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SUMMARY

The objective of tis dissertationis to develop electrical modeling and-co
simulation methodologies for signal and power integrify package and board
applications. Thalissertationincludes 1) the application of the finite element method to
the optimization for decoupling capacitor selection and placement on a power delivery
network (PDN), 2) the development & PDN modeling methodeffective for
multidimensionaland multilayer geometrie8) the analysis and modeling of return path
discontinuities (RPDs)and 4) the implementation of the absorbing boundary condition
for PDN modeling

The optimizationtechniquefor selection anglacement of decoupling capacitors
usesagenetic algorithm (GA) and the multilayer finite element method (MFEMPDN
modeling method using FEMIhe GA is customizedfor the decouplingproblem to
enhance the convergence speed of the optimization. Theematical modifications
necessary for the incorporation of the capacitor model into MEEENsopresented

The main contribution of this dissertation is the developmentrava modeling
method themultilayer triangular element method (MTEM®r powergroundplanes of a
PDN. MTEM creates a surface mesheach plangair using dual graphs nonuniform
triangular mesh(Delaunay triangulation)and its orthogonal counterpart (Voronoi
diagram) to whichelectromagnetiand equivalent circuitonceptsareapplied.The non
uniform triangulation is especially efficient for discretizing multidimensional and
irregular geometries which are commonrpickage and boafDNs. Moreover, MTEM

generates a sparse, banded, and symmetric system matrix, eradhesefficient
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computations For a given plangair, MTEM extracts an equivalent circuit that is
consistent with the physidsasedblanarcircuit model of a plangair. Thus, thevalues of
the lumped elementsan besimply calculatedfrom the physicalparameterssuch as
material properties and mesh geometoksach unicell. Consequentlythe modeling of
MTEM is flexible and asy to modifyfor furtherextensionssuch as the incorporation of
external circuits, e.g. decoupling capacitors and vertical interctsinec

Power and ground planes provide paths for the return currengrudl draces.
Typically, planes have discontinuities such as via holes, plane cutouts, and split planes
that disturb flow of signal return currents. At the discontinuity, return curtents to
detour or switch to different layergausingsignal and power integrity problems.
Therefore, a separate analysis of signal interconnects will neglect the significant coupling
with a PDN, and the resultill not bereliable. In this dissertationhé cesimulation of
the signal and power integrity is presented focusing on the modelRBD$created by
split planes, apertures, and vias.

Plane resonance is one of the main sources of power integrity problems in
package and board PDNs. A number cht@ques have been developed and published in
literature to reduce or prevent the resonance of a qplameOne of the technigs is to
surround plangair edgeswith absorbing material that effectively dasihe outgoing
paralletplate wave and minimizethe reflection. To model thisehavior the boundary
condition of MTEM needs to be changed from dsgginal form, the opercircuit
boundary condition. In this dissertation, the applicationtraf 1% order absorbing

boundary condition to MTEM is presedte
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

The integrationof electronic devices into single system continues agew concepts of
electronic packaging arbeing introduced. Systern-package (SiP) and systemn

package (SoPiypify the integration of multiple system functions into a singekage
providing all the needed systdevel functions[1]. As a number of dissimilar
components are integratéma single platfornrequiringdiversepower supply strategies

the design of @ower delivery network (PDNyecomes morehallenging

1.1.1 Challenges in Electrical Design of Package Systems

The mainfunction of an electronicpackage ighe distribuion of signal and power tthe
ICs. When multiple ICs draw electrical current from power supply, current flowing
through a PDN causesvoltage drops and fluctuationsecause of resistances and
inductancesesiding in the power raillo reduce the patimpedancepower and ground
nets aralesigned as conductor planes

Typical PDNscomprisea stackup of alternating layers of power and ground
planesseparated by dielectric substratd$is configurationcan reducethe package
inductance and also isolate differentlevels of supplyvoltages However, planes
separated by a thin dielectric create a cavity that resonatesagtancdrequenciesAt
antiresonance frequencies, the cavity created abylanepair exhibits maximum

impedance When multiple drivers simultaneously draw pove¢rthe rate of the anti

1



resonance frequencthe large impedance of the PDN resultsairge fluctuationsin the
supply voltage This unwanted noise is known asnultaneouswitching noise (SSN).
The large voltage fluctuations impact on the performanceaoimicroprocessorthe
insufficient supply voltage slows down, and the excessive supply voltage breaks down
the microprocessof2]. Therefore,the PDN design emphasizes ensuring thatthe
voltage fluctiations do not exceed the allowed threshold of a system.
Sincediversecomponents assembleda packagelemand various supply voltages,
power/ground planeare split for DC isolation. Planes also contain apertures laomids
for embedded components as@ynal interconnest These discontinuities in a PDN
provide a pathfor the coupling of SSN throughout the systeniThe coupledSSN
traverses the cavitgreatedby a planepair as a radial waveandis refleced from the
plane edgesThe reflected wavecreats multiple resonanceswhich result inthe
fluctuation of supply voltageon the power/groundplanes [3] [4]. The noise in
power/ground planes can couple back to signal interconttecisgh the path created by
PDN discontinuitiesand deteriorate the quality of signébince e&cessive voltage
fluctuations causdoth signaland powerintegrity (SI/PI) problems,the generation of
SSN needs tbe carefully analyzedn the design of a semiconductor systéihe SI/PI

problems in a package system eoaceptually described Figurel.1.
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Figure 1.1. SSN generation andnfluencesin a package (Reproduced from[5].)

To reduce the fluctuation of the supplyitage, the path impedance where the SSN
current flows needs to be minimized. Henée, purpose ofhe PDN design is to ensure
that the impedanceeenat the IC terminals meet the target impedaaceossthe
operating frequenc range To mitigate excessive fluctuations of the supply voltage
decoupling capacitors can péacedbetween the poweand groundpadsof nearby 1/0
circuits However, since the decoupling capacitoesome inductive at high frequencies,
placing a number of capacitors withauwell-organizedstrategy will fail to reduce the
PDN impedanceMoreover, manually selecting an appropriate amount and right values
of capacitors and placing them on optimal locations are complicated and time consuming

processesThis tedious task becaa even more challenging as the level of the target



impedance of semiconductor systems is continuotaling, led by the decrease of

supply voltage and increase of system current.

1.1.2 Challenges in Electrical Modeling of Package Systems

The impedance profile of a PDdan beobtained bysimulationsthat capturehe
electromagnetic behaviors of tlRDN. PDNs can be simply modelexts a singlenode
system assuming the voltage variations occur simultaneously across the [Blanes
However, the simple moddails to take into accounthe distributedbehaviorof the
planes athigh frequencies PDN modelingalso needs t@ccuratelycapturecomplex
geometrig, such asa stackup of multiple planesgaps and holesin planes, and
decoupling capacitors

Thecomputational efficiency of RDN modeling and simulatiois a critical factor
that determineghe efficiency ofa design procesd-igure 1.2 showsa flow chart ofthe
typical designprocessfor packagesand PCBsThe process involves SI/PI simulations
and analyss to ensureif the design at each step complies with the design rules and
specifications The original design is modified based on the simulation and analysis
results, and this process persists until the simulation results satisfegheements
Hence,a time-conaiming simulationcan be a bottleneck thatslows downthe entire

design processnd inevitably resultg along timeto-market cycle
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Figure 1.2. A part of the typical designprocessof electronic packages(Modified from [7]
and|[8].)

1.2 Contribution s

The major contributions of the dissertatane following
1) Extension ofthe multilayer finite element methdFEM) for the optimization
of decoupling capacitor selection and placement using a customized genetic

algorithm.



2) Development of a new PDNnodelingmethod,the multilayer triangular element
method (MTEM), egecially effective for irregular and multidimensional
structure, based on the physibsised equivalent circuit.

3) Modeling ofthe return path discontinuities created by apeddoe a signal and
powerintegrity co-simulation.

4) Application of the absorbingoundary condition to MTEM.

1.3 Organization of the Dissertation

The rest of thiglissertationis organized as followdn CHAPTER 2 the problers that

will be addressedn this dissertatiorare defined, and the prior arts iditerature are
reviewed In CHAPTER 3 the automation technique of finding optimal solutions of
decoupling capacitor values and locations using the multilayer finite element method
(MFEM) is presentedThe development of a novel modeling method for a power/ground
plane structurethe multilayer triangular element method (MTEM) introduced in
CHAPTER 4 In CHAPTER 5 port modeling is presented, and thedeling of return

path discontinuities for the esmulation of signal and powentegrity is provided in
CHAPTER 6 In CHAPTER 7 the absorbing boundargonditionis presented focusing

on its implementatiom MTEM. Finally, summary and conclusionstbis dissertatiolis

presented iCHAPTER 8



CHAPTER 2

ORIGIN AND HISTORY O F THE PROBLEM

2.1 PDN Modeling Methods

Typical power delivery networksADNs) arecomposed ofmetal planestacked on top of
each other separated by less insulatorsSinceeach layeformedby metal planes with
the lowloss dielectriccan act as a cavitgthe PDNsare highly resonant structuse To
completely characterize such structutbrough timedoman analysis,a tremendous
amount oftime is required for a simulation. Hendbge frequencydomainanalysis of
package PDHlis more beneficial

Electromagnetic field solvers that can emula®®uencyresponses of package
PDNs can be classified as tdalds: integral equation and differential equation solvers
Integral equation solvers includee method of moments (MoM) arttie partial element
equivalent circuit (PEEC) method. Since integraliationsolvers require a discretization
of only the source®f electromagnetic field, theize ofthe resultant linear systens
small. Howeverthe systenmatrix generated by integral equation solvers is deasd
the density increases according to the square of the problemreséting in high
computationakosts. On the other hand, differential equation solvers, sudmedisite
element method (FEMandthe finite difference method (FDM)generate a banded and
sparse systembecauseelements areonly locally connected.However, differential
equation solvex that create volumetric meshereate sparse butimpractically large

systens for large-sized problens.



A package PDN consisting of planes separated by a dielectric is a planar structure.
Since he thickness of a dielectric is electrically smalle field variation along the
vertical direction of a power/ground plarpair can be neglectedherefore, a pair of
power/ground planes can be modesesch planar circui{9], and gveral methods based

on the planar circuit concepavebeendeveloped

2.1.1 The Cavity Resonator Model Using SegmentatioMethod

The cavity resonator modekovides ananalytic solutionin the form of an impedance
matrix. If a rectangular planagair with metal planes of dimensioné® ¢, dielectric

thicknessd, permittivity and permeability ofland e, respectively,and ports located at

whd and whod can be calculated as

where
"Qahw
», 00, a0 L g0, 050
WeE+——1 Qew— wet+—Ii Qe&— )
) Cw W @)
I BV a0 ~ . 0w a0

WE+———i Qtw— wé+v—i Qeéw— h
() qw () W
tv, t, tyi, andty, are the size of the pork is the complexwavenumber and’Q
— — [10] [17.
Possiblegeometries thathe cavity resonator model cdrandleare limited to

simple structures such as a square, a rectangle, or an equilateral tridrglevercome

this limit, the structurés segmented into sectiotisatcan beseparatelysimulatedby the
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cavity model,andeach segment is interconnectgdcorrespondingirtual ports densely
created(distance less tha®’10) at thesegmenboundaris [12] [13] [14]. However if a
given geometry is extremely irregular, the method cee&t® many virtual ports,
consequentlythe model becomes too complicatdétbreover, the double summation in
Equation(1) up to a large number of modean slow down the computatioAlthough
acceleration techniquepresented in[13] and [15] can improve the computational

efficiency, theapproximationsassociated with the technigueslucemodeling accuracy

2.1.2 Modeling Methods Based orDiscretization

Sincethe electromagneticehaviorof a planepair can be assumed to be tdionensional
(2D), theradial wave propagating ia planepair can be expressed wigh2D Helmholtz
equation
Mo Q vk 3)

where representghe transverse_aplace operator parallel to the planar structufes,
the wavenumber9 the voltage] the angular frequency, the permeability of the
dielectric,Qthe distance between the planes, arttie currentdensity at the excitation
port[16]. Plane boundaries are assumed to beagneticwall, or an open circuitwhich
can bedescribedy the Neumann boundary condition.

The governing equation, EquatidB), can be solved by applying the finite
difference(FDM) or the finite elemenimethods(FEM), which will be presented in the

following sections.



2.1.2.1 TransmissiorMatrix Method (TMM)

The transmigsn matrix method (TMM)[17] is a2D modeling method that solves the
equivalent circuit of a planpair analyzed as a planar circuit. A plgvaar is segmented

into square unitells, which are converted to the transmission matrices. By solving the
cascaded transmission matrices, TMM can solve the equivalent circuit with less
computationakffort thanthat required foa general SPICE solver. However, TMM is not
applicable for multiple planpairs with a gap or an aperture, sincedascadingroperty

prevents the inclusion of coupling elements between neighborind Tglls

2.1.2.2 TheFinite Difference Method (FDM)

By applying the cemal difference method, the transverse Laplace operator in Equation
(3) is approximated as

) 05 0 5 Of O  TO0ph.
rlOF] ,,Q I (4)

whereQis the central distance between the neighboring celtgl6 ;; is the voltage at
node "GQ Substituting Equatiort4) into Equation(3) leads to

OF 6 5 O 0 h TOR .. L.
SO Q & '@ (5)

whered6 —, 0 ‘Qand'Os the current source injecteato the cell SinceEquation

(5) can berepresentetby the equvalent circuit as shown ikigure2.1, a standard cirgu

solver based on the modified nodal analysis appreaatbe usedor the computation
However, a direct solution of a matrix form@Y @ using linear equations is

computationally moréveneficia] because the resultant systematrix, ¢, is sparse and
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bandedIf a nested dissection method is useBM can solve a system with unknowns

ind 0 8 timeandd O & ¢ @) memory[19].

