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Abstract

As the world becomes moredigital, electronic deviceshave become ubiquitousin DAT b1 A6 O
daily lives. The manufacturing electronics requires complex electromagnetic desigrs, which
rely heavily onvirtual and computer simulations of electromagnetic phenomen#o represent
their electronic systems and printed circuit boards (PCB). To simulate PCBbased
electromagnetic conditions and limitations, it is necessary to combinehe functional circuits
of the electronic device with the parasitic effects of thdayout board. Among the many
numerical methods the partial element equivalent circuit (PEEC)method is consideredone of
the most natural simulations of PCB interconnectiors. This thesis presentsan enhanced
approach to PEECmodelling, which increases the speed oSimulations and offers a more
realistic model of complex industrial PCBdesigns Considered approach is realizeds one of

the simulation modules of commercial software EMCoS Studio.
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Preface

This thesis summarizes my researcton and contribution to the development of a
partial element equivalent circuit (PEEQ-based electromagnetic solvey PEEC3D, as one of

the simulation modules available in thecommercial software EMCoS Studidrom EMCoSLLC

(https://www.emcos.com/ ) in Thilisi, Georgia This work describes an enhancementto the

classic PEEC methotb make it faser and less memory consumingor complex industrial
problems solving. The work was conductedbetween 2016 and 2@0 at EMCoS LLGQogether
with cooperation from Thilisi State Universityin Thilisi, Georgig and under the swervision of

Dr. Roman Jobava.


http://www.emcos.com/
https://www.emcos.com/




As the world becomes more digital electromagnetic (EM) system functionality and
components have become increasingly complex. This complexity creates challengas the
design and manufacturing of products such asmartphones, home appliance and automobile
electronic systems.Modern EM manufacturers conduct extensiveresearch and development
of electronic systems and componentsincluding iterati ve cycles in which ideas, prototypes,
measurements and simulations are designed and tested This time-consuming process
ensures that the device works, is compatible with other devices and systems and satisfies
various requirements and standards. In the highly competitive electronic industry, it also is
important to deliver products to the marketas soon as possiblen a costeffective way:.

Computer modeling techniques such ascomputer simulation tools [1][2], can redue
processng time and costsassociated with the design processThe mosteffective amulation
tools are easy to work with, yieldaccurate resultsand perform calculations in reasonable time
using availablecomputer memory. To meet these requirements, esearchers have enharex
existing tools and created new simulation techniques. However, these techniquesnust be
able to be implemented in commercial software packages.Many simulation software
programs are available today, and all have advantages and disadvantagk®nufacturing
companiescan buy these tools or even write their own codes too. As nearly every modern

electronic deviceusesprinted circuit board s (PCBs) with integrated microprocessors(Fig. 1),

PCB simulation toolsare especiallyimportant.

Fig. 1. Left: printed circuit board (resources.altium.con). Right: integrated circuit packages

(www.electronicsforu.com)

Many numerical EM methods can be used inrPCBsimulations. For example, he partial
element equivalent circuit (PEEC) is one of the mostuseful methods for PCB and

interconnection simulations. The PEEC method was devepedin the early 1970s by Albert E.
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Ruehli at the IBM T.J. Watson Research Ceng}. Ruehli developed this metha especially for
interconnection system analysis[4], and it has beencontinuously developed and enhan@d.
The PEEC method transformthe EM domain ofthe interconnection system ofa PCB layout
into a circuit domain, then combines it with the functional scheme of the modulgo perform
circuit model calculations ina specified frequency or time domain. The PEEC method solves
the dectric field integral equA OET T  OOET ¢ ' Al AdBdefiding the cAldiation A A E h
domain into mesh elements or cells (voluminous or surface elements such & filaments,
guads and triangles). The magnetic and electric couplings between theseesh elementsare
represented by equivalent partial inductance and partial potential elements. After these
partial elements are evaluatedan equivalent circuit of the model is generated representing
partial inductance and potential elements suchas the simple resistor (R), inductor (L) and
capacitor (C) lumpedelements circuits. The resulting circuit net then is simulated usinga
simulation program with integrated circuit emphasis (SPICE-like circuit solvers.

Modern PCB architectureoften includes severalmulti -holed groundinglayers and huge
number of tiny, complicated traces.To describe the geometry of these PCB accurately
sometimes requires severalthousand or even millions of mesh elements Oneof the technical
issues ofthe PEEGnethod, as for allnumerical methods, is the model size limitation imposed
by computer resources. If the model is represented using large number wfesh elementsthe
number of lumped elements in the equivalent circuilsoincreases because of the inductance
and capacitance coupling betweethe elements.Increasng the number of lumped elements in
the circuit simulations also increasesthe simulation time, which requires large amounts of

RAMcorrespondingly.

1.1 Aim of this Thesis

The aim of this thesis is teenhancethe PEEC model to reducéhe number of resulting
PEEC elements bumaintain the large number of mesh elementsin the model at the same
time. To do so,instead of calculating the capacitance for each mesh cell and the inductance
between each cell pair, we group these cells into patchésOET C 61 OT T T EGO Al CI
these patches as capacitance cells. Inductance elements are set between neighbouring
patches

Another difference with the classic PEEC methods calculation of RLC matrixes
between partitions, performed independently using quaststatic electric and magnetic ful

wave method of moments (MoM), with complete 3D interaction. The electric current and



charge distribution is extracted from MoM calculationsduring the RLC calculationstage and
combined with circuit calculation results during the modified nodal analysis(MNA) stage to
get the final current and charge distribution over triangles. Correspondingly, his method
allows evaluation ofscattered fields in spacedoo.

Considered approach is realized in EMCoS Studisoftware packageunder the name
O0 %%#H 80 EA 0 %%has lmeén cahiinbiaflyAdéveloped since 2016 to satisfy PCB
simulation requirements and has been successfully used in mangM compatibility (EMC)

projects related to PCB modking, high-speed connectorsand cable simulations and so on.

www.emcos.com

© 2001-2020 EMCoS LLC
All Rights Reserved

PCB & IC Packages

Flex Cables & Connectors

HV Components (Batteries / Bus Bars /... ) ‘

Fig. 2. PEEC3D solver in EMCoS Studiand its application areas



1.2 Thesis Qutline

The rest of the thesis proceeds as followSChapter 2 presents the PEEC method
including its history and origins in the €dectric field integral equation, discretization
techniques (e.g. orthogonal, non-orthogonal and triangular) and derivation of each PEEC
element based on triangular discretizationChapter 3 introduces enhancements to the classic
PEEC approachand presents a new PEEC model based on automatic subdomain
decompasition of triangular meshes inb partitions. This section describes how he partitions
AOA AAZET AA OOET ¢ 61 O 11, thé @lculAtiBrAdf capdciurc® &nid 1
inductance matrixes between these partitionsthe circuit simulation of resulted equivalent
circuits and how the current and charge density distributions on the triangular surfaces are
recalculated and used to estimate radiated electric and magnetic fieldsr chapter 4, we
validate our approach and perform several numerical experimentsand simulations and
validate them againstthe MoM method and measured data. In chapter 5, we simulate a
conducted emission test from a real automotiveLED brake light module and a radiated
magnetic field distribution above the PCB layoutWe compare the results with measured data.

