks at the measurements of rdidiquency transmission loss of microstrip conductive
lines with three different lengths, on substrates with four diffeneriase finishes. Three of the substrate
surfaces have statistically different surfaces over certain scale ranges using average roughness (Ra) a
lengthscale fractal analysis [13]. The conductor loss analyzed as a function of average roughness
apparentlengths of the profiles measured on the substrates over a range of scales and as a function c
conductor edge angle.

The objective of this study is to develop, and test, an experimental method that considers all of the
conductor topographies that influenconductor loss rather than focusing on a single conductor

topography component, that is assumed to be the influencing component.

25



THEORY

The surface roughness influence on conductor topography, and therefore conductor loss, can be
separated into twteatures of interestonductorceramic interface and conductor edge inclinatidhe
conductorceramic interface will cause the electrical signal to travel a longer path following the contour of
the ceramic at GHz frequencies; this has been pointed previous studies bys[ 15, and 15 The
printed conductor is thinner at the edges of the print; this topography is noted as the conductor edge angle.
A large amount of conductor loss occurs at the edges [17] because current density increases d@ba conduc
edge becoming larger as the corner gets sharper [18]. The degree of conductor edge angle can potentially
be influenced by several factors; one possible influence is the surface roughness.

The conductor line has two distinct topographies that impactiwaor loss: conductareramic
interface and conductor edge angleoth of these topographies can be influenced by the substrate surface
roughness. The skin effect [19] forces the signal to follow the surface profile more faithfully, as frequency
increases. Therefore, for the conductmeramic topographyositive correlations should be found between
loss and increased surface roughness characterized by the path length. The skin effect also causes 1
signal to concentrate at the conductor edges. &dge shape is influenced by the substrate surface
topography [20], as frequency increases, positive correlations should be found between loss and conduct
edge angle and a negative correlation between loss and surface roughness. In this study tlé therface
substrates are measured and parameterized using conventional methods argtddmdtactal analysis.
Lengthscale fractal analysis [13] calculates the path length as a function of scale of calculation. This
shows that path, or profile, lengtends to increase as the scale of calculation, or observation, decreases,
and that the lengths can increase differently with decreasing scale for different surface preparations.

This paper describes an experimental study of transmission loss, spgcdmaductor loss, using
microstrip ceramic substrates with different surface roughnesses. Conductor topography components

conductor edge angle or conduet@ramic interface, are investigated to see which has a larger impact on
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the conductor loss as fregncy increases. The electrical samples were made usingfitimdiechnology; a
common fabrication method for microelectronic$his allowed the circuits to be fabricated on a substrate
with negligible dielectridossestherefore, the major transmissi@ss is the conductor loss.
Conductor Loss and the Skin Effect

Conductor loss is caused by power dissipation due to imperfect conductivity of the conductor line,
the length of the propagation path, and the area available for current density. A microstrip topology is a
thin, flat electrical conductor separated frora tectricalground planéy an insulating layer. Microstrip
is a common configuration within the microelectronics industry. At GHz frequencies, this type of circuit
has several loss components: reflected loss, dielectric loss and conductor loss. The total loss, in a two pc
system depicted in FigB.1, is represented as the resultant signal divided by the incident signal, expressed
in dB. The transmission loss is ttetal lossminus the reflected loss; this transmission loss is made up of
the conductor loss and the dieleclass components. For substrates with low dielectric loss at microwave
frequencies, the transmission loss is dominated by the conductor loss [21]. The loss results given in thi
study are transmission losses; since the dielectric loss is so small, tigesia transmission loss are due

to changes in conductor loss.

Fig. 3.1: lllustration of losses for microstrip topology at GHz frequencies

Skin effectis essentially, where the current in the propagating signal decays exponentially with the
distance fom the ceramiconductor interface into the conductor. The skin effect is a function of

operating frequency, and c ondthepath trace ag exprassed by®f. This is a welknown
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