Figure 2.1. Cell-centered discretization of theLaplace operator and the equivalent circuit of
FDM.
Including the computational efficiency, FDM has advantagesth&f ease of
implementationthe capability ofanequivalent circuitepresentationand the application
of wide range of shapedHowever, tis method discretizes surfaces with a square or a
rectangular grid, whickend tocreatetoo many unit cell$or a multdimensional structure
that is common ithe package PDNFurthemore, if a structure is geometrically irregular,

it is difficult to effectivelydiscretize the structure with a square/rectangular mesh.

11



2.1.2.3 TheFinite Element MethodFEM)

FEM is another approadhat appliesEquation(3) to each ofthe discretized segments
and sole for the potentialu. For 2D problems, these segments are usually in the form of
triangles or rectangles. 1f20], FEM applied toa power/ground plane structure is
presented using a namiform triangular meshThe weak form of Equatior3) is

expressed as

% O % 1 ° %0%o0 TQ] V% Qo 'Qoth (6)
L

with linear pyramid basis functions, whegeis the problem domajrand /7, and 7, are
the basisand test functions, respectively. After some derivations, the solution of

Equation (6) can be obtained by solving linear equations

o 0 " (7)
wherethe entries of and- are
s D wow ooooﬁ] ®
h o 1y
yQ - o,
ggm "
a p y Q) (9)
8
e —m A

From the mathematical properties of EquadiqB) and (9), Equation (6) can be

represented by an equivalent cirausing lumped elemengs shown irFigure2.2.
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Figure 2.2. Equivalent circuit representation of a planepair using FEM (lower plane is not
shown).

FEM can utilize a nomniform triangular mesh scheme, which can effectively
discretize multidimensional and extremely irregular geaeetrin addition, FEM
generates sparsesystem which promises an efficient computatiddn the other hand,
one of the disadvantages of FEM lies in the difficulty of implementation. Another
disadvantage arises from the equivalent circuit representatianpower/ground plare
pair. The values of the lumped elemeriEguatiors (8) and(9), are derived from not only
physicalproperties of a simplexut also mathematicérmulationsof FEM. Thus, the
further extension of the modesuch asthe inclusion of external circuit modelss

complicatedand not physically intuitive.

2.1.3 Overview of Computational ElectromagneticModeling Methods

Various electromagnetic modeling methods are available as commercial software as well
as described in theliterature Each modeling method has its own strengémsl

weaknessegver another.
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Table 1 summarizesand compares mesh and computational efficiency of various
computational electromagneticmodeling methods. The selected methods include
differentiatequdions, analytical solutions, and planar circuit methdadse comparison

of the computational efficiency is based on the size and density of the system matrix.
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Table 1. Comparison of computationalelectromagneticmodeling methods.

Category Method Discretization | Mesh Efficiency Compu_tatlonal
Efficiency
FDM
Not good
(sparse but large
FEM system)
3D Fulk Tetrahedron or Inefficient for
Wave Hexahedron planar structures
Not good
MoM (small but dense
system)
Cavity i ) Good for solid
Resonator rectangle/triangle
Planar
Circuit
Model Not good for
_ Segmentatior irregular Not good for irregular
(Analytical %/Ietho q Virtual Ports geometries or multi-dimensional
Solution) (creating too many structures
virtual ports)
Inefficient for
TMM Rectangle irregular Good
geometries
Planar
Circuit Not good for mult
Model MFDM Rectangle dimensional Good
structures
(Numerical
Solution)
MFEM Triangle Good Good
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2.2 Extension toMultiple Plane-Pairs

Thedifferential equation method9=-DM and FEM, are expressed as an equivalent circuit
using only passive lumped elements and independent current sAloadenda single
plain-pair to multiple plangoairs, theequivalent circuibf each plangair can be stacked

on topof each otherHowever the simple interconnectioof equivalent circuitswill fail

to take into accourdifferert referencs of each plangair, and the resultant modeill

be completely incorrectTherefore, the reference of each plga& must be sffted to a
global referencef multiple planepairs and the shift oareference can be realizeding
indefiniteadmittance matces[21].

The multilayer finite difference method (MFDMR2] and the multilayer finite
element method (MFEMR(Q] utilize the technique of the indefinite admittance matrix to
extenda single plangar to multiple planepairs.This approach, shifting reference nodes,
can be applied to any modeling scheme that can be expressed as an equivalent circuit
composed of only passive elements and independent sources

Consider the unit cell model shown kigure 2.3 (a), which can be decomposed
into two planepairsas shown irFigure 2.3 (b). The inductance and capacitance models
areshown inFigure 2.3 (b) and(c). Li» andLs4 are per unit cell inductances for each
planepair that can be obtained from Equati@4). Assuming the plane 3 is tlsystem
reference the indefinie admittance matrices for the top and bottom plaaies can be

derived as follows:

w O W &) (10

0000
e e e &
¢
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0 @ O W Fl (11
where @ —— and & ——8Similarly, an admittance matrix for capacitance
betweerplaness obtained as follows:

0 ® T ® T @
KO) Tt ® T W )
0 ® T © ® Tt ) h (12)
O T @ 1 ® O

where® Q6 and & Q6 8 Loss terms are omitted in both models for
simplification. Finally, superimposingll the indefinite admittance matrices, Equasion

(20), (11), and(12), completes the total admittance matrix for the given thagered

structure:
(84 1]
11 “ “ o “ o “ ¥
TR W w O © a
1 B (13
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Figure 2.3. (a) Crosssection of a threelayer structure. The equivalent(b) inductance and (c)
capacitancemodel.

2.3Incorporation of Signal Interconnectsinto the PDN

In a package angrinted circuitboard (PCB), the signalinterconnectssuchas copper
traces and vias, lin@rivers and receiver circuifdacedon the PDN Metal danesin the
PDN provide the paths for theeturn currentof the signal interconnects Power and
ground planes typically contamany discontinuities such as plang-outs, split planes,
and via antpadsas shown irFigure2.4 (a). On those metal planes with discontinuities
signal traces are placed as showrFigure 2.4 (b). If a currentreturn pathof a signal
transmission lines discontinuousthe field distributionchangesat the discontinuity and

mode conversionccurs whichresulsin the distortion of the signadoreover,themode

18



conversioncan excitethe cavity created by theower and ground planesdleads toa
planeresonancecausingluctuation of supply voltageA discontinuity ofthis type along

asignalinterconnect is called as return path discontinuity (RPD).

(a) (b)

Figure 2.4. Layout of (a) power and ground planes and (b) signal interconnectéCourtesy
of class notes for Purdue University ECE477, Spring 2009.)

The electrical behavior at the RPDs can be explained using an exanple
microstrip Ine placed above a slotted power plaseshown inFigure 2.5 (a). At the
discontinuity, return current switches layer from power to ground plane and vice versa to
conplete the closed current loogCurrent jumps from one layer to another as
displacement currerthat is caused by the stray capacitabetveen the layersience,
the propagation mode of the microstrip line at the discontinuity changes from its original
form to anotherleading tahe change ofharacteristic impedan@and effective dielectric

constant. In addition, the displacement currextites the plangair created by power

19



and ground planesind may resultin a plane resonancthat causes the fluctuation of
supply powerThe plane resonance can also deterioratsitiveal transmissionjrece the
high impedanceof the PDNat antiresonant frequenciesnpedesthe flow of return
current A similar effect is observed at the RPD ated by a via anfpad (clearance hole)
as shown inFigure 2.5 (b). Therefore in a package oPCB system,the electrical
behaviors of thePDN and thesignal interconnects are closelgoupled and their

interactions must bmcludedin simulations

5 Signal

Signal
—*l‘_ Power

—‘ Amp— Ground
=== Signal

—> Forward current
=== Return current

(a) (b)

Figure 2.5. Current loops created at thereturn path discontinuities created by(a) slot and
(b) via transition.

One of the method to co-simulae the PDN and thesignal interconnects is to
model each domain separately andntegrate using a modal decomposition technique
which was exploited in margrticles or publicationf4] [5] [23] [24] [25. The PDN can
be modeledisingany analysis methotthat can provide the impedance profile of a given
PDN, andthe signalinterconnects can be&haracterizedby transmission line parameters,

such ascharacteristiampedance, effective dielectric constant, and eleztricallength.
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The decoupled modie are reintegrated by superimposing the admittance matrices of
each model

The co-simulation of a PDN and signal interconnects requires thaccurate
modeling ofan RPD where mode conversions occurhus, to model an RPD, the
thorough understandingand the analysis of the electromagnetic behaviomt the
discontinuitiesneed to precede

A number of papers that describe and analyze RPDs have been published in
recent decades. A microstrip line over a thin slot is analyz¢a6n and the impact of
the plane gap RPD is shown[i&7]. In [28], the difference between slotiduced and an
apertureinduced RPDs is studied, and[@9], the coupling of ground bouncingrtlugh
an aperture is investigated in tirdemain modeling and simulations. The impact of a slot
on the differential signaling and the coupling between the signal and the power plane are
presented if30]. Although the previous papers show analysis and modeling of RPDs,
thorough analysis on the physics behind the different types and sizes of RPDs in the
presence of the PDN is lackingtimeliterature.

The RPDcan also be createdby a througkhole viawhich is widely used for
vertical interconnectiogin package and board systermifie modeling of a viatructure
and the coupling between a via and a plane has bggmously investigated and
published[31] [32] [33] [34] [35] [36]. Any physical modeling method for a via can be
incorporated into the modal decomposition technique for the modeling of the RPD of a

via structure in consideration of the \p&ate coupling.
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2.4 Selection and Placement of Decoupling Capacitsr

The main purposef a PDN is tadeliverelectriccurrent to the switching circuits from the
voltage regulator modul&hus, maintainingow impedance for a PDN is necessary for a
stable supply of desired voltagéhe required impedanaaf a PDN is calledhe target

impedarce, whichis calculated a§6]

YO 1 rpooew (‘)’ moﬁﬂaswﬂmg aQ (14)

ool 1l Qego

A practical choice of the allowed ripple is usually 5% of the supply voltégge and the

current(an averagecurrent drawn by the switching circuis assumed to bie half of
the maximum current

The ®@nventional methodo meetthe targetimpedance is to placdecoupling

capacitors between power and ground nets of a PHdWvever, since a decoupling

capacitor behaves like an inductor at the frequencies above #esatlance frequency,

the accumulatedoehavior of decouping capacitorseventually increases the PDN

impedanceat high frequenciesMoreover,the decoupling capacitor technique becomes

ever challengingas therequiredtarget impedanceontinues to decrease as shown in

Table 2. Therefore, selection and placement of hundreds and thousands of decoupling

capacitors to meet the challenging target impedance across theawgbaf frequencies

is a time consuming ancimbersomeask
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Table 2. Target impedancetrend [37].

Year Fea(trlljrrne) Size Power (W) Vg (V) Current (A) Targe;r:]rgsJedanm
2009 52 143 0.95 151 0.63
2011 36 161 0.72 224 0.32
2013 28 149 0.67 222 0.30
2015 23 143 0.63 227 0.28
2018 16 136 0.57 239 0.24

Searching for the locations and valuésiecouplingcapacitorscan be automated
by applying an optimization algorithm.The process of finding optimal locations and
values for decoupling capacitotkat satisfy target impedancés a multi-dimensional
combinatorial problem, sincthe solution is not unique.ln addition since candidate
solutions aremutually independentfinding a solution through exhaustive search
(generate and testy infeasible. Therefore, finding optimakolutions for decoupling
capacitorlocations and valueis a combinatorial optimizatiorwhich can be solved by
metaheuristis such as simulated annealifd8], genetic algorithm[39], and swarm
intelligence[40]. Among manymetaheuristicsthe genetic algorithm (GA) &sn effective
technique thatinds a quality solution from a very large number of possible solufiéiis
Unlike other methods, GA&an operate in parallehnd carsearch foran optimal solution
using only small number of candidate solutiosms explained in Hollar@ schema
theorem[39].

A flow chart ofthetypical GA process is shown Figure2.6 [42], and MFDM is
used to obtairthe PDN impedance profilds explained in Sectio.1.2.] the FDM is

nat optimal for complex and muttimensional geometries, which prevail in modern
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packageslin [15] and[43], the authors employ a cavity resonator model in combination
of the GA The cavity resonator model in the paper does not handle multiple féanse
and is limited to simple rectangular planksaddition, optimization algorithms ifiL5],
[42], and[43] use the general Ghat is not customizetbr the decoupling capacitor
problem Thus, if the GA is combined with the decoupling capacitor placement
techniques, which are presented %h [44] [45] [46] [47] and[48], further improvement

of the convergence speedn beachieved

24



;-"f Receive / /' Database of available
/ ificati / ( capacitors
/ specifications /

Generate initial random
population

:

Evaluate fithess of
population using M-FDM

v

Arrange in order of fitness

R .
;;‘:]L::tlpL:t. choice (,/’ Y/ijoes fittest indi@\
/ placement A< "ot specifications? "
of decaps / N

/ NG _/

Y //

_{\/Eioeeded max. r;B>

"\\ iterations?

kY

Choose individuals for next
generation

v

Perform crossover at
crossover rate p.

v

Perform mutation at
mutation rate pm

Figure 2.6. A flow chart of the typical optimization proceduresof decoupling capacitor
selectionand placement using the GA42].
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CHAPTER 3

OPTIMI ZATION OF DECOUPLING CAPACITOR SELECTION
AND PLACEMENT USING MFEM

3.1 Introduction

This chapterpresents the extension tife planepair modeling methodthe multilayer
finite element methodMFEM) [20], to include external circuit elements into the plane
pair model.The inclusion of the external circuit element enabl¢€M to be applied to
the automatiomf decoupling capacitor selection and placeméné automation employs
a selecteaptimizationengine,the genetic algorithn(GA), which is furthercustomized

for the decouplingrroblemto enhancehe performance

3.2 Extension of MFEM

Since the equivalertircuit of MFEM is extracted from mathematical formulations, the
circuit model does not directly interpret the physical propedfethe PDN Thus, the
incorporation of external circuits into MFEM requires modificasionf the external
circuit model. Thissection describes the incorporation method of the decoupling

capacitor model into MFEM.