In chapter 6 we summarize all the work and make conclusions.

Al
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The PEEQnethod is one of the most effective methods for combined EM and circuit
analysis [3][4][5] . The combimation domains result in an equivalent circuit saved in SPICE
format [6][7]. Albert E. Ruehlideveloped he PEEC method in 1974 at the IBM T.J. Watson
Research Center in New York4][14]. The PEEC method is widely usedh electromagnetic
compatibility and interference fields to addresselectrical interconnect and signal integrity
issues Unlike other methods, PEEC can be used over the full frequency spectrum from DC up
to the maximum frequency determined by the meshingl'his chaptercovers PEEC basicsuch
as how the PEEC formulation is derived different cases for PEE&ased geometrical
discretization and formulating PEEC for triangular discretization.It does not cover the
calculation of partial-element integrals which can be performed numerically anl semi
analytically, because thisthesis focuses onenhandng the PEEC model based on triangular

patches, not the PEEC elements calculation itself.

2.1 PEECHistory

The PEEC method has been firgieveloped in IBM T.J. Watson Research Cenf&4] in
1974 by Albert E. Ruehli4]. Ruehli was working on electrical interconnection structures and
he used to split these interconnections into basis inductive partitionsto build inductive
model. The idea of partial inductame first was introduced by Rosa[15] in 1908, after
enhanced by Grover[16] in1946 and by Hover and Love[l7] in1965. Later Ruehli [5]
included the idea of partial potential elements together with partial inductance elementand
introduced partial element equivalent circuit (PEEC) method in 1972After that time, PEEC
method got more and more attention and many academic and industrial institutions began to
improve it. The main contributions in enhancementto the PEEC methodwas created via
collaboration between the IBM T. J. Watson Research Centéiniversity o£ , 6 linNHAE | A
[18] and Luléa University of Technologyin Sweden[19]. The important enhancementincludes
dielectrics [20], equivalent circuit representation using potential coefficients[21], a time
delay and retarded PEEC modelR2][23], incident fields and the ability to solve scattering
models [24] and use of nonorthogonal and triangulated discretization to describe complex
geometry structures[8] [9] [25].

The first book [26] entirely dedicated to PEEGvas published in 2017, indicating that

PEECremains in active development.In the past 50 years many problems have beensolved
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using PEECYet, the applicability and integrity of PEEC in commercial software is limited and
is not as popular as other methods €.9.MoM, finite -difference time-domain, finite element).
Few software programs allow users to create PEEC models ia gaphical user interface,to

run PEEC simulations ando analyse calculated results in posfrocessing tools.

2.2 Electric Field Integral Equations

The PEEC method starts witlelectric field integral equation . Consider an arbitrarily
shapedconductor in free spaceunder external excitation, calledthe incident field f  » (see
Fig.3).

Incident field

iy

Free space

€,

0

Conductor Scattered field

()

Fig. 3. Arbitrary shaped conductor under external excitation

Because ofthe incident field, the electric current density L » and chargedensities” » are
induced inside and on the surface of the conductor. These currents and charges themselves
create an additional field, called the scattered field  ». The total electric field

F » outside ofthe conductor can be represented as a sum of incident and scattered fields

F > F >» | > (2.1)

The scattered fieldin equation (2.1) canbe formulated as a am of magnetic vector potential

= p» andthe gradient of electric scalarpotential 3 »:
F » Q=» 13 » (2.2)
The magnetic vector potential= » can be calculated using electric currents in the following
way:
=» *  Ormeedlreddée (2.3)
where L e is the electric current density vector in pegoint and * is free-space magnetic

permittivity . "O phpeeis the free-spaceGOA AT & O , éafdlafedds follows
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"O phpee ﬂ P Q * > (2.4)
" S »g

Because othe skin effect in highrconductivity materials, currents flow close to the conductor

surface. Theeskin depths are calculated using the following formula:
] < (25)

According to equation (2.5), a high frequency and high value of conductivity yields a
shallower skin depth. For perfect electric conductor materialsskin depth is absolute ero.
Correspondingly, for materials with shallow skin depth, we can replacethe volume integral in

equation (2.3) with asurface integral:
=» °  "Oriwedl peD¥ (26)

The dectric scalar potential inequation (2.2) thus is calculatedasfollows:

3> B "O Ml P ée (2.7)

where” »eeis the charge density inthe source pepoint and - is free-space permittivity. In the
medium of nonvanishing conductivity, there can be no permanent distribution of charges
[27]. Al charges concentrate on the surfaces almost instantly. Relaxation time it -7, ,

which is required to decay ” wee to pfQ of its initial value »x Even for very small
conductivities (e.g., p p 1 S/m), relaxation time is about w p 1T seqg which is
exceedngly small. Thus, we replace volume integral equation (2.7) with a surface integral

equation:

s> L oed remw (2.8)

Thetotal field inside conductor can be calculated a®llows:

Ly
F » — (2.9)

Applying a boundary condition (the vanishing tangential component of the total electric field)
on the conductor surfacewe write
s 7 Ly .
w (X% w — » QY=» » 13 » (2.10)

”

where = representsthe surface normal.For simplification, we omit vector multiplication from

equation (2.10) and assume thatthe field tangential components are considered in the next



equations in this chapter.Combining(2.8) and (2.9), we getthe electric field integral equation,
or mixed potential integral equation, which is the mainformulation from which we derive the

PEEC formulation

Ly g
F > — @ Ol peedY
(2.11)
_3 O phped Pl B¢
2.3 Geometric Discretization AT A ' Al Appr&aenl 6 O
To transform equation (2.11) into aOUOOAT 1T &£ 1 ET AAO ANOAOET T «

can be used' A1 AOEET 8 @Gequited B fednietfy to be discretizedinto geometric
elements dter which the current and charge densitiesshould be represented usingbasis

functions.

0o 0g

L pee . »3eh " » > I (212)

¢ p Qp
where 0 is the total number of current unknowns and0 is the total number of charge
unknowns. The choice of basis functions for curren{Jr » and charge® » densities depends
on the type of discretization and should account for characteristics and shapes of the
geometry domain. Like in most EM solvers, e discretization step should be defined
asQa _ ¢ mwhere_  isthe wavelength onthe maximum frequency of interest.

PEECbegan as a numerical méhod for rectangular geometries to model digital

interconnection structures [3][4]. Generdly, such problems are represented using
longitudinal volume filaments with currents flowing through the filament and charges
accumulaing on their surfaces(Fig. 4). This discretization can model thin interconnections
and wide-shaped netswhere currents can flow in two or three directions inside the volume

cell.



(@)

A ®) 4 —
volume cell

Y N . X -
> >

Fig. 4. Filament representation of interconnection(volume cells represent current flowing,and

surface cells representharge)

To model various complex problemsand avoid staircase representatios of arbitrary
shapeinterconnections, PEEC was extended to support neorthogonal discretization meshes
[8]. Hexahedral cellsrepresent geometry more accurately. Thus, wsing a local coordinate

system,the PEEC formulationfor orthogonal meshesis translated onto hexahedral elements
(Fig. 5).