3.2.1 Formulation of Capacitive Elements in MFEM

A standard finiteelement approximation with a triangular mesh and linear pyramid basis

functionsis given in Equation(6), and its matrix form is EquatiofY). The admittance

matrix, 0 , represents capacitive componeatwits entries are
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For simplicity, the Cartesian coordinatae converted to simplex coordinateB%, L2,

L3} [49] to obtain

0 c%’ O oo Owh (16)
» O W ® & h (17)
O ® o h (18)
o @ h (19

wheremis the area of the triangle with verticespat, p, andp+1, and the subscripts are
evaluatedmodulo3) + 1, which circulate at multiples dhree Noticethat he integrals

in Equation(15) arein the form of

114 !' T !' T !' .
O o 0 cA

‘0 00 DQIQD (20)

L

wherea, b, andc are integer powergl9]. Therefore the substituions ofa=2, b=0, and
c=0 when i=j, anda=1, b=1, and c=0 wheni |in Equation(20), and the usef

Equatiors (16) - (19) and the Jacobian

ya -
g

a g }89~Q'| - (22)
Y
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3.2.2 Inclusion of the Decoupling Capacitor Model to MFEM

To comprehend the way toonnectthe decoupling capacitomodel to the planepair

model of MFEM, one must understand howvertical components of a plarfeair are
represented in the system matriAs shownin Equation(22), the value of thevertical
component is decomposed into two different values for matrix representation: 1/6 and
1/12 of the original value. Theeason for decompositiomto the particular fractions
stemsfrom the nature of isplex coordinates (Equatisn(16)-(21)). Similarly, if a

vertical circuit element is to be added to the system, its admittance must be decomposed
into two different valuesas in Equation(22). Then, @ch value is added to the
appropriate locations in the system matrix. For instance, the admittance of a decoupling
capacitor can be represented as

& P i

,pr Q OYDUY'Y

(23

where CgecapiS CapacitanceESLis equivalent series inductance, @B8Ris equivalent
series resistance of the decoupling capacitor. Next, the admittance is decomposed into 1/6

and 1/12 of the original value:

¢

P .
600
a p 24
o . (24)
—w
pPCq
wherep andq are the vertices of a selected unit triangle of a miesially, the 1/6of the
admittance is added to the diagonal locations, and the 1/12 adftdmgonal locations

of the system matrix
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3.3 Test Cases andResults

To verify the incorporatiorof the decoupling capacitor modetarMFEM, atest vehicle
which hastwo metal plane layerwith five ports is created The dielectric material is
FR-4, with arelative permittivity of 4.5,aloss tangent of 0.025, aradthickness of 355

pm. The actual test vehicle and the top view of the structure with its dimensions are

shown inFigure3.1.
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Figure 3.1. Top view of the test vehicle witldecouplingcapacitors (left) and the dimensions
and the port locations (right). (Test vehicle provided by Sony Corp., Tokyo, Japan)
Before examiningthe results with decoupling capacitors, software simulations
were performedfor the bareplanes without capacitars Figure 3.2 shows he self
impedance results at port 1 and\&ith MFDM and Sonnet softwaré0] as references,

the results from the three simulations show good correlations.
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Figure 3.2. Selfimpedance responseat port 1 and 20of the test vehiclewithout decoupling
capacitors.

Next, decoupling cagitors were placedon the bare plane® reduce the self
impedances at the portand he target impedanogas setat 1.5q at all the ports over
the frequency range of 10MHz to 1 GHz The GA optimizerrandomly selected 55
capacitos from a givenlibrary that had twenty different capacitors with their ESL and
ESR values, and placalem on the defined regions on the pland$e capacitance
values range from 680nF to 33pF, and ESL and ESRangedfrom 0.1nH to 0.82nH
and from 0.04q to 3 q, regectively. The inductance of the vias used for decoupling
capacitor connection was OrH, which was calculated by al3 inductance extraction
tool [51]. Hence, the effective series resonance frequencies of the used capacitors were
calculated to be from 20IHz to 1GHz

The measured seifnpedance curves at ports 1 and 2 are depictédgure 3.3
along with results from MFDM and MFEM simulationsFigure 3.4 compars the
generated meshes fiFDM and MFEM for the test vehiclevith decoupling capacitors.

To capture small dimensions of the decoupling capacitors, MFDM had to create
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numeroussquare unicells all over the plane, while MFEM effectively discretized the
multi-scale structures using naomiform triangles. As a result, MFEM resulted in far
fewer unknowns (around 3,300) than MFDM (around 8,000)e resonance and anti
resonance frequencies mateimd the level of impedances are in gamdrelationover

the frequency range of interest.
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Figure 3.3. Seltimpedance responses at port 1 and 2 of thestvehicle with decoupling
capacitors.
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Figure 3.4. Comparison of mesh generations of MFDM (left) and MEM (right) for the test
vehicle with decoupling capacitors.
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Somedeviation in measurements, especially the-ergonance peaks at port 2,
resulted from the relatively large probe inductance compared to the PDN impedance
Thus, the transfempedance can provide a much more accuraseltthan the self
impedance, especially for a PDN wnhoderatempedancd5]. However, in this paper
only oneport measurementsene conducted due tbmited probeaccessibility The
impedance exceed the target impedance (at 109 at high frequenciebecausesome
decoupling capacitors locatéab close to the ports were removed foeasurementrobe
access. Since the corresponding capacitarere dso removed frorMFEM, the model
and the hardware are based on the same struclinereforethe provided measurement
and simulation resultvalidate the accuracy of themodel incorporaing decoupling

capacitors into MFEM.

3.4 The Decoupling Optimization UsingGenetic Algorithm (GA)

Manually selectingind plaing hundreds to thousands @découpling capacitorsna PDN
to meet the target impedance requareonsiderable amount of time and effducha
complex taskcan be autoritedusing an algorithm that eventually providas optimized
solution A GA is suitable for the optimization t¢fe decoupling capacitaselection and
placementsincethe GA isrobust and effective in solving complex, combinational, and
related problemf41].

A GA is based orthe concepts of natural selection and evoluf@8j; it exploits
the ideas from evolutionary biologyich as population, crossover, selection, mutation
and substitution Thus, for the decoupling capacitor optimization, the data of the

decoupling capacitor locations and their typesg. capacitance, ESL, ESR) are
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analogous to genes on a chromosonttad chromosomecan containthe following

information: capacitor indices;xand ylocations, layer connectivity, costnd physical
size of the capacitor. These values asmadomly generatedat the beginning of the
optimizationfor the determined number chromosomes (population).

Once thechromosomes anmitially generated, the core engine is run to produce
impedance profiles including the decoupling capacitor data acquired from each
chromosome. Once the impedance profiles are obtained, each resuljerdeslito a
guality evaluationusing a fitness functiothat quantifies the optimality of a solution to
the target. Thus, t is critical that the fitness function be closely related to the solution
and becomputed quickly The goal for the optimizatiorsito minimize the difference
between the acquired impedance and the target impedaaqeort

O s O h (25)
where® df is the obtained impedance with variabléef which may contain values,
locations, and cost for each decoupling capacitor, candis the target impedance
(Equation(14)). Although the lower th&DN impedance the bettegverachievemeniill
cost unnecessary decoupling capacitorherefore, by accounting for the optimal
achievement of the target impedanibe fitness function in Equatiq@5) can bedefined

for the number of ports and frequencies as follows:
O 5 OF ofiQ © ; OF ofiQ 3
"QQO0 € Qi i _ _ h (26)
Wp Q& 0 5 O AhQ
whereZ, i representshe target impedance &f port, andz;;(k) is the selfimpedancef

i" port at frequenci.
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At the end of process for each generationgach chromosome is ranked
according to thevalue of the fitness functionAt this stage, ifsome chromosomes meet
all the target impedance criteria at all the frequency points, the optimization process will
be terminatednd return theualified chromosoms Otherwise the optimization process
will proceed to the next stefpreeding, which consists of crossavemnutation and
substitution For the next generation, best chromosoifeasomosomes with best fithness
results) are selectedas parent chromosomesgelites) for next generationand are
interleaved to create child chromosomézhild chromosomes are created by the
reproduction of prent chromosomethat change random genes eauther (crossover)
andchange the value somegenedo a random value (mation). This step is equivalent
to changing the location and values of decoupling capacitors for selectethaets
resulted in the best fitness results in the previous Jte@ generated parent and child
chromosomes substitute the existing chromosomgsrdoeed to the next generation.
Again, they are subject to fitness evaluations, drebmeof the chromosomes mettte
target impedance requirement, the optimization iteration will be termiaatkdeturn the
gualified chromosome®therwise, anothegeneration will be created and evaluafEde

procedure of GAising MFEMis describedn Figure3.5.
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Input: decoupling capacitor library, PDN geometry, target impedance, initial
population

generation € initial population

repeat
PDN impedance € MFEM(generation)
elites < FITNESS FUNCTION(chromosomes, target impedance)
children & REPRODUCTION(elites)
generation €< elites, children
until PDN_impedance < target impedance

Qutput: the qualified chromosomes in a generation

Figure 3.5. Psaudocode representation of the decoupling capacitor optimization problem
using GA and MFEM.

3.5GA Customized forthe Decoupling CapacitorProblem

For more efficient optimization, especially for decoupling capacitor placement, a special
strategy can be imposed on the locations of the capacitors. The closer the capacitors are
to the noise port, the lower the impedance viewed from the Poet.reasons that he
decoupling capacitor closely placed to the noise port produces reduced spreading
inductance between the port and itseifl is adequately explained[l, [44], [45], [46],

[47], and[48]. This strategywhichcan maximize the effectiveness of decouplican be

applied to the GA optimizetio place capacitors oniy theclose proximityof the ports

In addition, thelayer connectivity of the decoupling capacitors follows that of the nearby
ports to minimize theloop inductance These scenarios are describedFigure 3.6.

When a regional limit on decoupling capacitor placeméntapplied the area of the

region has to be carefully determinedsince a certain amount of physical space is
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required for the plaament of capacitors, even if they are in the formsa curface
mounted device (SMD) oan embedded passive, the area in the model cannot be
unrealistically small.On the other hand, if the area is defimeselectrically too large, the
strategyfor applying the regional limit becomes no longer effectivignerefore choosing

the general vicinity of the active deviemd maintaining a minimal regiors essential

The overall flow ofcustomizedGA for decoupling capacitaelectionand placement is

depictedn Figure3.7.
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Figure 3.6. Scenarios of decoupling capacitor placementapacitors are only placedwithin
the shaded region (top). Connectivity of the capacitors follows that of the nearest active
device to reduce the spreading inductance (bottom).
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Figure 3.7. A flow chart of the optimization processof selection and placement of
decoupling capacitors using the customized GA and MFEMI'he components in thedotted-
boxes represent thanew featuresadded or replaced from the typical GA

YES

3.6 Test Cases and Results

3.6.1 TestCase 1

An example ofa multilayer structue was designed to apply the GA optimizer adapted to
decoupling capacitor placemenfs shown inFigure 3.8, the structure consists of three
layers with slots on the second layemwo ports betweerhe first planepair and the
second plangair. The metal planes arB00-mm long, 75-mm wide, and 30em thick.

The dielectrids 200-¢ nthick with a relative permittivity of.5andloss tangenof 0.02.
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Figure 3.8. Perspective view of an example structure (left). Top view shows the
superpositionof the feature outlines in each layer and theonfined region (gray area) for
capacitor placement (right).

The first optimizationused an unconstrainedsA, and the second usedhe
customized GA optimizer applying thedditional regional limit orthe locations for
capacitors In the customizedptimizer, theregionallimit was setat a radial distance of
12.5mm, which corresponds td/12 of the wavelength at GHz, from nearbyports as
shown inFigure3.8. In addition, the connectivity of the capacitevas assignetb follow
the connectivity of nearby ports minimize the loop inductance

Both optimizerswere seto achieve the target impadce of 1q and designed to
run until either the target was met or the maximum number of iterations was reached.
The number of decoupling capacitonhose selresonahfrequencies exist between 100
MHz and 1GHz, was 10. ESL and ESRvereequallyassignedo all the capacitors with

values of 0.4nH and 0.2mq, respectively. For a fair comparisgnboth optimizers
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appliedthe equaloptimizationpreferencs, such aghe number of populations, rates of
crossover and mutation, and the fitness function.

The customizedGA accomplished the goal in 12 iterations, and the resulting
impedance results are shownhkigure 3.9. However, the GAwithout a regional limit
failed to obtain the target impedance within the maximum number of itesasieinat 150.
The progress of the fitness evaluations from both optimizations is shawgure 3.10,
in which the progress of theustomized GA shows quick achievement of the
optimization target.Notice that although the ordinary GA optimizer went through many
iteration steps to reach the same lefditness as that of theustomzed GA, its progress
shows continuous incremantFurthermore, as the optimization proceeds the decoupling
capacitors ardeing moreand moreclosely placed to the ports, and the pattern of the
placement at the later steprresponds tthat of the customize®A, as shown irFigure
3.11. As a conclusionjmplementingthe regional limit technique to th@lacement of

decoupling capacit@can save large amount of optimization time.
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Figure 3.9. Seltimpedance responses of port 1 and 2 of the test case 1 after the optimization
using the customized GA.
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Figure 3.10. Comparison of theconvergencebetween the customized GA and the typical GA
using the fitness values.
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Figure 3.11. Comparison of final placement ofcapacitors using the customized GA (left)
and the typical GA (right).

3.6.2 Test Case 2

The customized GAvas appliedo thebare board of theest vehicle presented Bection
3.3 As before, the targeselfimpedancewas setat 1.5 q for each port the same
capacitor librarywas usedwith a via inductanceof 0.3 nH. The regional limit for
capacitor placementsas sefait al0-mmradial distance fromearby ports

The optimizer achieved the goal with only three iterations, and the resulting
impedance response is shownHFigure 3.12. Since randomnessould have acmunted
for the quick resultsseveral additional simulationswere performedwith the same
settings However the optimizer wastill able to reach the target at most within five

iterations.
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Figure 3.12. Self-impedance responses at port 1 and 2 of the test case 2 after the
optimization using the customized GA.

For comparison, the GA optimizevrithout the regional limitvas run under the
same conditios The average number of iterations taken for the G#moper to reach
the target exceeded 100, whitbok more thansix hours. However the average
optimization time of thecustomzed GA was 10 minutesigain, the final placement
patterrs of the ordinary GAoptimizerresemble those dhe customize@A optimizeras

comparedn Figure3.13.
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Figure 3.13. Comparison of final placement of capacitoraising the customized GA (left)
and the typical GA (right).

3.7 Summary

The automation technique for searching optimal solutions of decoupling capacitor values
and locations has been presenteat. the optimization algorithm, a GAvhich simulates
the naturalevolution processhas been choseBach generation consists of a number of
genes that contains their unique parameters, such as values and locations of the
decoupling capacitors. Thoapacitoinformation of each gene is input to the PDN solver,
MFEM, to dbtain the impedancprofile in the presence adecoupling capacitors. The
best few genesre selectedas parent genedor the next generation, and they pair
themselves anthutate to produce children gend#is process continues until solutson
from certan genesatisk the target impedance.

MFEM utilizes 2D FEM that discretizes metal surfaces using-uroform
triangles. Thus, MFEM is a computationally efficiem¢thodfor the PDN structures with
irregular and complicated shape. However, the downside of MFEM is that its equivalent

circuit is not a physicbased model. Hencéhe simple connection of the decoupling
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capacitor model into MFEMesults inthe incorrect model Thus, he echnique for the
incorporation of the external circuit model into MFEM was shown using a decoupling
capacitor model with aeriesconnection of a capacitor, inductor, and a resistor.

To improve the convergence speed of the optimizatomhecoupling techigjue
that reduces the spread inductahes been applied to the algorithm. Since the spread
inductance created between the decoupluagacitorand a noise port reduces the
effectivenessof the capacitors by increasing the impedance, the distance betvgeen th
decoupling capacitors and noise port needs to be minimized. Hynlomjting theinitial
locations of thedecoupling capacitorsto the close proximity of a noise pgrthe
convergence speed was drastically increaddak optimization effectiveness carbe
further improved by devising better fitness functigrwhich estimateshe performance

of eachgene.
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CHAPTER 4

POWER INTEGRITY MODE LING USING THE MULTI LAYER
TRIANGULAR ELEMENT M ETHOD (MTEM)

4.1 Introduction

This chapterintroducesa new modeling methodthe multilayer triangular element
method (MTEM), which applies a triangular mesi the plane surfacelong with its
dual graph, fothe analysis of multilayer power/ground planes. The method employs the

orthogonal property between Delaunay triangulation edualgraph, Voronoi diagram.

4.2 Formulation for Single Plane-Pair

4.2.1 Generalization of Planar Circuit Model

As explained in Section 2.1.2 a pair of package power/ground planes can be
approximated as planarcircuit. Consider a planpair separated by a dielectric, which

lies in the xy plane of a Cartesian coordinate syst&imce the xy dimensions of the
structure are comparable to the wavelength while z dimension is much smaller, the
electromagnetic fields inside the plapar can be assumed to vary only along the x
directions. Therefore, the electrical model of a plpag can be reduced to be two
dimensional (2D)[10] [16], and the plangair can be considered as a pargileite
waveguide. A waveguide is @ansmission line, which can be expressed with an
equivalent circuit composed of frequergdgpendent lumped elemef&?]. Although the

equivalent circuit shown if52] is applied toa rectangular geometry, this circuit model
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can be extended to arbitrary shape. The equivalent circuit of an arsitrapg unit-cell
of a planepair is shown irFigure4.1, and it can be described by Kirchhwsfturrent law
(KCL),

e W W .

‘Qlo Ow ———— Th (27)
whereV is the unknown voltage at each node. The values of lumped elements can be

obtained by applying electromagnetic field theory, the Maxweipere equation,

"0 & 0 QO XIh (28)

which describes that the change of electric fieldsfi¢lls) of a unitcell generates
magnetic fields (Hields) along the contour of the waeéll. Using the 2D approximation,
associated field components residing in a plaaie areO, O, andO. TheH-field on

the lefthandside of Equation(28) can be substituted by the-field using the 2D

Maxwell-Faraday equation,

o O o (29)
where W— w—, toresultin
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Figure 4.1. The equivalentcircuit of a unit-cell in a planepair

Thegradienf O, represents the change ofiElds between the untell and the
neighboring cells, and th@ éndicates the contour of the wuiéll where magnetic fields

reside. Since the-Eand Hfields are mutually orthogonal, the directions oD andQ &

must be perpendicular, which necessitates the orthogonal relationship between-the unit
cell contour and the equivalent circuit line connecting ratedk, wherek = 1, 2, 3 é

N, as shown irFigure4.1. This is an essential condition that has to be satisfied before
combining the field and circuit theory, and the condition can be realized by creating dual
meshes that are mutually orthogonal. The detailed formulation using orthogonal meshes

is presentedhi thefollowing section.

4.2.2 Application of Delaunay and Voronoi Mesh

Considering a number of possible mesh schemes, the modeling method proposed in this

thesisemploys a nofuniform triangular mesh that has important advantages in terms of
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discretization effetiveness. Triangulation requires the least number of polygons for the
discretization of multdimensional geometries, and can efficiently describe curved
surfaces. A triangular mesh can be credtgdelaunay triangulation, which avoids the
generation ofong skinnytriangles Thus, potential numerical precision problems are
minimized, and the triangulation is optimal for finite element problgs8k In addition,
the dual graph dDelaunay triangulation correspondsat’oronoi diagram, which has an
orthogonal relationship. Therefore, the dual graphs can provide a mesh for the
representation of related fields and the equivalent circuit of a-plaine

Figure4.2 (a) shows Delaunay and Vororgiagramscreated on a plangair and
depictsthe change of Helds, generated Helds, and the equivalent circukor clarity,
loss erms are neglectednd their incorporation is explained in SectbB.3 To obtain
the values for the lumped elements of the equivalent circuit, the electromagnetic field
equation, Equatio(28), is applied to the triangle uriell using thegeometriesand node
numbers as described Hgure 4.2 (b). By assming the linear change of-fields

between unit triangles, the ldfand side of Equatiof28) can be derived as follows:

"0 & ,L‘ 0 WHQ A
Q
p Or ©Op
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whered is the dielectric thickness. Since the size of a-ui@hgle is electrically small,

the electric field within a triangle can be assumed to be uniform. Thus, the derivation of

the righthand side of Equatiof28) is given by,
. - W,
L QOX O QT 50!"111
o W, .
NORNO) -,I,—)'c‘) h (32

where | is the total current injected into the utriangle,0 is the area of the unit

triangle. For a soureiee (=0) unit-triangle, replacing Equatiof28) with Equation(31)
and(32), we obtain

W oo

Finally, by comparing Equatiof27) and(33), the values of the lumped elements in the

equivalent circuit can be obtained as

. Q.
T L (34)

5
., <3 3
6 i ,98 (39
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—— Delaunay triangulation
---------- Voronoi diagram

(a) Electromagnetic fields and the equivalent circuibf a triangle.

(b) Node numbers and dimensions.

Figure 4.2. Triangle unit-cell and neighbaing triangles of a planepair.
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The aithorsof [54] present a similar approach for a single plpae; however,
the unitcell is not a triangle but a polygon createdtbg VVoronoi diagram. The major
difference of using a different urgell is the difference in computational efficiency. Due
to the nature oWoronoi diagram eachVoronoipolygon will facesix neighboring nodes
thatrequire numerical calculationghile atrianglehas only threeas shown in Equation
(31). As a resultthe required computational resource for the triaibvgileed model is two
times lower as compared to the Voropoilygonbased model if the same mesh is used.
Moreover, the system matrix entries of the Vorepoiygonbased model haveoneto-
one correspondence to those of any FE:Med method, for example MFENQ].
Therefore, the system matrices generated by the Vepmmiggonbased and the FEM
based method will be the same size and sparsity, requiring similar computafforial
in particular, the memory requirement will leguivalent Comparison of the meony

consumptiorand computational complexitiesdgscusseavith examplesn Section4.8.

4.2.3 Inclusion of Loss Terms

In the previous section, loss terms are ignored for clarity. However, frequency dependent
loss terms need to becludedfor accurateanalysis, especially at high frequencies. The
inclusion of frequency dependent loss terms to MTEM can be explained using the
equivalent circuit and lumped elemen®onsider an equivalent circuit created between
two triangle unicells as shown ifrigure 4.3. The resistangeR, between two triangles
represents the conductor loss, which includes (Rg) and AC loss(Ra). The
conductanceG, connectedbetween eachriangle and ground represents the dielectric

loss.
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Figure 4.3. Equivalent circuit of MTEM with loss terms.

4.2.3.1 Conductor Loss

The DC conductor loss is mainly caused by the finite conductivity of the plerss

and the areaniwhich the current is flowing. The equation of the 2Sistance is

Y —., ——, h (36)

wherelL is the lengthWV the width,t the thickness, and the conductivity of the metal
plate.

The AC conductor losss dominated by the skin effect, which represents the
behavior of electric current flowing at the periphery of the conduttuoe.skin depth is a
parameter for the distance from the surface of a conductor where electric charges are

mastly concentrated at a certain frequeridye skin depth islefined ag55]
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where f is the frequencyhus, he AC resistances

v vov i (39)

wherey is the resistivity of the conductor.
Both DC and AC resistances can be combined to represent the total loss resulted

from the conductor, and a good approximation is obtaired measurements drgiven

as[56] [57]
Y Y Y 8 (39

The equations for the DC and AC conductor loss (EquaiB@ and (38))
represent loss terms farectangilar geometry. To apply those equations to MTEkE
resistance equationfor rectanglesneed tobe converted tahose fortriangles This
conversion can bdraply realized byreplacingW with 0.5W, which is the average width
of the conductor between the two nodesas be explainedith Figure4.4. In addition,
since the loss representations account only for one part of the conductor, the conductor
loss of the return current needs to be includsdwell Since theupper and lower
condwctors in a plangair aresymmetrc, the loss terms can be simply doubled to
describe the loss termf®r both conductors. Consequently, thenductorloss term

connecting nodeandj of MTEM can beobtainedas follows:
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Figure 4.4. Areas for the conductor loss calculation: Area enclosed by blue dashed line is for
triangular mesh (MTEM), while red dotted line is fora rectangular mesh

4.2.3.2 Dielectric Loss

Although the conductor loss is dominant at low frequenthesdielectric losdhecomes
significant at high frequencie$he dielectric loss stems from the oscillation of molecular
particles of the dielectric material when excited by a tuakging electrt field. In the
equivalent circuit of MTEM, the dielectritoss is represented by the conductance
between the top and bottom conductors of a pfmie The dielectric loss can be
characterizedy the loss tangent, and the relationship between the logsniaand the

conductanceés [58]
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‘0 1 #0A1 (41)

where ¥ is the angular frequency, an@d is the capacitance per unit lengthhe

application of Equatiof41) to nodei is straightforwardas follows:

OATn (42)

. Ree! .
O 1 -5

whererats the real part of the complex dielectric constanthe area of the trianglnit-

cell for node, andd the thickness of the dielectric.

4.3 Extension to Multiple Plane-Pairs

A PDN contairs alternating layers of power and ground planes for rieNgl voltage
supply andbr for miniaturization of the system. Such multilayer structures can be
considered as a series stagk of planepairs on top of one another. In a single ptane
pair, the noise coupling occurs only aldatgraldirections. However, the noise coupling

in multiple planepairs can occur along the vertical direction as well, because of the
apertures inthe plane. Hence, the mutual coupling between plaaies needs to be
included in the modeling of multiple plaipairs.

Consider a thre®ayer structure with a voltageference assigned to the bottom
most layer as shown on the lefthigure4.5. First, the structure can be decomposed into
two individual planepairs, A and B. Nexteach plangair can be modeled using the
modeling method explained in the previous section, and portions of each equivalent
circuit, nodei andj, and nodeN+i andN+j, are shown on the right iRigure4.5. Last,

each plangair model can be recombined to establish a model for the wholeldlyere
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structure. At this stage, the voltage reference of pteeA needs to be shifted from the
ideal ground to nodBl+i andN+j, which are on the top layer of plapair B. Otherwise,

the two plangpairs are isolated and their interactions are ignored in modeling.