Inductive
half cell
Capacitive
half cell

Fig. 5. Non-orthogonal PEEC modelith basic hexahedral celand local coordinatefilament

More recently, triangular discretization of PEEC was introducedo model arbitrarily shaped
complex structures [9][10][11][12][13], as show in Fig. 6 Triangular discretization is
practical in many casesand manysoftware tools are available togenerate and edit triangular

meshes.
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Fig. 6. Orthogonal, norrorthogonal and triangular representations of the conductor net

2.4 Derivation of Partial Elements for Triangular Discretization

This section describes derivation of the PEECfor triangular discretization. For
triangular discretization, the most widespread approach is to consider current flow alonthe
edges betweentwo triangles, asrepresented byRaaWilton zGlissonbasis functions:

o]

-
(1)

h »n Y
o

O
L pee e >3O0 2> (213)
¢ p ’Tzéh PN Y
'"CO¢

¢t mAl OAxEAOA

where 4 » is the basis function, @is the unknown current coefficient, § is the number of

'
>
1

non-boundary edges is the length of the éth edgeand 0 and O are the areas of triangles

"Y and"Y hrespectively (seeFig.7).
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To' Tn

Fig. 7. RagWilton zGlissonbasis function onatriangle pair

The charge density accumulated on each triangle can be represented by pulse basis functions:
Gy . 3
- -'de)mmﬁ N T YT
where @ » is the basis function,n4s the unknown charge coefficient andd is a number of
triangles.

According to Galerkir® approach, the testing (weighting) functions should be chosen
in the sameway as the basis functions.Thus, we use following testing functionsl » for all
triangle pairs:

. a - .
;’“chZ h »N 7Y

I > I a

r——z h pNY

eo Co s

v mAl OAxEAOA
After discretizing the geometry into triangles and applyingthe testing procedure to equation
(2.12), we get

(2.15)

L
B>»oFf » 0y |>:>—':n‘v Q P >=»ay
(2.16)

B> » Y

where »is the observation point on the &t triangle pair (»N "Y). Using vector calculus

identity n e= n =3 =0Q13,we can replace the last term irf{2.16) with

J> - »0v "> > »0Y ne »J»r wy (217)

11



Usingthe Gauss theoremwe can replacethe surface integralwith the contour integral in the
last term in (2.17). According tothel » testing function n definition in (2.15) and

Fig.7, this term is always zero, because » 2 is zero on the triangle paircontour:
ne »J»r WY - »JPro>XNan (2.18)
Considering(2.18) into (2.16), we write

L
B»>oFf » Y l>3—>C)Q‘Y Q P >=»y

(2.19)
n > o » 0Y
It thus can be proved (se€A.l) that
. o .
.;. _— »N Y
v O
n > _a (2.20)
B .o

v Al OAxEAOA
Combining (2.13), (2.14) and (2.20) into (2.19), we getthe basic discretization formulation of
the electric field integral equationfor the PEEC method:

B »op » v

© o B >3k » @y
o] o I > _H_ » OO0»y OTY Y (2.21)
P ) a " o ! .
— g 5 W »gy J0 M, YAY
P

— g 5 W Py IO, OYAY
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2.4.1 Incident Feld

The left side of equation (2.21) is the incident electric field integrated over the & th

triangle pair. This field can be represented a% voltage:
B>»oF » v
(2.22)
» O » 3Y o » O » Y Y
b Z ¥ o 4 )

Fig.8 illustrates this voltage as a circuit element.

I T,

Fig. 8. Voltage applied tod th triangle pair

2.4.2 Partial Resistance

The first summand on the right-hand side of equation (2.21) represents induced

voltage onthe & t triangle pair due to ohmiclosses of triangles
O O
P o Rr»3k» mY v oO (223)
Ep vy € p
where’Y isthe partial resistance coefficient and calculated as
v 2R »ok» wy (2.24)
oy
It should be noted that2 is non-zero only if edgesd and & share a common triangle.
Equation (2.23) can be interpreted asthe sum of a voltage drop orthe & th edge created by
self-resistance'’y "O and mutual resistive coupling™Y from currents induced on all edges

from the neighbouring "Y and™Y triangles:

13



b b4

a
P o Rrok» Yy Yo v O VW
p Y

Yot g p

(2.25)
X E A @A ‘Yd E@

Fig.9 illustrates this resistance and resistive coupling from neighboring elementsasa circuit

element.

N T,

— R :\UEl )

Fig. 9. Resistanceand resistive couplingof & th triangle pair

2.4.3 Partial Inductance Coefficient

The second term inequation(2.21) is the sum of a voltage drop orthe & th edge created

by inductive mutual coupling (magnetic field) from currents indwced on all edges:
Q o ] » 4 » OO WYY O O O (226)
where 0 is calledthe partial inductance coefficient and calculated as
0 - | » 4 » oco» WYY (2.27)

Equation (2.26) can be interpreted asthe sum of a voltage drop onthe & th edge created by
self-inductive coupling and mutual coupling (magnetic field) from currents induced on all

edges

Q 0 0 Qb O 7Y
(2.28)
OMi QW 0 O

Fig.10 presents the £hematic equivalent circuit forequation (2.28).

14



i T

L m,m
— C— >

Fig. 10. Partial self-inductanced  for edged and "Y ,with mutual inductance (magnetic

field) coupling from other edges

2.4.4 Partial Potential Coefficient

The last summands in equation (2.21) represent potential differences betweenthe &

andd triangles. Potential on any@ triangle can be calculated from charge unknowr using
30 0 g (2.29)

where 0 coefficients are called generalized partial potential coefficients and can be

calculated as

a .
0 — — Ok X0OY, (2.30)
- 0

Equation (2.29) can be interpreted asthe sum of voltages onthe @ triangle created by a
voltage drop fromthe self-potential coefficient and™Y capacitive coupling (electric field) from

charges induced on all othetriangles:

(2.31)
xEABA 7 fig

The seltpartial potential coefficient may be considered as usual capacitanée  pf0 . Fig.

11 presents the guivalent circuit for potential terms for atriangle pair.

15
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Fig. 11. The partial selfpotential coefficientsr) andrn onthe & th triangle pair, together with

"Y and™Y mutual capacitive (electric field) couplings from other triangles

2.4.5 Formulation of PEEC

Using (2.22),(2.25),(2.28) and (2.31), we can write (2.21) in more compact form by
replacing the integralswith parameters:

Y Y@ Y Qb O Y 34 3q

x EAGA O 0 O
S (2.32)
3 U Mg Y
Y N o

This equation canbe easily transformed ino+ EOAEET £&8 O OI1 I OAYAsthHe A x
voltage applied onthe element,’Y areresistances,0  are self and mutual inductances and
0 are potential coefficients(capacitive terms), all of which aredetailed later in this chapter.

Equation (2.32) thus can be interpreted inthe following ways:
f On the left-hand side,”Y voltage is applied (external excitation) to a giventriangle

pair;

f The first term in the equation represents voltagedrop 'Y O and Y created by
induced currents on a giventriangle pair and resistive coupling ofthe edges of

neighbouring triangles;

f The secondgroup of terms of the equation Q0 O and *Y , represents voltage
created on a given triangle pair by selfinductive coupling and the sum of mutual

inductive coupling (magnetic field) from all other segmentsand

16
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1 Thelast terms of the equation 34 34 are potentials onthe + andz triangles. The
potential on any kth triangle is represented byself-capacitive coupling 0 rnand the
sum of mutual capacitive coupling "Y (electric field) from all other triangles,

correspondingly.

Equation (2.32) can be interpreted asan equivalent pi-type circuit scheme asshown in

Fig.12.

+ [ - :
an®e Tm| T Ithe,.
‘,\\ rla
5 8le
Lmm R \‘
AR Ui o 08U )
by —=— —— 1/,
<) )
Uy' Ul/‘

Fig. 12. PEEC model for &riangle pair

All partial elements in (2.24), (2.27) and (2.30) can be calculated semanalytically or

numerically for faster and moreaccurateresults.

2.5 SPICBEModel of PEEC

Returning to equation (2.32), we now construct its equivalent circuit in SPICE format
using voltage-controlled voltage sources. If voltage on each inductor orhe &t edge is
Y Q0 O, thenthe inductive coupling term Y can beexpressed bya controlled source

using the following formula:

Y —Y (2.33)
Similarly, capacitive voltage couplingY to each triangle can be formulatedising
0
Y T Y (2.34)

The equivalent circuit for the PEEC method can be implemented in a universal circuit

simulator, asrepresentedin Fig.13.

17
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Fig. 13. SPICE models of PEEC with voltagentrolled sources

2.6 Quasistatic PEEC

Generally, partial inductive and potential coefficients are complerumbers because of
the exponential term in GO A A fudctdn in equation (2.4). In general, all partial elements
should be calculated at each frequency sample, which dadten time consuming.To avoid an
integral calculation for each frequency sample, this exponential term can be representada
time-delay coefficient between the elemaets.

0 0 M
(2.35)

0 0 M

where 0 and 0 are calculatedonly once using a quasistatic approximation of GOAAT 8 O
function "O » h» pfs»  »sandt s the time delay t O 70 between elements

for which 0 is the speed of lightin a given media(see Fig.14). The staticbehaviour of the
partial inductance and potential coefficients are calculated exactlyand their dynamic

behaviour is approximated by time-delay.

Dlnn

n-the edge

m-the edge
Fig. 14. Time delay approximationbetween edgest O 76

As previously mentioned, this approximation has many advantagesit can help to

calculate integralsin equations (2.27) and (2.30) more easily,and it can be calculated only

18



once and then recomputed for otherfrequencies using equation (2.35), which offers
computational gains when calculating many frequencies. The only disadvantage ihat
additional work is needed to improvethe stability of the solution in the time-domain. Any
time-delay sources inthe basic circuit simulators are not efficient for PEEC modelsecause
the number of such sources can exceedillions evenin simple models. Thusa quasistatic
PEEC approacltanbe useful with respect to efficiency and stability.

The quasistatic PEEC model is derived froraquation (2.35) with an assumed time
delay of zero. In other words, "O » h» p¥s»  » sfor the free-spaceGreend fdnction in
all calculations. Such approximatiorcan be enoughn the low-frequency range from DC up to
the first frequency resonancesFig.15 depicts the equivalent circuit for the quasistatic PEEC

model.
— Km, . Km,...//,

B\

SN

C

e
]j Cr*..

Fig. 15. Quasistatic formulation of PEEC model

The controlled sourcesin Fig.13 between inductors can be replaced by coupling circuit
elements Capacitive coupling can be represented by mutual capacitance elemeriigtween

triangles. In this casethe capacitance matrix is calculated a®llows:

v W TP
I Q Q
e Iy (2.36)
w i Q @
xEA@AG
Such representation can besasily implemented andused in mostmodern circuit simulators.
However, these partial elements in the circuit are equivalentto the circuit approximation in
equation (2.19) and may have nothing in commonwith the quantities, which can be measured

on traces or on PCBs.

2.7 PEECModel Simulations using Circuit Smulators

After partial elements are calculatedand circuit equivalent formulation is obtained,
circuit calculations must be performed Many commercial and non-commercial SPICE

simulators are available today, such as theSPICE free circuit solver from Berkeley University
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[28], PSpice fromOrCad [29], HSPICEfrom Synopsig30], LTSpice from Analog Deviceg1],
Ngspice open source simulator[32], SMetrix from SIMetrix Technologies[33] and TSReady
from EMCoS LLCf¢r more information, seesection 3.4). These solvers providea wide range
of circuit simulations in both frequency and time domains using different approaches to solve
+EOAEET ££860 ANOAOETT O

In this work, we representthe PEEC modein the form of SPICE netlistand write it in
the SPICEsubcircuit file, which can besimulated using any ofthe previously mentioned
solvers.Fig.16 shows an example ofa stripline above a metallic ground. The quasistatic PEEC
model is represented inSPICEormat. The four potential cells with two inductance elements
between them are on the left, and the name of the corresponding equivalent subcircuit is
&q_Circuibon theright. It contains four capacitances, two inductances, one coupling and six
mutual capacitance elements These elements are connected between pinl, pin2, pin3 and

pin4, which are defined as output pins.

.SUBCKT Eq_Circuit pinl pin2 pin3 pin4

50 Ohm
L1 pinl pin2 6.39E -08
L2  pin3 pind 4.85E-08
Cl pinl 0 2.28E -13
1V + 50 Ohm C2 pin2 0 228E -13
C3 pin3 0 1.13E 12
C4 pind 0 113E -12
................................................................................................ : K12 L1 L2 7296 -ol
T G r

G —r— Ll T C: Cl2 pinl pin2 177E  -13
L Pl vV L C13 pinl pin3 156E  -12
- . : Cl4 pinl pind 9.42E  -14
Cis —— e K .f;:i’jg' : Cas i C23 pin2  pin3 9.40E -14
. : C24 pin2 pind 1.56E -12
; Pin3 \'I:;' Pin4 C34 pin3 pind 7.61E -13

: . ) 4{ Car i [ENDS Eq_Circuit

Fig. 16. Stripline above metallic groundand its equivalent circuitin SPICEormat

Fig.17 shows a SPICEircuit connecting avoltage source (1 V) and resistors(50 ohms)
output pins: pinl, pin2, pin3 and pin4. Voltage source V in series withthe R1 resistor is
connected betweenpinl and pin3, and the R2 resistor is connected betweernpin2 and pin4.
The gmulation in this example is performed in a frequency domain from 1MHz up to 300
MHz.
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: Fin1|,_,.,-r—-" : ‘L1\ ‘ ~—_ [Pin2
: AN s
R1 g e, ;
Cis N /. Cas' R2
=y : " \Cas Kiz 7 Cus
(V) . :
~ Y A ~
: Pin3[—~—_ 71_;_7 Lo P ~|Pind
- G= | - G
£ I Cas e

eq_circuit

Fig. 17. Execution file for SPICB with external circuit elements connected toan eq_circuit

model
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.include eq_circuit.cir

X_eq_circuit Pin1 Pin2 Pin3 Pin4 eq_circuit

V Pinl p DCOAC1.00.0
R1 p Pin3 50
R2 Pin2 Pin4 50

.control

* frequency range
aclin 300 1E6 300E6

.endc

.end
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As previoudy mentioned, the PEEGnethod uses geometic discretization of potential
and current cells, calculates the frequencydependent inductance and potential coefficients
between them and constructs an equivalent circuit model The number of discretizd cells
usually depends onthe wavelength ofthe frequency of interest. Thus, it is recommended to
use step lambda/20 or lambda/10. TABLE Ipresents the recommended discretization stefs

for various frequencies

TABLEI.  RECOMMENDEMDISCRETIZATIONBTEPSFORDIFFERENTFREQUENCIES
Frequency Wavelength Discretization Sep