Plane Pair A .? —?|_

Plane Pair B B

[l

Figure 4.5. Multiple plane-pairs (left) and the equivalentcircuit of each planepair (right). i
and j are node numberghat range between 1 and N, where N is the total number of the
nodes on each plangair.

The shifting of a voltage reference can be realized by using an indefinite
admittance matrif21]. Let® and® be the admittance matrices of plgmar A and B,
respectively, and\ be the number of nodes on each plpa&. Hence, thé 0
matrices® and® , represent the equations for nadéroughN, andN+1 through2N,
respectively, and they are indefinite admittance matrices, since none of the nodes is
considered the reference nodégure 4.6 shows the block diagrams of each plaadr
model (top) and the combination of the models with a shifted voltage reference (bottom),
wherei andj are any numbers betwednand N, andQ "QTo simplify the problem,
considerthe lefthandside nodesnodei andN+i, and the network equations for plane

pair A and B at those nodes can be obtained as
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‘0 dpoh (43)

O Orw h (44)

where®p and®  representy "Qandd 60, respectively. By stacking plaspair A
on top of plangair B, the voltage reference of plapair A shifts from the ideal ground
to the top layer of planpair B. Because of the reference shift, the currenbdeN+i is
changed tdO ‘Oby accounting for the return current from nogdandthe voltageor
nodei is changed tan @ . Thus, the network equations for the stacked plaaies

can be derived from Equati¢a3) and(44) as follows:
0O Opw ®Wrw h (45)

O DR ©WF ©Op 0 h (46)

h
0 O OF OF o O 47)
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Figure 4.6. Block diagrams of each plangair model using indefinite admittance matrices
(top), and the combinedmodelwith a shift of the ground reference (bottom).
This process can be regarded as stamaifgittancg(@y, to the desired locations
that representhe shifted reference (nodéti). Using the stampg rule, Egation (47)
can be extended to any number of plga@s. Assignig the indicessl, 2, é , k to the
planepairs from the topgo bottom the system matrix for multiple plaspairs can be

obtained as

~® w rl
I I (:) (-:) (:) d) |-,|
11 LS LS ES m
¥ E E E B (48)
11 W w w w i
11 E E El’l
! : : =
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4.4 Mesh Generation

To apply the technique of extendittge model fora single planepair to multiple plane

pairs, the nodes in each plap&ir must be in the sameyxlocations. Hence, each plane

pair shares a uniqgue mesh that is generated on a layer on which all the igeontigies

of each plangair are gatheredThe geometric outlinescan include any physical
structures such as apertures and plane boundaries, which need to be meshed.
Distinguishablesegmentssuch asconductos and apertures, arassigned to its unique
subdomain whichrequiresdifferent modelingMesh generation for multiple plaipairs

will be discussed with an example in Sectb8

4.5 Modeling of Apertures

Apertures in the plane indicate the nmetalized regions in a metal plane, such as via
antipads and plane splits for power islands. Sinoaductioncurrent does not flow
through such nometalized areas, the apertures need to be Ieddaccordingly.
Consider unicell models that include apertures in either top or bottom layer as shown in
Figure4.7. Since unicell A is in a plae-pair without any aperture on either layer, the
values of the lumped elemenls, andC,, of the equivalent circuit can be obtained from
Equation(34) and (35). Unit-cell B, however, misses metallization on the top layer, and
unit-cell C the bottom layer. Hence, those uodlls no longer support the paralfghte
waveguide mode, and do not contribute to the propagation of the wave inside-a plane

pair.
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Figure 4.7. Planepair sections withand without apertures on the top and the bottom plane
(top). One-dimensional equivalent circuits of each section (bottom).

By maintaining a parallgblate modeling scheme, waéll B can be considered as
a planepair with the top metal plane replaced dyonrconducting material. Therefore,
the impedance between the neighboring nodes is infinitely high, antighasdLg, are
replaced by infinite values d¥z; and Rg.. The capacitancé&g, is zero,becausdhe top
plate is not a metal plate.

Unit-cell C can be considered as a plpaér with the bottom plane located far
from the top plane. Sinak is infinitely large Equation(34) and(35) result in infiniteL¢
and zercCe, respectively. Notice that since both uodlls B and C represent physically
identical structures with only ampsidedown relation, the resultant models are
equivalent.

These modeling schemes can be consistently applig tmodel of an apertume
a multilayer structure as shownkilgure4.8. Although node in planepair 1 misses the
layer right belowthe top layer, another layer is present at the bottom. Thus, hode

corresponds to unitell A not unitcell C shown inFigure4.7, and the values dfj;, Ly,
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andC; can be obtained by replacingvith d;+d; in Equation(34) and(35), respectively.
ConnectingC; between node and 2N+i completes the modeling of nodeNotice that

nodeN+i of planepair 2 is equivalent to untell B.

Plane-pair 1

Figure 4.8. Modeling of an aperture in the middle of multiple planepairs.

To further explairmodeling of unicell D, a thredayer structure with an aperture
locatedin the middle layeiis shown inFigure 4.9. Since the conductor plane on the
second layer is missing, the thickne$she dielectric between noadeandnode(2N+m)
is di+d; (ignoring the metal thickness)If dielectric material is homogeneous on both

layers, modified values of the lumped elements fonthadem are

h (49)
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wherek=1, 2, and 3, representing the indices of neighboring no&sce a conductor is
missing on nod€m+N), which ison the secondaler, the reference node mbédem has
to be shifted to nodém+2N), which ison the third layer, wherh is the number of the

nodes oreachplanepair. Shifting reference node is done usamgindefinite admittance

matrix as
(8% |
a 11 d‘) 8 D) "
11 v
1 é E é ’h (51
, 11 “ 1
u =29
where® Q6 .
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node(m) N—;;————; Sub-domain
for Aperture

———————

—
node(N+m) —“Lb. "_ Aperture

node(2N+m) = o7

—_— C,
node

Sub-don/::i-n for
Aperture ./ (2N+m)
(b) (c)

Figure 4.9. (a) A threelayer structure with an aperture in the middle layer. (b) Top view of
the sub-domain for the aperture. (c) Equivalent circuit for the nodein the aperture.

4.6 Inclusion of External Circuit Elements

The addition of a decoupling capacitor to the power/ground plane model can be
conducted in the concept ah equivalent circuit. The equivalent circuit for a typical
decouplingcapacitor can be modeled connecting capacitors, equivalent series inductance
(ESL), and resistance (ESR) in serassexpressed in Equati¢®3). With the values of
thelumpedelements, théwo-by-two admittance matrix fothe decouplingcapacitor ca

be created. Finally, thedmittance matrixof the decoupling capacites stamped on to

the admittance matrix of the power/ground plane aiccordancewith the node

connectivity asimilarly done in Equationf51). For example, if a decpling capacitor is
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connected between nodaeon the upper planand nodeg(n+N) on the lower plane, the
admittance matrix of the decouplirgapacitor Yuecay IS added to the power/ground

system as follows:

n’E rl
|’8 (5 2)
I

u EU

cc
E:

Eon 6
11
11

11 “
L] w

D>
Ty
D>

Notice that the addition of the decoupling capacitor model to MTEM is
straightforward, whereasnathematical modificatiors are required for MFEM as

explainedn Section3.2.2

4.7 Test Cases and Results

4.7.1 Multiple Plane-Pairs with Apertures

A multilayer structure consisting of four layers of perforated arbitshgpe metal planes
is designed @shown inFigure4.10. Metal layers are separated by 308, 50Gum, and
300-um dielectric layers whose relative permittivity ig.5 and losstangent0.02. Two
ports are assigned between the first and the third qplaimerespectively. To create a
mesh, the outlines of all the objects in each layere collected onto &inglelayer, and
Delaunay triangulatiomvascreated. SubsequentlgVoronoi diagamwasdrawn on top
of the triangulationtherebycompleting thecreationof the dual mesh. Although the

smallest featuresjamelythe apertures in layer 2, are as smaltasol [, they are
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electrically large enough to function as gateways fomtbéualcoupling between plare

pairs, and need to lekscretizedor analysis. The final mesh is shownFigure4.11.

Layer 1

X
\ Port2
K

Layer 3

Layer 2

Layer 4

Figure 4.10. Example of a multiple plane-pair structure with apertures on each layer.
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Figure 4.11. Dual meshcreated on the layer where all the geometridsom each layerare

concatenagd together
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The structurevas simulatedusingMTEM as well as a commercial 3D fullave
solver, CST Microwave Studifb9]. The ®lf-impedance at port 1 anithe transfer
impedance between the ports are showfigure 4.12 and Figure 4.13, where agood
correlation is observed over the frequency range. In particular, tramgfedance results
indicate that the top and bottom plapeirs are mutually coupled through the small

apertures in layer 2 and 3.

30
1— MTEM ,
-s1 ==~ 3D Full-wave i
FIE
9 15{
N
10—_
5
0 | | | | | | ! | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0

Frequency (GHz)

Figure 4.12. Seltimpedance at port 1.
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Figure 4.13. Transfer impedance between port 1 and 2.

4.7.2 Decoupling Capacitors

Figure4.14 (a) shows a plangair with a port located at the botteleft of the structure

Six decoupling capacitors are placed around the sourceagoorinimize theimpedance

of the planepair. Using given values of capacitance as well as ESL and ESR of the
capacitors, their equivalent circuits are added to the admittance matrix of theppiane
as Equation52). The sekimpedance responsef MTEM show good correlation with

those ofMFDM as shown irFigure4.14 (b).
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Frequency (GHz)
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Figure 4.14. (a) Two-layer structure with an aperture and sixdecouplingcapacitors near
the port. (b) Selfimpedance responses with andithout decoupling capacitors.

4.8 Comparison of Computational Complexity

In this section, the computational complexity of MTEM is compared thigh of other

differential equatioomethods, MFDM and MFEM.

4.8.1 Multi -Dimensionaland Multilayer Structure

One of the advantages of usingnan-uniform triangular mesh over using uniform
rectangulaor squaremesh is the efficiency in discretiton especiallyfor the structures

with a broad range gbhysical dimensionsAn example ofa threelayer structurewith

small holes is shown iRigure4.15 (a) with a noruniform triangular meslnd its dual
mesh The smallest dimensiph mm, is the edge of thloles, and the largest dimension

40 mm, is the edge of the plane. The transfer impedance results from MFDM, MFEM,
and MTEM match well and capture the coupling of electromagnetic energy between
planepairs as shown ifigure4.15 (b). For this multdimensionaltructure the MTEM

and MFEM created about 2,000 and 3,000 unknowns, respectively, while MFDM created

68



about 8,000 unknownsTherefore, a uniform qgiare mesh results in a significantly
greater number of unknowns than a fwwmform triangular mesh fomultidimensional

geometriesThe created meshes from each method are compaFegure4.16.
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Figure 4.15. (a) Example of a structure with multi-dimensional geometries. (b) Transfer
impedance responses.

LRURC

LR

MFDM MFEM MTEM

Figure 4.16. Created meslesby MFDM, MFEM, and MTEM for the example structure
shown inFigure 4.15.

To simulate the example shownkigure4.10, MTEM created 1,446 triangles for
each plangair and 4,338 unknowns in the system matrix. These numbers are

considerably smaller than that for the 3D {fwthve solver which created more than
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100,000 unknowns for the same structure. To compare the computational efforts of
MTEM with other 2D frequencydomain solvers, the structure was simulated using
MFDM and MFEM as well. Each method was run until similar accuracyobsned by
creating finer meshes. As a result, MFDM resulted in the largest number of unknowns,
which reflects the number of ufgells in the systemwhereasMFEM and MTEM
createda much smaller number of unicells. The reason for MFDM requiring more
unknowns for the same structure is mainly because of the uniformity of thealingize

and shape: MFDM uses uniform squares, whereas both MFEM and MTEM use non
uniform triangles. The number of unknowns and-gero entries in the system matrix of

each saler are shown iTable3.

Table 3. Comparison of system matricesreated for the example inFigure 4.10 (K=10°).

MFDM MFEM MTEM
Unknowns 14,400 5,718 4,338
Non-Zeros 150K 81K 35K

4.8.2 Computational Efficiency under SameAccuracy

The comparison of the computational effort is performed under the assumption that the
simulation results oMFDM, MFEM, and MTEMsatisfy the allowed level of accuracy.

For the accuracy reference, an analytical solution using a cavity resonator [dfddel

[11] wasemployed to solvarectangular plan@air. The planepair wascomposed of 40

x30 mm metal planes separated by a losslessp@0@ielectric with the permittivity of

4.5. Each modeling methodontinuously refinedts mesh until the resultant error falls
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below a target percent errdxs a result, MTEM created the least number of unknoagns
well asnonzero elements for a given@agacy as shown iifable4. Although MFEM
created a similar number of unknowns as MTENRe number of noaerosof MFEM

outnumbered that of MTEM abba factor of 1.8.

Table 4. Comparison ofsystemmatrices under the same accuracy

Method Unknowns Non-Zeros % Error
MTEM 1,126 4,434 0.027
MFEM 1,153 7,925 0.037
MFDM 4,800 23,720 0.035

4.8.3 Comparisonof MTEM and MFEM

Although both MFEM and MTEM apply the same discretization scheme (Delaunay
triangulation), the calculation nodes for each method are different: MFEM uses triangle
vertices, but MTEM uses triangle circumcenters. Hence, the number of unknowns for
MFEM is proportionalto the number of triangle vertices, whereas that for MTEM is to
the number of triangles. In a large mesh, the number of triangle vertices is typically
smaller than that of triangles, since neighboring triangles share some vertices. Therefore,
if the sameriangular mesh is used, the number of unknowns for MFEM may be smaller
than that of MTEM. However, the use of the same mesh does not result in the same
modeling accuragyin fact, that of MTEM is better than that of MFEM. The reason can

be best explaineldy the mesh diagrams shownRigure4.17. For the calculation of node

a, MFEM involves nodea to g in the calculation. Thus, the distance between neighboring

nodes are defined by the lengths of triangle edges (solid lines). On the other hand,
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MTEM calculation for nodel includes node2, 3, and 4, and the distance between
neighboring nodes are defineg Ihe lengths of the Vorongolygon edges (dotted

lines). The relationship of Delaunay and Voronoi meshes suggests the lengths of
Voronotpolygon edges are about 60 percent shorter than those of corresponding triangle
edges. For example, if the distan@ivizeen nodé andc is 1, that between nodeand4

is about0.6. Since the calculation accuracy of differengguation techniques depends

on the discretization edge lengths, the use of the same mesh will result in a less accurate

result for MFEM compaieto that for MTEM.

Figure 4.17. Triangular mesh for MFEM and the dual graphs for MTEM.

The computational efficiency of the method[B4] can be analyzed using the
system matrix of MFEM. Although formulations of the two methods are different, they
share the same mesh and use the same neighboring nodes for the calculation of-each unit
cell. Consequentlythe generated system matrices enéive same number of unknowns

and noRzero entries, requiring the same or at least similar computational effort.
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To compare the computational efficiency, MFEM and MTEM were run to solve
10-layer structure. Both methods continuously refined their mesim# their results
satisfy the target accuracy levethich was set by an analytical solution using a cavity
resonator modeAs a result, similar number of unknowns were created for both methods;
415,000 (MFEM) and 428,000 (MTEM). However, MTEM consurabdut 6Gpercent
less memory to store nazero entries than MFEM as expected from the reason explained
above usindrigure4.17. In addition, the reordered system rieas shown irFigure4.18
show that tkb bandwidth of MTEM is about 30ercentharrower than that of MFEM. As
a result, the computation time for the matrix inversion for MTEM is about 2.4 times
faster than that for MAR. The comparison of the computational effort is summarized in

Table5.

MFEM MTEM

Figure 4.18. Zoomedin areas of thereordered matrices of MFEM and MTEM (K=10%).
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Table 5. Computational efforts in solving a 10layer structure (K=10°, M=10°).

Methods Unknowns Non-Zeros CPU Time

MFEM 415K 8.1M 91.3 sec.

MTEM 428K 4.8M 37.5 sec.

4.8.4 Large Sized Problems

Figure4.19 (a) showsthe growth of the simulation speed of each method as the number
of unknowns increasesAlthoughthe simulation time o#ll of the methodsimilarly
grows as the number of unknowns increadd3EM showsa slower increasdahan

MFDM and MFEM by factorsfol.16 and 1.52, respectively.

. ‘ 4x10 .
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-+M-FEM / 3l|~M-FEM
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60 218, 2
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0 20000 40000 60000 0 20000 40000 60,000
#Unknowns #Unknowns

(a) (b)

Time (Seconds)

Figure 4.19. (a) Growth of computation time and (b) growth of the number of norzero
entries as the number of unknowns increases.

Memory requiremenis proportional tothe number of noazero etries of a
system matrix. Figure 4.19 (b) comparesthe growth of the nonzero entriesof each

method as the number of unknowns increa3d®e number of noreero entriesfor
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MTEM also growsmost slowlyamong the three medts. A similar trend of memory
requirement is observenth theincreaseof the number of layersFigure4.20 shows the
growth of the number of nozero entriesof each method with respect tize increase of
the number of layersAs the number of layers increasdse tmemory requirement for

MTEM grows most slowlywhile that of MFEM grows mosapidly.

x10° | | |
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100 |@-M-FEM [~ e
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# Non-Zeros
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# Layers

Figure 4.20. Growth of the number of nontzero entries as the number of layers increases.

4.9 Summary

This chapter presentedd#ferentialequation based modeling method that solves for the
impedance profile of power and ground planes. Titethod employs a surface mesh
using dual graphs, Delaunay triangulation andoronoi diagram, which provide
mutual orthogonaty that allows the use of the governing field equations. The use of a
nonuniform triangulation enables an efficient discratian of irregular and muki
dimensional geometries, and the resultant system is memory efficient. A singl@aiane

model is also extended to multiple plamers by including the mutual coupling between
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planepairs. The modeling of an aperture is apgesented considering all the possible
locations in a multiple planpairs.

The proposed method was validated by solving a structure consisting of multiple
layers of power and ground planes containing apertures, and a good correlation with a 3D
full-wavesolver was obtained. Computational efficiency was demonstrated by comparing

the system matrices of the proposed method and other 2D planar modeling methods.
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CHAPTER 5

MODELING OF PORTS

5.1 Port Representations

A port is a point where either the planes are excited or where the response is measured. A
vertical port is defined as a port with its positive and negative termimdigned
vertically, whereasnon-vertical port terminals are either horizontally or diagdiy
aligned Since the fundamental mode of propagation in a pajzbge waveguide is a
TEM (transverse electromagnetigjode, avertical portcan be used to represent noise
source excitation and measurement point for a PDN gdaire However, most othe
realworld structures can only be measured as -plaoar ordiagonal port; hence the
alignment of port terminals is not necessarily verti€xnsequently, avertical port
representation is no longer maintained, if a port is creatddlloying the eact layout

of a package or PCB. However, the use oavertical portrepresentation in MTEM
for multilayer structures creates a modeling artifact due to the -plinestacking
technique. Hence, thishapterinvestigates the reason for the artifactsagfonvertical
port, and provides an alternative solution that replacesnavertical portwith avertical
port by showingthat the horizontagxcitation of a plangair hasnegligibleimpact on the

planepair excitation

5.1.1 Vertical Port

Figure5.1 shows a crossection of a multilayer structure withplanepairs (+1 metal

layers). The system equations of the proposed modeling method, MTEM, are,
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where9 represents the admittance matrix of the total syséetine unknown voltages!
the current sourcd, the number of planpairs, andN the number of nodes per each
planepair. To excite a planpair created by laydrandl+1, a 1A current source can be
injected into a port created between nodend N+i, which is equivalent to assigning
W pand)l p. Since the multilayer extension technique presented in Set®on
assumes the bottemost layer to be the voltage reference (zero voltage), exciting a 1A
current at node represents a port connecting a current source betweeni rrodethe
bottommost laye. Similarly, exciting a 1A-current at nodeN+i creates a current
source between nod¥+i and the bottommost layer as shown iRigure 5.1 (a). The
simultaneous injamon of the two currentsvith opposite phaseemoves the impact of
the two current sources on the layers below |&ygr Therefore, the linear combination
of the two current sources can be represented as a single port connectingmebiei

as shown inFigure 5.1 (b). This equalization remains valid as long the phase
difference is 189 and the port terminals araligned vertically, and such a port
corfiguration is called aertical portin this paper. The final response of the port can be

obtained by subtractingg from w.
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(b)

Figure 5.1. Crosssection ofa multilayer structure with a vertical port. (a) Excitation of
current sources at port terminals and (b) the equivalent source excitation.

5.1.2 Meaning of Horizontal and Diagonal Port

Figure5.2 shows a drivethat draws power from a power and ground plpae, which is

excited at the discontinuity created by via grads. To model the noise excitation port, a
current source can be connected between the nodes on the via padsandderk,

whereil k, as show at the bottorleft in Figure5.2, and this port configuration is named

as ahorizontal portin this thesis Assuming via parasitics can be neglected, the via
modelscan be removed and the current source is diagonally connected between the nodes
as shown at the bottenght in the figure, and this port configurationcalleda diagonal

port in this thesis A horizontal portis similarto a diagonal portexcept forthe via

models, andbothcan be regarded asn-vertical ports as compared tovertical port
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Figure 5.2. Definition of a horizontal and a diagonal port.

Unlike avertical port the current excitation fa non-vertical portrequires careful

consideration on the voltage reference. Consider the -sems®n of a multilayer

structure shown irFigure 5.3. Since the driver switching noise excites the plpaie

between layet andl+1, adiagonal portcan be created between nadendN+k, where

il k, as shown in the middle of the figure. T@mesent a current excitation, 1A aridh

currents are excited at nodeandN+k, respectivelysimilar toa vertical port as shown

in Figure6.3 (b). As opposed to tvertical portcase, the impact of the tvout-of-phase

current sources on the structure below layér does notdisappeaifor a nonvertical

port. This modeling artifact arises from the use of the indefinite admittance technique for

the multiple plangair extension. Consider Equati¢tb) and(46) for nodei andN+i. If

those nodes are the terminals ofeatical port the excitatiorcurrentl; andly.i are out

of-phase, e.g. 1 and. Hence, the equations resultdirgw mand thusw T,
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which indicates that the voltage below and at ldyéris zero.However, if nodae is the
positive terminal of anon-vertical port 1;=1 andln+=0, and the equations result in that
WRw is not zeroAlthough-1-A current is applied to the negative terminal of mioe-

vertical port nodeN+k, the electric potential at nodétk does not vanish

L Layert#
= = ]
= = 2 . .
N 3 v, v,
= /
N+k " $®?VN+R * _VN+k
e o : :
= === [+] 1 I
(a) (b) (c)

Figure 5.3. (a) Crosssection of a port and (b) the equivalent port representation.(c) Two
current sources vertically conneciport terminals and the voltage reference layer.

One possible solution for theonvertical port issue is to replaca nonvertical
port by creating avertical port Consider an exaphte of a diagonal port created between a
planepair as shown inFigure 5.4. The diagonally placed source abhyecan be
decomposed intats horizontal andvertical components as shown in the figufde

horizontal current source can be expressed as
O i ] @ @7 U Uh (54)
whoseexcitation results ithe Helmholtz equation,
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g @0 b 0 @ @1 U Uh (55

whered ofofohd is the vector potentiadt (x, 2 with current excitation atxg 2, *
the permeability of the insulating materiand the Dirac delta functionSince the E

field vanishes alt TtandQfor a perfect electric conductahe eigenfunctiongor the

solution of Equatiorf66) can bechosen as

i " : 56
g Qg8 (56)

- 4. wAOB w ek (57)

where

_ Q0 — 8 (58
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J,(x", y" propagation

;i y
Jn(x',2")

Figure 5.4. Noise source excitation of a diagonal pofred arrow) and generated Efield
lines (black arrows).

The verticalcomponent othe current source can l@ssumed to be sheet current to

simplify the problem. The sheet current sourcesalil can bedefined as
O cdy «wal U Uh (59

andtheeigenfunctiongan bechosen as

L G
Al 95(38 (60)

ollall

The resultant vector potential for the vertical current source can be derip&d] as

Q6H

0 ahino — GAo® 2 deh (61)

whered _ 0d&e+ GQéand- c¢chr - E p.

Notice that for typical PDN geometries and operating frequerseyl formodern
systems- in Equation(58) is a very large imaginary valuexcept forwheni I,

which only exists for the vertical component of current source (EqudBd)). For
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instance,300.pm FR-4 at the operating frequency df0 GHz results in the cutoff
frequency,f.=236 GHz, andis =j1.0463<10". Thus, the propagation constant for the
horizontal component b current source in Equatiof67) becomes theattenuation
constantjeading to a rapidly evanescent waa the other hand, thesrtical compaent
of current source propagatesvard ydirection sinces  E Therefore, the drizontal
component oturrent source does not contribute to the excitatioth@planepair, and

the use of vertical current source suffices for the representation of a diagonal port.

5.1.3 Replacing NonVertical Port with Vertical Port

Although the orientabn of the source excitation is not critical, the path difference caused
by the epla@ment of a nonvertical port with a vertical port introduces an
approximation errodue to path impedanceesiding between the changed terminals
ConsiderFigure 5.5 (a) that shows aliagonal portand its replacemeng vertical port

For the replacementhe negative terminal of thdiagonal portmovesfrom A to B, and

the mth impedance associated with the distance between A aneRligdedin the
vertical portresult Thus, to compensatbe impedance differencéhe path impedance
between A and Ban beadded to thevertical portresult. For example, if theobtained
voltageresult at node is V;, the resultant sefimpedance athe vertical port i can be

calculated as
® h (62

whereZag is the path impedance between A andBnilarly, Figure5.5 (b) shows that a

horizontal portis replaced by aertical port The excludedpathimpedance due to the
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replacemenits equivalent to theeries combination dhe path impedandeetweerA and

B andthe impedance dhevia parasitic

Vi
( %‘ ) —1
[ & TECCCIrrr O | )
B A

(2) (b)

Figure 5.5. Vertical port replaces (a) diagonal and (b) horizontal pos. Dotted lines indicate
the path impedance excluded in theertical port result.

5.1.4 Reallts

To demonstrate the modeling artifacts created thagonal porf a multilayer structure is
created.Figure 5.6 shows the crossection of a multilayer structure consisting of four
rectangular metal layers with apertures. Power and ground vias are connected to the top
and second layer, respectively, exciting the top pfaie The structure is simulated with
MTEM and CST. For simplicity, the effect of via aptds and vidarrels are neglected

in both simulations. Thus, the exact port configuration can be representedidgonal

port connecting the positive and negative nodes as shown at the Heftarhthe fgure.

For comparison, aertical port shown at the bottomght of the figure, is also created.