1 kHz 300 km 30 km

10 kHz 30 km 3 km

100 kHz 3 km 300 m

1 MHz 300 m 30 m

10 MHz 30 m 3m

100 MHz 3m 30 cm

1 GHz 30cm 3cm

10 GHz 3cm 3 mm

To perform simulations below 100 MHz for example, a discretization step of 30 cm satisfies
the EM simulation requirements. The complex shapeand trace partsof a PCBmay require a
smaller discretization step.For example Fig. 18 shows complex triangular PCBwith a mesh

sizeof 0.1 mm, whichyields millions of triangles in the computational model.
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Fig. 18. Complex PCB requiring 0.1-mm meshing step for accurate modeing, resulting in

millions of triangles

In other words, the PCB application use a very small discretization step because of
tiny geometrical traces onthe PCB, not because ofhe wavelength. Small discretization
correspondingly increases theelement cells inthe PEEC modelwhich in turn increases the
number of lumped elements in the equivalent circuit because of the inductance and
capacitance coupling between all the elements. In some cases, the simulation can bexamp
by neglecting smallvalue coupling elements and using the sparse matrix approximation or
matrix compression techniques for MNAGenerally, however,an accurate simulation should
consider all couplings and use a dense matriEven when the sparse matrix approximaon is
used, the file size can sometimes become so large that the simulation might fail, even on
modern workstations.

We thus introduce an enhanced PEEC model based on triangular patches. The
geometry in our model usesthe same surface triangles but instead of calculating the
capacitance for each triangle and the inductance between each triangle pair, as proposed in
section 2.4, we group these triagles into patchesOOET ¢ 61 OT 1T E8O AAAT I BI
We then use these patches agapacitance cells,with inductance elements set between

neighbouring patches. So, the number of inductance and potential elements in the equivalent
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circuit depends onthe number of patchesand not onthe number of triangles. This approach
makes it possible to represent small, compleshaped PCBs accurately using many small

triangles and far fewer PEEC elementgsee Figs. 19 and 20)

Fig. 19. Triangulated-patch-based PEEC masl, represented by four patchegmutual coupling

and capacitance elements are omittetbr simplicity)

Fig. 20. Voronoi surface cells with potential elements (left) andinductancecells between

neighbour potential cells (right)

In this chapter, we describe the automatic decomposition algorithm based on circular
polygonization of triangular surfaces. Section 3.1 describes how partitions are constructed
OOCET C 61 01T T1TEBO DRINYMDE DEdsb &planhovicapdutanéeHEG) and
inductance together with resistance (RL) matricesre calculatedfor partitions . Our approach
uses speal electric and magnetidield quasistatic MoM solverqd41]z[46], which are based on
electric field surface integral equations. These solverscan account for thin conductors and
perfect electric conductor objects together with lossy dielectric meda, represented by

triangular surfaces. To consider the skin and proximity effects for thin conductors with poor
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conductivity or with magnetic properties, we applied Leontovichd O AT OT AAOU AT 1
Currently, our approach cannot be applied to model voluminous metéic objects with a high-
value skindepth ofy ¢T , ‘Section 3.4 describes howthe final PEEC circuit is calculated
via MNA and tailored for fast calculations of circuits [47]. Section 3.5 describes how to
reconstruct the current and charge distrbution over the triangles(i.e. ET EOEAT OAAOQOE O¢d
of the current and charge distributions are stored during the MoM calculatiorand later
combined with voltages at the circuit nodes calculated fromthe MNA). Once these
distributions are known, the radiated electric and magnetic field can be calculated at any
point in space.

We concentrate on a quasistatic approximation of the PEEmodel, which should be
valid from the DC up tothe first frequency resonances for PCB applicationssenerally, this
approach can be enhanced into fulvave PEECto account for the time delay between
partitions and support antenna calculations(see [47]and [48]). TABLE Il lists the major

differences betweengeneral PEEC model and proposed approach.

TABLE II. COMPARISON OGENERALPEEQMETHOD WITHEMGSPEECGD METHOD

General PEEC Method EMCoS PEEGD

Geometry discretization Filaments,quads,triangles Triangles

PEECelement Between geometric elements| Between surface patches

PEECcircuit size -N triangles ~N patches

. Number of elements increase| Number of triangles
For accurate modelling _ _
_ and correspondingly PEEC | increase number of PEEC
of complex geometries _
model become too large elements remain the same

_ _ _ Special lowfrequency
Analytic, semtanalytic or o _
_ magnetic field and electric
_ numerical approach _
Partial element field MoM solversto
_ calculates . andCG
calculation o account forcomplete
coefficients between _
model, not just element
elements

couples,in the calculation
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3.1 Automatic Patch Decomposition Algorithm BAOAA 11 671 OT 11 E¢

Diagram

A major stageof the described approach is theautomation of geometry decomposition
into valid patches. Herex A OOA 61 OT 11T Ed O H34)(G Endiehiddcdiripd@esAl CT
domains into patches based on a set of nodes, so that each patch consists of all poimtshe
surface that is closer to the corresponding node than to any other nodeConsider a
triangulated plate with four output pins. The simplest PEEC model with the minimum number
of partial elements has at least four capacitance cells, each corresponding to an output pin.
Fig.21 shows a plate decomposd into four patches (i.e. capacitance cellfPOET ¢ 61 OT T 1
algorithm. Each cell corresponds to a given output pin and includes triangles that are closer to
the given pin. After fnding the capacitance cells, we define the inductance elements between

neighbouring patches.

Fig. 21. Capacitance cells based on Voronoi patches (left) and inductance elements based o
neighbouring patches (right), with mutual capacitanced “@i6 couplingd “@@ments omitted

for simplicity

If a more accurate model is needed, the model must be divided into smaller patches. To do so,

the following automatic decomposition algorithm is applied:

1. Geometry is decomposed int@gpherical surfaces of a usedefined radius, Y (seeFig.22);

2. New internal pins are defined in the middle of each circular polygon borderand

coincident nodes with R/2 accuracy canbe removed (see~ig.23);

3. Based on all pins (internal and output), Voronoi patches are found, which correspond to

capacitance cell{seeFig.24); and

4. Inductance elements are set betweeneighbouring patches(seeFig.25).

26



Fig. 22. Polygonization ofthe geometiic surface using spherical surfaces (2D example) and

output pins
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Fig. 23. New internal nodes based on circular polygonization

Fig. 24. Capacitance cells based on Voronoi Fig. 25. Inductance elements based on

patches neighbouring patches

The following figures show several realistic models decomposed usinghe described

algorithm:

Fig. 26. Bus bar model with 6,332 triangles, 50 inductance elements (left) and 38 potential cells
(right)
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Fig. 27. Divider model with 1,592 triangles, 26 inductance elements (left) and 2@otential cells
(right)

Fig. 28. PCB ofLEDlighting module

Once geometry is subdivided into patches usinthe described algorithm and potential and

inductance elements are defined, the potential and inductance coefficiertan be calculated

3.2 Capacitance Calculation

Our approach uses a quasistatic approximation of the PEEC model, which means the
Aopi 1 AT OEAT OAOI ET EOAA OPAAA 1T &£ OEA ' OAAI
capacitance and inductanceTo calculate the mutual and seltapacitances 6the capacitance
cells, we used the 3D MoMbased quasielectrostatic solver (LFEF) from the EMCoS Studio
commercial packag€e[41][42][43]. The LFEF follows numerical procedureso determine the
static charge distribution for each partition, considering a potential of 1 V applied ta given
patch and a potential of 0 V applied to others.

Consider free space with dielectric objects and0 perfectly conducting objects.

The perfect electric conductor (PEQ objects can be characterized by a defined potential
unitary matrix Y, potential coefficients 0 and induced charges). All these matrixes have a

sizel 0 . The relation between theY, 0 and 0 matrixes can be formulated agollows:
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Y 00 (3.1)

If we know the matrix 0, the matrix of capacitance is calculated as follows:

(32)

where Qand & are the index of the PEC objects. To calculate matiixin equation (3.2), we
must first obtain the total induced chargesO on these objects. To do this, we solve the

following sets of equations:

“p LI YN (3.3)
T“- - S e
p- » - » > D P
N . pee QY 1 (34)
¢- > - » S I -

Equation (3.3) describes the electric potential in free space » with relative permittivity -
radiated from the chargerjy »ee , »eQi Equation(3.4) represents the boundary condition
of the normal component of the electric field45][46] and is written on the boundary of the
dielectrics. Here,- i and- 1 are the relative permittivities of the medium outside and
inside the surface at theypoint along the= » surface normal.

After triangulation, if we use pulsebasis functions and rewrite these equations in

matrix form, we get the following expression wih multiple 0 right-hand sides:

&, . Q ph

pE /£ BDE AOOE AT GAEBE | EAO Al AE A A B

n | OEAOxEOA
In (3.5), “Gnd "Qlefine the index of the trianglesandindex "Q means that the solution can be
found when a potential of 1 V is applied to thé® PEC object while 0 V is applied to all the
others.

The matrix element for metallic trianglesis calculated as follows:

o P av (36)

The matrix element for dielectric trianglesis evaluated as follows:
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(3.7)

After calculating the charge density,  distribution for each @ right-hand side, they are

summed into 0

0 (3.8)

where & and Qare the indices of the PEC objectsaind j is the index of the triangle. When the
model considers lossy dielectrics, the permittivity in(3.3) and (3.4) is considered to be
complex, and thus the capacitance matrix is complex whee its imaginary part describes the

conductance elementsQfo [41][42].

3.3 Inductance Calculation

After the geometrical coordinates of the start and end points of the inductance
elements are known, theRL matrix is calculated usingthe 3D MoMbased quasistatic magnetic
field commercial solver (LFMF) in EMCoS Studi@3][44][54]. In this solution, currents are
represented with solenoidal and nonsolenoidal components. To caldate the RL matrix, it is
sufficient to consider only the solenoidal currents. To represent the solenoidal current L we
use divergencefree loop basis functions, which are linear combinatios of RagWiltonz
Glisson basis functions. For this case, the bodary condition for the total electric field on the

conductor surface= | »  TCan be written as follows:

q o * LeeoOrreea O @ hp 1 G Y (3.9)
where ] is the loop basis function andOwwee EO OEA ' OAAT 60 &0
approximation:
. QunQ® »
Osip 0N R PE P (310)
“S» »S T“Sh »S

After discretization (triangulation) of the geometry into triangles and construction of 0

loops, the currents are represented as

Ly O (. 0 (3.11)
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where 'O "Qis an unknown curent coefficient for the '@ loop. Finally, we get the following
system of linear equations:

0 20 (312)
where 0 is the MoM matrix of sizel 0 ,"O is the unknown loop current coefficient
and @ is the right-hand side representing the known voltages on the loops (external
excitation). 41T AAI AOI AOGA OEA 2, 1 AOOE@ A& O -bOEA OB 7
surface ports are set between the sthand end points of each inductance element. To model
thetwo-BDT ET O OOOFAAA DPT 00Oh AAAEOQOEITT Al AFODRODT 1

Fig. 29. Two-point surface ports and corresponding additional loops

Currents flowing through these port loops are considered as new unknowrjg4]:
0 0 0 (3.13)

For each active port, an excitation of 1 V is applied to the rigitand side in(3.12), giving the

following system of linear equations for the righthand side of the0

0 20 © hQ pho (3.14)
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The solution of these equations means we get the current coefficiei@® for the local loops

and port loops. UsingO for the port loops, the initial condition of 1 V applied to the™@® port
and 0 V to other ports, we calculate the impedance matriso between ports with the size
0 0 . After @ is known, we can easily extract the resistance matrixy and

inductance matrix 0 as real and imaginary parts fron :
Y 1 QdaN 0 Qa Gl (3.15)
The Leontovich boundary condition ensures accuracy of the skin effects in lossy materials

[50]. Here, the inductance matrix depends on frequency and should be evaluated for each

frequency sample

3.4 Equivalent Grcuit Smulation

Equivalent circuits generated with our PEEC approach can be agsed using many
conventional SPICHike solvers, such as ICE, HSpice and LTSpicéAlthoughthe circuits are
structurally simple, the challenge is their large size. A moderatéy sized realistic PCB can
contain tens of thousands of circuit elements. Thg the efficiency of the PEEC approach may
suffer from time-consuming circuit simulation. To overcome this issue, a specialize@INA
based circuit solver [47] can be usedas described in [38]. EMCoS Studid ©SReadycircuit
solver usesefficient algorithms with high parallelism to minimize the computation time for

circuit simulation while maintaining effectiveness[47].

3.5 Extraction of Current s and Charges

After MNA, voltages at every capacitance node d¢iie PEEC circuit are extracted:
® Oh"Q pltho8 O . Here,0 is the number of capacitance nodes. The electric charge
density distribution ,, "Q over the triangles is calculated as follows:

0w 0
p 6

., 0 , 0 (3.16)

where,  "Qis the charge density matrix obtained from(3.5) and (3.6). The deviation factor
of 1 V means that a 1V potential was applied to calculate the, "Q matrix in (3.5). To
calculate the electric current density distribution L"Q over the triangles, we use a similar
formulation and sum the number of inductance elements) using the voltage differences

@ between the start and stop nodes of th&t" inductance element:
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w Q

5 L o (3.17)

L~

where® Q o Q ® ™Qandl "Qis the charge density matrix obtained from

(3.14).