The vertical portis created at the nearest point from the actual port terminals avoiding
via antipad regions. In CST, a discrete port component is usegatecadiagonal port

connecting the positive and the negative terminals.
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I | |
| | |
+ Diagonal port + Vertical port

Figure 5.6. Crosssection of fourlayer structure (top), and diagonal port (bottom left) and
vertical port (bottom right) model.

The distance between the port terminals isnin. The dimensions of the metal
layers are 40nm x 30 mm x 35 um. The dielectric layers are 300, 700, and-Ra®
thick, with the dielectric constant of 4.5 and the loss tangent of 0.02 asktonbe
independent of frequency.

The simulated selimpedance curves are shownFigure5.7, and the result from
MTEM with adiagonal portshows much higher impedanelong the frequency than that
from CST. This excessively high impedance is the artifact otdihgonal portmodel
caused by the two independent current souapgsdiedbetween each port terminal and
the bottoramost layer. As a result, the magnitude e impedance strongly depends on
the thickness of the dielectric layers beltwe port On the other hand, thesrtical port

result from MTEM shows a good correlation with CST
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Figure 5.7. Selfimpedance results from MTEM and CST with different port configurations.

To observe the effect of the path impedance introduced by the change of port
representatios) a twaolayer structureshown in Figure 5.8 was analyzedusing a
horizontalanda vertical port The structure is composed of 40 mm planes separated
by a 306um dielectrt, whose relative permittivity is 4.5 witthe loss tangenof 0.02.
Figure 5.9 compares the seimpedance curves obtained from the 3D -fuilve
simulations with a horizontal and a vertical port The impedance resulted from a
horizontalport is larger than that from ertical port Since the conductors are assumed
to be lossless, the difference attributady to the imaginary part of the impedance.
Hence, the selfmpedance is purely inductive, which can be calculated from the
magnitude difference of the impedance @svihe impedance difference at BHz is

4.8q, and the path sluctancecan becalculated as 7@gH.
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Figure 5.8. (a) Top and (b) crosssectional view of the structure simulated with a horizontal
and a vertical port.
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Figure 5.9. Selfimpedance results of horizontal andvertical port represertations.
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Although the use of sertical portresults in differences in selinpedance values,
such variances do nekistin transfer impedancé&igure5.10 showsthatnearly the same
transfer impedanseare resulted fromboth horizontaland vertical portrepresentations

The sensitivity of seifmpedance is addressed5r2

(8
]

[\
W

o
o

Horizontal port

Vertical port

(.
-

Transfer Impedance (Ohm)
W O

-]

0 2 4 6 8 10
Frequency (GHz)

Figure 5.10. Transfer-impedance resultof horizontal and vertical port representations.

5.2 Sensitivity of SeltImpedance

Self-impedancas the ratioof the measureudoltageto the source currenijected intothe
sameport, while transfer impedance thatof the measuredoltageat a porto the source
currentinjected intoa different port.Differentialequationbasedmethods encounter an
issue regarding to the size of the mesh around atpattaffects theresultant self
impedanceConsider a planpair shown inFigure5.11. The 300um dielectric has the

relative permittivityof 4.5, and the loss tangewit0.02,assumed to beonstant along the
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frequency Figure5.12 shows the selimpedanceat port 1obtained fromthe simulations
using the multilayer finite difference method (MFDNBZ]. As a mesh size decreases,
resonance frequencieshift to lower frequencies while antesonances stay stillhe
imaginarypart of the seimpedances shown iRigure5.13 indicates that thisnesh size
effect is purely inductiveln addition creating afiner mesharoundthe port resuled in

thehigher valueof the imaginary parvf the selfimpedance

E Portl Port2
(5,5) (35.5)
= o) o
=
) [=40mm ]

Figure 5.11. Top viewof a planepair for the sensitivity analysis of the seimpedance.
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Figure 5.12. Change of seimpedance along with thedifferent mesh size aroundh port.
Results areobtained from MFDM simulations.
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Figure 5.13. Imaginary part of self-impedance.

While selfimpedance results show strong dependency on the size of the mesh
created around a pottansfer impedancesultsdo not observéhe mestsizesensiivity .
However, f the distance between two ports approaches to zeaosfer impedance
converges to selmpedancewhose valueonsiderabhydiffers along with the mesh size.

In additionto transfer impedance with distant two porteither returrioss nor
insertion losof S-parameters showstrongsensitivity tothe mesh sizeOf course, these
parameters also become sensitive to the mesh size when the operating frequency
increasesespecially wherthe mesh size is larger tha#0. The change ofedf- and
transferimpedanceas well as insertion los# 5GHz is summarized inmable6. For the

transfer impedanceort 2is located at (35, 5m.
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Table 6. Change of network parameters as mesh size changes.

Mesh Self-Impedance Transfer Impedace Insertion Loss
(rsnlfne) |Z14] % Change |Z24] % Change |Si4] % Change
1 2.4 - 1.31 - 0.993 -
0.5 3.3 37.5 1.34 2.3 0.992 0.1
0.25 4.2 27.3 1.35 0.75 0.991 0.1
0.1 53 26.2 1.36 0.74 0.991 0.0

The impact of the mesh size on thelfimpedancds also observed fronother
simulation tools CST transient solvgb9] is based on the finiteifference timedomain
(FDTD) method which requires discretization of tialculationfield. The dfferent mesh
sizearounda port alsoresults in differences isel-impedanceesultsas shown irFigure
5.14. Similar resultscan beobservedfrom other discretizatiothased metbds, such as
CST frequency domain solver (finite element metH&@), the multilayer finite element
method MFEM) [20] and the multilayer triangularelement method MTEM)

(CHAPTER 9.
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Figure 5.14. Change of seHimpedance along with thechange ofmesh size aroundh port.
Results areobtained from CST transient solvet

The effect of the meshkize around a port indicates thtte size of a poris a
significant factor that affects the result§he size of a port is an input variable bet
cavity resonator mode]10] [11], an analyticamodelingmethod using Greén function
The same structureras simulated using the cavity resonator mdaelchangingport
sizes As shown inFigure 5.15, the resultant selimpedance curves exhibgimilar
behavior that was observed in the simulations using discretizatiased methods.
However, seHimpedanceconverges tdhe result withthe port size less than m. This
convergence is valid even at higlfiesguenciess shown irFigure5.16.

Although the convergence is observed for this structure, the pontesjagedfor
the convergence is too small fibre efficient mesh creation: im is only 0.014% of the
wavelength at 20GHz. Thus, a noruniform mesh scheme is necessdoy the

discretizatiorbased methodw effectively discretize the area around a pOtherwise,
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one of the remedies fdhe problem oftiny mesh sizas to specify a fixed port size
which canbe defined aslte area within whiclthe currentdistributioncan be assumed to

beuniform.
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Figure 5.15. Change of seiimpedance along with the change of mesh size arouagort.
Results areobtained from the cavityresonator model.
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Figure 5.16. Convergence of selfmpedanceas the port size decreases.
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5.3 Summary

Different representations of a port that can be applied to the 2D jmoait models
were investigated. For the actuapresentatioof the realworld structures, nemertical
alignment of port terminals may be necessary. However, the multilayer iextens
technique creates modeling artifactsnibn-vertical pors are usedTo mitigate this
problem, avertical port can replace anonvertical port without creatingdiscernible
modeling errors. The reason was provided by showing the horizontal component of a
source current does not propagate insideialletplate waveguide structure up to the
cut-off frequency.

Selfimpedance results are sensitive to the sizea grt. Althaugh the anti
resonance frequenciesf selfimpedancedo not vary with the port size,resonance
frequencies and the magnitudesafifimpedanceshowsstrong correlation with the port
sizeor the mesh density around the p@teating a fine mesh around arpcan result in

more accurate seimpedance results, while sacrificing high computatimosk
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CHAPTER 6

MODELING OF RETURN PATH DISCONTI NUIT IES

6.1 Introduction

When the return path of a signal is montinuousthe return current encounters a large
voltagedrop leading to worsening of the signal wavefotmaddition, the retureurrent
flowing at the discontinuitiescouples to theoower delivery network (PDNand causes
fluctuation of thesupplyvoltage Sincethe signal and power integrity ightly cougded,
separated analysis of the sigmakrconnectindthe PDN canresult in incorrectesults

In a package angrinted circuitboard (PCB) PDN environmentreturn path
discontinuities RPD9 are typically created by split planes, apertures, and Vas.
accurateanalysis ofsuch various types of RPDsa thorough understandingf the
electromagnetic behaviat the discontinuityis critical. This sectionpresents analysis
and quantification of the impact of RPDsa the signal transmissioRrom te study of
the different types of RPDsuch as an aperture, split planes, and via transitien
designing and modeling guidelinase providedThe giidelines applied tthe signal and
power integrity cesimulationcan further improvemodeling efficiency without loss of

accuracy

6.2 RPD by Split Planes

In the case of a microstrip linrossing agap created byisolatedreferenceplanes,the
returncurrentof the microstrip lineat the discontinuitygwitches the laysrto complete

the closal currentloop asillustratedin Figure 6.1. Hence the referenceof the middle
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portion of the microstrip line at the gagpthe bottom laye(VDD) instead of the top layer
(VSS of the PDN. Ecause the characteristic impedance of a microding is
proportional to the substratieickness the segmenbf the microstrip line over thgaphas
higher characteristic impedance than the otemgmentsThe differencebetweenthe
characteristic impedances results in reflectiais the segment boundarie$hese
reflections araepresentecsthe smooth fluctuatiom the insertion loss curve. When
the return currendf the microstrip line switches layebetween thevSSand theVDD
planes, itexciteselectromagnetic energy into the plgpesr, causing a plane resonance
which is the main cause of power integrity problefarthermore,his resonancenergy
can becoupled back to the microstrip line leadingsignal distortion a signal integrity
problem

To investigatethe RPD effectsaccording tahe geometric parameteo$ the gap
the structure irFigure 6.1 was simulated by changing the values of spadingnd the
thickness of the PDN substrat®, The dimensions of the PDN are 40 mm, d; is
0.305 mm, and the width of the microstrip line is 0.5hm resulting in 56q
characteristic impedanceThe substrates are homogeneous with a dielectric constant of

4.4 and a loss tangent of 0.02he frequency rangeom 100MHz to 4 GHz

L

Y.

d11}%
/VSSl Z VSS2 —> Forward current

f

d2 " =s=+==3> Return current
VDD

L

Figure 6.1. Current distribution of a microstrip line crossing split planes.
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Figure 6.2 (a) shows the insertion loss curves of the microding with the
variagion of the spacingL). The insertion loss curves shaharpdips atfrequencies
between 3.85Hz and 4GHz, which correspond to the resonant frequencies of the PDN.
The slight change in the PDN resonant frequencies is associated wislizénghange of
the VSSplanes When the spacing increases from thé to 4 mm, the change of the
insertionlossis minimal in terms of its shape and the loss level contrast when the
substrate thicknessly) increases from 0.&xmto 0.8mmwhile the spacingL() is set at 1
mm, the change of thensertion lossis noticeable as shown igigure 6.2 (b). These
results indicate that the amount of the noise cougtimn the PDN depersbignificantly
on the impedanceof the PDN which increases as the substrate becomes thicker.
However, the opening of the top layer of the PDN only contributes tentladl change of
the resonance frequency. Therefore, when a microstrip line crosses a gap between the

reference planes, maintainiagow noise level of the PDN is most critical.

3 3
e |
p= c
S S
T o)
5 2
_'7 l|||||||||||||||||| 10 IIII[IIIIIIIIIIIIII
0 1 2 3 4 0 1 2 3 4
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 6.2. Insertion loss curves as (athe gap spacing and (bxhe PDN thickness change.
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6.3 RPD by Apertures

Thereturn current behavior @ microstripline crossing an aperture is more complicated
thanthat ofcrossingsplit planes Consider a microstrifine crossingan aperturereated

on thetop plane as shown iRigure6.3. The return current of the microsttipe tends to
flow alongthe path of least impedance at the discontinuity. Orssiplepathis to go
aroundthe aperture and the other i$o jump downto the VDD plane If the return
current flows around the aperture, the sigmalpagabn mode of the microstrip lings
similar to a coplanar wave guideith an elevateccenterconductoy andif the return
currentflows in theVDD plane thepropagation mode of the microstrip line is simiiar

a microstrip linemode as shown inFigure 6.4. Hence the mixture of two different

modes of propagatidiorms around the discontinuity

—> Forward current

=e===«d>» Return current

Figure 6.3. Current distribution of a microstrip line crossing an aperture.
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(a)

.E/W\\:. @@

(c)

Figure 6.4. (a) E-field distribution at the cross-sectionof a microstrip line crossing an
aperture. The propagation mode can be decomposed into (b) microstrip line and (c)
coplanar wave guide mode withan elevated center conductor.

6.3.1 Impact of the Aperture Size on Signal Transmission

The first parametric studg conducted byhangingthe size of the aperture gure6.3.