If the model is lossless, the inductances and capacitances are independent of frequency

(because we consider the quasistatic approximation), so the initial charge matrix "Q is
also independent of frequency and can be calculated only onddowever, if we return to (3.9)

and omit ohmic losses, the impedance matrix fron{3.14) is only & Q) .0lhus, the current

distribution matrix L "Q also linearly depends on frequency:
L ge L g ® (3.18)
Q
Thus, computation time greatly decreaseswhen calculating a model with many frequency

points because the inductance and capacitancesme calculated only once If needed, the
current and charge distributions can be reconstructedusing, "Q and L "Q, calculated
only for the first frequency sample of interest.To improve our understanding, we set a &
source between pinl andpin2 and a 50ohm load between pin3 andpin4 on the plateg as
shown in Fig.30, and run the simulation from 1 MHz to 300 MHz. This model is represented
using 0 =4 capacitance nodes and) =5 inductance elements.Fig.30 shows the current

distribution matrix L "Q at 1 MHz for eachQ

34



[Cumenton viangies o) |
4029
- 33909
130023
~210247
0567
-39309%4
~avosio
~56.7942
Aa0zas Aa0zas
433909 ~a 33909
130323
~218247 ~210247
30567 0587
~333084 393034
~asosio ~anosi
~56.7942 ~56.7942

440249

440249

-433969 -433969

-210247 -210247

-30567 -30567

393094 393094

-48.0518 -a80818

. ’

Fig. 30. Model with a 1-V source and a 58hm load and the corresponding current distribution

-567942

matrixes L  "Qat 1 MHz

After MNA, we extract voltages @ "Qat all four nodes, as shown in Fig.31. The

superposition of L "Q gives us the current density distribution in the complete frequency
range,asshown in Fig.32.
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Fig. 31. Voltages at pins after MNAfrom 1 MHz to 300 MHzreal (top) and imaginary (bottom)
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Fig. 32. Current distributions after superposition at 1 MHz
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3.6 Scattered Field Calculation

After the currents and chargesare obtained on all triangles, the radiated electric and

magnetic fields at any point in space can be calculated as follows:

Q] o ¥ rs 0 Q >3

F . oy — n LY (3.19)
1 S>> e T" - S e
P Q T, .
——n 2 oy 3.20
T g > »e (320)

Some of our other work related to charge, field current and field calculation can be found in
[48].
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In this chapter, we simulate several models usingthe considered approach and
comparethe results to other methods,such as sandard PEEC and MoM. Isome experiments
measurement dataare used as reference The results from our model agree with the
reference results, and our PEEC model can produce results much faster than conventional
PEEC and MoMIn the final experiment, we use our approach to simate a conducted
emission test from a real automotiveLED brake light module (section4.3). Together with the
conducted emission, we simulate a radiated magnetic field distribution above the PCB layout

and compare the results with measured data. Both the simulated conducted emission and

magnetic field are close to measurements.

4.1 Comparison wit h Sandard PEEC

Our PEEC approach usea finely discretized geometry while keeping the number of RL
and CG elements as small as possible. To show this, we compare our approach with the
standard PEEC method, which is based on triangular meshes and ugtsyWiltonzGlisson
basis functions for the inductance calculatiorf9] [10][11][12][13]. In a numerical experiment,
we simulate the impedance matrix between the leg pins of laus bar from an insulated-gate

bipolar transistor (IGBT) module (seeFig.33).

ot

1.8mm ™
ommis N o

1.5mm¢:1 ----------

Fig. 33. Busbar of IGBT module, geometrical parameters
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Various mesh sizes (10 mm, 5 mm and 3 mm) are used for a simplified modeltire
standard PEEC model. For our approach, we use arBn mesh model with 6mm PEEC cells.
Fig.34 shows the simulation models

Fig. 34. Model of considered PEEC approaahowing 6-mm partition step to construct PEEC
cells. Colarred triangulated patches show capacitance elementand arrows show inductance

elements.

TABLE Il shows lus bar simulation times on a four-core i7 CPUHere in the table) 0 i °
defines the total number of triangles in the model, whilé 6 ¢ "@drresponds the total number
of unknowns in the final MNA matrix.

TABLE . BUSBARSMULATIONTIMESON FOURCORE V CPU
LC Circuit
Nri Nunkn | Calculation Analysis Total Time

10-mm mesh 484 1214 0.9 sec 61.4 sec 0:01:09
Standard
PEEC 5-mm mesh 854 2139 1.4 sec 215.5 sec 0:03:56

3-mm mesh 1888 | 4724 3.9 sec 1359.9 sec 0:24:17
Proposed |3-mm mesh,

1888 824 6.7 sec 29.9 sec 0:00:40

Method 6-mm cells
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Fig.35 compares the Zparameters simulated using the standard PEEC approach and
our PEEC approachResults for both approachesalign well in the given frequency range.
Considering the simulation time for 300 frequency samples from 1 MHz up to 3 GHz, smaller
triangles are used inthe standard PEEC approach, giving more unknowns for MNad thus
significantly increasing the circuit calculation time. For example, the standd PEEC approach
with a 3-mm mesh size gives #24 unknowns in the MNA matrix and requires about 25 min
for calculation on a fourcore CPUQur approach using the same 3mm discretization model

partitioned with 5-mm cells gives only 264 unknowns and reques only 6 s for calculation.

Z11
1e+06

100,000+

-@ Standard PEEC 10 mm-# Standard PEEC 5 mm
-0~ Standard PEEC 3 mm ->- This Method

10,000
1,000
9
100—--B>
10
1 |
0.1

N P>
0.01 | | | | |
500M 1G 1.5G 2G 2.5G 3G
Frequency [HZz]

Z-parameters Q]

Z21
1e+06

100,000+

10,000
1,000}
100+ ooy s

10
1-
0.1
0.01

Z-parameters Q]

-@ Standard PEEC 10 mm-#& Standard PEEC 5 mm|

-0~ Standard PEEC 3 mm -»>- This Method

I I I I I

500M 1G 1.5G 2G 2.5G 3G
Frequency [HZz]

Fig. 35. Z-parameter comparison between standard PEEC and considered PEEC approach
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4.2 Comparison with MoM and Measurements

To validate accuracy and efficiency of our approach, we used a thrpele hairpin-line

\ ‘

7.55mm 7.55mm
E"—F :‘1—)-

7.55mm i

55mm 31.7mm

19.3mm

46.5mm

Fig. 36. Three-pole hairpin-line microstrip bandpass filter, geometry parameters and

simulation model

41



The parameters of the filter are given inTABLE IV.

TABLEIV. PARAMETERS PTHETHREEPOLEHAIRPIN-LINE MICROSTRIBBANDPASS-ILTER

Substrate thickness 2.0 mm
Dielectric losses 0.02
Substrate permittivity 4.4
Substrate length 46.5 mm
Substrate width 55 mm
Track width 2.85 mm

These resultswere compared to the results from a fublwave three-dimensional MoM-based
solver [54] simulation, as well as measured data. The measurements were performed at the
EMCoS Research Laboratory (séag.37).