While maintaining theapertureshapeas a square, sigteps of simulations changkee

length of the squaredge from 0.5mm to 6 mm. Figure 6.5 shows he insertion loss
curves for each case. As the size of the aperture increases, the insertion loss curve
reflectsthe plane resonanceshich appear as sharp dips,around 1. GHz and 3.8GHz.
Additionally, curves gradually show a lardgmit smooth oscillatingoehavior as the
aperture size increases. Tlhasge fluctuation is caused by the impedance mismatch at

the discontinuity.
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Figure 6.5. Insertion loss changessthe aperture sizechanges

While the PDN resonances are coupled to the sigienthe apertureis large,
very little or noimpactof the PDN resonances is observed when the apestanealler
than 1.5mm. Because return currentend to find the path of least impedance, the return
currents flow along the edge of tsenall aperture rather thaon the VDD layer. For
example, when the aperture size is 1 mm, the distance between the microstiige
and the edges of the apertiseabout 0.4nm, while that between the microstiipe and
the VDD plane is about 0.5hm as shown irFigure6.6. This effect can be seen from
theplot of current densities around the aperture shawsgure6.7, whichshows the top
views of the structures witthe 1-mm and 6mm aperture. On th&DD layer of the 1
mm aperture(inside the squargjhe arrent density is only about J&m, while it is 45
A/m around the apertur@utside the square)On the other hand, the current density on

theVDD layer of the énmm aperture is 42/m, while it is only 5A/m around the aperture.
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Figure 6.6. Crosssections of a microstrip line over an apertureCPW-modewith an
elevated center conductofleft) and a parallelplate mode(right) .
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Figure 6.7. Current densities around small and large apertures when a microstrip line
transmits a 1-GHz signal.

6.3.2 Impact of PDN Impedance on Signal Transmission

The use of ghicker dielectridn the PDNresuls inthe highelPDN impedanceSince the
electric current flows along the path with lower impedamaere return currenflows
around the aperture instead tbe VDD layer. Figure 6.8 (b) shows the insertion loss
curves of the microstrifine overa4 4-mm aperture withvariousthicknessgs of the
PDN substrate. As ththickness increaseand thusthe PDN impedance increasdise
insertion loss curves exhibdecreasingeffect of the PDN resonances. Instead, the

microstrip line shows more mismatched behaviby showing larger but smoath
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fluctuations along the frequency rangehis behavior of teinsertion lossurves denotes
that thedominant amount of theeturn pathflows around the aperture as the PDN

impedance increases.
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Figure 6.8. Insertion loss changessthe dielectric thicknesschanges

6.3.3 Modeling of a Microstrip Line Crossing an Aperture

As discussed itthe previous sectigrthe return currendf a microstripline crossing an
aperturdflows in two different pathsaround the aperture and tlosver layer of thé®?DN.
The E-field lines formed at the aperturaliscontinuity are depictedin Figure 6.9 (a).
These field lines can bdassifiedasthree different propagation modesmicrostripline
(Figure 6.9 (b)), a parallelplate (Figure 6.9 (c)), and an elevate@ PW (CPW with an
elevated center stijpmode (Figure 6.9 (d)). The parallelplate modecan beeffectively
modeled byany PDN modelingmethod such asMTEM. The microstripline and
elevatedCPW modes can be characterized bytheir characteristic impedance and

effective dielectric constants usiag2D-electrostatic solvefThe obtained mdelsof the
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PDN and thesignal inteconnectsare reintegrated to complete traperturemodeling as
depictedin Figure 6.10. Notice that the reference of the redgment of the microstrip
line andthat of the elevatedCPW arenot equivalent The differenceof the reference
accounts fotthe divided return path ohé microstripline at thediscontinuitywhich is

critical in the modeling of an RPD created by an aperture

= = A =

(a)

iid il ,

(c) (d)

Figure 6.9. (a) E-field lines formed around the RPDcreated by an aperture. (b)-(d)
Decomposedropagation modes.
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Figure 6.10. Modal decomposition nodeling of the microstrip line crossing an aperture

6.3.4 Small Apertures

A microstrip line crossing a small aperture, for example, via clearance holes, is a
common configuration for package and board environmiérg. level of coupling from

PDN resonance to a microstrip line is a function of multiple factors such as size of an
aperture, dielectric loss, and a thickness of dielectric layer. As seen from previous
sections, the smaller the aperture size and the high@npedance o& PDN, the lower
coupling effect o PDN is observed in signal propagation.

For typical package and board via environment, the size of via discontinuity is a
dominant factor that determines the coupling between PDN resonance and signal
propagation. In particular, if the size ah aperture is electrically smal.g. below an
order of wavelength, coupling of the plane resonance througbnhé aperture can be
neglected. The reason can be explained byedten currenpath of the micrstrip line.
Considera microstrip line crossing a small aperture createdh@VSS layershown in

Figure6.11. If sis sl or comparable tav, the width of a microstrip lind,; is shorter
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thanL,. Since current flowshroughthe leasimpedanceyath which is the contour of the
small aperture, very little ono current flows orthe VDD layer as described on the right
in Figure6.11. Thus, the return current of a microstrip lidees not excite the plaipair
created bythe VSS and VDD planes, and thepact of the small apertur®n the
microstrip linecan be neglectedlhe relation between the distancgandL, can be

derived as

A
]

inl el
O\
X

aBRAES (63)

which is normalized by the wavelength. Finally, Equaf@®) becomes

) O x I
A A A 1Ih (64

which is independent of the frequende negligible effect of a small aperture is shown

with a test vehicle in Sectidhb.2

W Forward current
| Signal [ ]
! r 3
Lal A o VTRV ST
m ! B l | VSS S !
! d, L, Return current  ye %
v v : y
| ] VDD | . |
A—l

Figure 6.11. Crosssectional(left) and side view (right) of a microstrip line crossing asmall
aperture.
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6.4 RPD due toVia

In a package oPCB PDN, vias provide a vertical interconnection signal traces.
Consider a via that connects microstrip lines on different layers as shdwgune6.12.

In order to create a closed current loop betweemntitver andthe load the return current
jumps from the lower plane to the upper plaméhe discontinuityThis jump of current,
or a displacement current between the plaaie excites theavity created by the VDD
and VSS planesSince the impedance of a cavity maximizes at-m@stbnance
frequenciesthe path for the return current becomes highly resisteslting inthe large
insertion losdbetweenthe driver and the loadThis result also indicatesahthe vertical
transition ofsignal strongly interacts with the plapair, and their interactions must be

incorporated in the modeling.

Microstrip 1
[ s \/DD
Via
— VSS

Microstrip 2

Figure 6.12. Microstrip -via-microstrip transition.

6.4.1 Modeling of a Microstrip -via-microstrip Transition

The modeling ofan RPD createdat the via can be similarly done usinthe modal
decomposition technique explained in &@t6.3.3 For examplethe signal interconnect

shown inFigure6.12 can be decomposed into three segmentspbmich is the via and
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the others are microstrip lines, as showrFigure 6.13. The return path of the via is
modeled aghe planepair impedanceeenat the via dscontinuity hence, port 2 of the
planepair and the system referen¢€SS) is configured as shown ifrigure 6.13.

Microstrip line 1 references to VDD plane, andcrostrip line 2to the VSS plane, the

system reference.

Portl @ Microstrip 1 Via model Microstrip 2 §Port2
— O - —

Zypp-vss
1

Figure 6.13. Equivalent circuit model for the microstrip -via-microstrip transition.

6.4.2 Coupling Between Via andPower/Ground Plane

A typical model of avia is a PImodel that consists of a series inductance zardllel
capacitanceas shown inFigure 6.14. Although the value for the inductande, can be
obtained from[61] [62], the behavior of a via is mainlgapacitive andnost of the
research effort has been devoted to obtain the value of the capaf38ni&2] [33] [34]

[35]. The capacitance represents the amount of coupling between a plane and a via
structure, which includea cylindrical via barrel and a via padihe authors 0f33
presented an analytical solution for the-plate capacitance that can be incorporated into

a physical circuit, such as the model showrigure6.13. Therefore, using the fhodel

for the viabarrel and MTEM for the plangair, the microstrigpria-microstrip model can

be established.
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Figure 6.14. Pi-model representation of gplate-through-hole via.

6.5 Test Casesind Results

6.5.1 RPD by Apertures

To validate the modeling for the aperture discontinugtyest vehicle is designed as
shown inFigure6.15. The dielectric constant of the PDN substrate is 4.7, and the size of
the planesis 95 x 10 mm. The size of the rectangular aperture isxX3® mm. The
structurecan bemodeled as shown ifigure 6.10, and thesimulation results of the
insertion and return loss of the microstrip liglkow a good correlation with those of
measurements as shownHigure6.16. Insertion loss curves show large dips at the plane
resonance frequencies, which correspond to the peaks imgelflanceof the PDNas

shown inFigure6.16 (c).

305um

aperture =
Port1 ‘711um Port2

Figure 6.15. A testvehicleof a microstrip line crossingan aperture.
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Figure 6.16. (a) Insertion-loss and (b)return -lossresponsef the microstrip line. (c) Self
impedance responses at the edge and the middle of the plane.

6.5.2 RPD by Small Apertures

To verify the negligibleinfluenceof a small aperturea test vehicle is designed as shown

in Figure6.17. The dielectric constant of the PDN substrate is 4.7, and the size of the
PDN is 95x 10 mm. A seies of ten small apertures of si@e/6 x 0.76 mm are created
beneath the microstrip linApplying the dimensions of the test vehicle to Equa(®?),

we obtain

® .
T@HUM T TTU T p p 1B Ol (65)
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or 0.33<1.05 Hence,the apertures can beassifiedas small apertures which can be

ignored in modeling

Figure 6.17. Top view of the testvehicle (top) and crosssectional view (bottom).

The structure is simulated with MTEM ande 3D fullwave solver, andhe
insertion loss curves shoavgood correlatiowith measuremerds shown irFigure6.18.
As can be seen from the sefipedance resultfDN resonance is obviowdong the
frequency range. Howevdts impactis hardly observed in the insertion loss curiieis
resultshows that the small apertures do fuwiction as gateways for the coupling of PDN

resonancevalidatingthe modeling guideline$or ignoring small apertures
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Figure 6.18. Insertion loss and seHmpedance curves of the test vehicle with series of
small apertures.

By ignoring the small features in the middle layagdelingcan besignificantly
simplified, especiallybecause of thdecreased number of pgrss compared ifrigure
6.19. Moreover,a considerable amount of modeling and simulation effoats besaved
in both the proposed metho@nd thecommercial3D full-wave solver. Each method
resulted in an improvement of the simulation time by more than 308.modeling
using MTEMandthe modal decompositiotechnique resulted in less than 0.1 second of
solving time per each frequency poiHbwever, the8D full-wave solver still spent about
30 seconds per each frequency point even adteoring the small aperturesOne of the
reasons ishatthe 3D fullwave solverlyet needs to create a dense mesh for the microstrip
line. Table7 compareghe memory consumption @ach methodMTEM shows much
less memory consumption, whileet 3D fullwave solver not onlgonsumednuch more
memory resourcedut also Bowedless improvement in computational efficiency when

thesmall apertures are removed
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Figure 6.19. Reduction ofmodeling complexity by ignoring small apertures. (a)Modeling

Table 7. Comparison of memory consumption(K=10%).

(b)

small apertures.(b) Ignoring small apertures.

Methods # of Unknowns # of Non-zeros Improve
Before After Before After ments
MTEM 1.3K 0.6K 5K 2.2K x2.3
3D Fullwave 46K 31K 920K 617K x1.5
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6.5.3 RPD due toVia

Figure 6.20 shows a example structure that consists of three metal layers and a
microstrip linethat transitions from the top layer to the bottom layer throagkertical
interconnect The planes are square with 9.144 etiyegths and each of the dielectric
layers is 305um thick. The dielectric constant is 3.5, the loss tangerit@2 and both
areassunedto beconstant along the frequenadylicrostrip linesare *oz thick and 0.67

mm wide.The radius of the via barrel and the clearance hole are Ori@v&nd 0.3810
mm, respectivelyThe viaplate capacitance is obtained using the analytical formula
presentedn [33], and theselinductanceof the via barrels obtained using a closed form

for acylindrical wire at high frequencgiven as followg63]:

9.144mm

A
v

9.144mm

Figure 6.20. Example of a microstrip-via-microstrip transition.
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Combining the establishedvia model with the planepair impedance profile
calculated by MTEM, the insertion loss curve is obtairfeak comparison, the result
from thesamemodelbut withoutthe via model is also plotte@he simulatiorresuls of
the models with and without the via mod@ek comparedvith that of the3D full-wave
simulationas shown inFigure 6.21 and Figure 6.22. The insertion lossresults show a
good correlation, anthe removal othe via model does not losecuracyup to 10GHz,
wherethe length of the vigs one wavelengttSince thecalculate value of thevia-plate
coupling capacitance is only abdets of femtefarads andthe combined capacitance is

still below hundreds of femttarads, their impact on the signal transmission is

insignificant.
=)
o
p
™~
2} H
1= 3D Full-wave
20—===-With Via model
1= Without Via model
'25 Illl|IIII‘I\II|IIII|{III|IIII|\I\I|I\I\
0 5 10 15 20 25 30 35 40

Frequency (GHz)

Figure 6.21. Magnitude of the insertion loss of a microstripvia-microstrip transition.
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Figure 6.22. Phase othe insertion loss of a microstripvia-microstrip transition.

The negligible impact of the vigplatecapacitancés more obvious in a shorter via
structure.Figure 6.23 and Figure 6.24 showthe magnitude and phase iokertion loss
curves of a microstriywia-microstrip structure with a short via (length€144 mm)
plated through a plangair. The difference between the rdswith and withoutthe via
modelis indiscernibleup to 18 GHz, where thewavelength corresponds to the length of
theshortvia. Therefore, thémpact ofthe coupling between alectrically short viand a
planepair on the signal transmissiors not very critical. By ignoring the unnecessary
modeling of the coupling between a short via and a plaredeling effort for the

inductance and capacitance calculations can be saved.
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Figure 6.23. Magnitude of the insertion loss of the structure with a short via.
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Figure 6.24. Phase othe insertion loss of the structure with a short via.
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