Fig. 37. Measurementsetup of three-pole hairpin-line microstrip bandpass filter

Filter characteristics from 1 Hz to 3 GHz were calculatedABLE Vshows the number
of Cand L elements and the total calculation time on a foucore Intel Core i7 computer. As
mentioned in the introduction, the number of circuit elements in our method depensl on
patch size, not the number of triangles. The mesh presented here has 4,302 triangles with a
1.5-mm triangulation, and as shown inTABLE Vfar fewer Cand L elementsthan trianglesin

the 3-mm patch model.
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TABLE V. THREEPOLEHAIRPIN-LINE MICROSTRIBBANDPASS$-ILTERPEEQMIODEL

Patch size C elements L elements Calculation time
20 mm 22 29 0:00:21
10 mm 46 77 0:00:23
5mm 130 261 0:00:28
3 mm 288 630 0:01:04
2mm 629 1448 0:02:36
1 mm 1787 3588 0:17:22

In the PEEC simulations, every metallic surface is considered to be a perfect electric
conductor. The dielectric substrate in the capacitance calculations is modied using the
ET £ZET EOA ' OAAT 8 (1] MO inveQigaleithe REED DbdAl ANe used behawio
patches of various sizes: 20 mm, 10 mm, 5 mB,mm, 2 mm and 1 mmFig.38 shows the

Voronoi decomposition for the 3mm decomposition and the corresponding PEEC

B A{g;" W,
AN \‘?E,%‘i’ .

«:';sa. -V

Fig. 38. PEEC model of filter with3-mm patches top and bottom layers

Fig.39 shows the S11 and S21 of the filteicalculated using various patch sizes. The
accuracy of our PEEC mad depends on the patch size. To get accurate and stable results at
high frequendes, a smaller patch should be used. The current patch size of 3 mm gives

converged results in the considered frequency range.
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Fig. 39. Filter characteristics of S11 and 81 and convergencebehaviour of PEEC modeat patch

sizes 20mm, 5mm and 3mm

Fig.40 compares the 3mm PEEC results to the MoM simulations and measualata.
The PEEC resultsalign with the MoM results. The measured and simulated results are
different because the simulations omit the network connector modelCurrent and charge
distributions are also calculated for the given model at a resonant frequenoyf 1.5 GHz.
Fig.41 shows 3D distributions of current and charge obtained from the PEEC approacand
Fig.42 shows comparisons of the 2D current and charge distributions with the MoM results.
The PEEC results are similar to the reference MoM resuliBhe calculation times of the MoM
and PEEC simulations are compared for 200 frequency samplasd performed on a four-core
Intel Core i7 computer. Even for the dnm PEEC modelvhich has roughly equalMNA matrix
and MoM impedance matrix size, the PEEC has a far lower calculation time than MoM
becausein MoM, the impedance matrix is filled and solved for each fregmcy sample,
whereasin the PEEC modethe RL and CG matrixes are calculated only once during MNA and

only matrix solving is done for each frequency sample.

44



S-parameters

SN

-+ MoM

+ Measuremen

- PEEC 3mm

I
500M 1G

1.5G 2G 2.5G 3G
Frequency [HZz]

® 0.6-

-+ MoM

+ Measuremen

- PEEC 3mm

500M 1G

1.5G 2G 2.5G 3G
Frequency [HZz]

Fig. 40. Filter characteristics S11 andS12 from 100 MHz to 3 GHz; comparison of the PEEC

simulation results to the MoM results and measured data

TABLEVI. PEECSMULATIONTIMES FORDIVIDERMODEL(200 FREQUENCBAMPLES

PEEC MoM

Patch size 20 mm 3mm 1mm

Matrix size 55 922 5379 6373

RL calculation 0:00:05 0:00:17 0:02:51 -

CG Calculation 0:00:10 0:00:14 0:00:15 -

Circuit Calculation 0:00:01 0:00:33 0:14:16 -

Total Time 0:00:21 0:01:04 0:17:22 6:27:25
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4.3 PCBI/IC/Flex Assembly Simulation

To demonstrate applicability and accuracy othe described approach,a simulation of
the PCB/IC/Flex assembly is performed.The smulation model consists of controller and
OECT Al DOT AAOGOET ¢ AT lordlé flekicddé. AlAn@AlA arelcOnBide@d p g mJ
to be perfect electric conductors. The thickness ofthe flex cable is 0.1mm with ten 0.25mm
width strips. The dstance between strips is 0.35mm. The relative dielectric permittivity of
the flex dielectric substrate is 2.7.Both controlling and signal processing boards are printed
on 1.57-mm thick dielectric substrates with relative dielectric permittivity of 4.4. The IC
package with 20 output pins is included in control board.Fig.43 and Fig.44 present
simulation models of the described configuratiors. Three stages are considereda flex cable
simulation, a complete assembly without dielectrics anda Smulation of the complete
assembly including all dielectrics. For validationthe MoM solver[54] is used as reference for

the first and secondstages.

Flex cable
(blended by 180°)

IC Package

Fig. 43. PCB/IC/Flex circuit assembly model

a7



Controller board Signal processing
(PCB1) board (PCB2)

Fig. 44. Controller and signal processing boards without dielectrics

4.3.1 Flex Cable Simulation

First, the simulation for the flex cable only is performed. Then, 50-ohm ports are

placed between stripsandthe scattered S matrix is calculatedseeFig.45).

Fig. 45. Flex cablemodel containing 36400 triangles(average triangle size= 0.3 mm;

equivalent PEEC model with 3Bnm decomposition contains 149 inductance and 159

capacitanceelements)

Comparing the alculation results with the MoM results shows that the PEEC results
are very close tothe reference results from 1MHz to 10 GHzBelow 1 MHz reference the
MoM model gives unstable results due to low-frequency breakdown, whereas the PEEC

results remain stable andinearly decrease with frequency.
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Fig. 48. Flexcable S31 from 10kHz to 10GHz
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4.3.2 Simulation of Complete Assembly without Dielectrics

We perform a smulation of the complete assembly without dielectric materials
(Fig.49). Ports are set on four pins othe IC packagewith 50-ohm loads at the end of
corresponding circuit loops (Fig.50). Port 1 hasthe longest loop, ports 2 and 3 have similar
length loops and port 4 has the shortest loopAfter decomposition of geometry into 5mm
patches,the PEEC model is constructed with 366 inductance and 372 capaaiice elements.
Fig.51 presents the @lculation results for scattering from ports in the 10 kHz to 5 GHz
frequency range As shown, the PEEC results are close tahe reference results in the
frequency range above 50 kHZBelow that frequency, unlike MoM, PEEC has no lefrequency

breakdown problem.

Fig. 49. Simulation model without dielectrics containing 35914 triangles (average triangle size
=0.5mm; equivalent PEEC model with Enm decomposition contains 366 inductance and 372

capacitance elementy
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Fig. 50. Ports and corresponding circuit loops.
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Fig. 51. Comparisonof results (dashdot line = MoM, solid line= PEEC)

Also, as expected, S22 and S33 are similar because their circuit loops have the same

length. S44, which corresponds to the shortest circuit loop, is far below S22 and S33. The
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longest loop correspondingto S11 is a bit higher than S22 and S3&%ig.52 presents the
calculated results forthe electric current and charge distribution obtained bythe MoM and
PEEC modelsThe dectric and magnetic field dstribution along the vertical plane in the
centre of the flex also cable is calculatedFig.53 shows theresults. From the comparison of
electric currents, charges and fields, we see thalhe PEEC results are similar tahe reference
MoM results. TABLE VII. presents the calculation times for RL, CG extraction and circuit

simulation. Calculations are performed on a single 60 core Intel(R) Xeon(R) 2GHz

computer.
TABLEVI.  PEECSMULATIONTIMES FORPCB/IC/FLEXASSEMBLY
Unknowns Memory (MB) Time
RL Calculation 15,053 3,457.532 00:06:05
CG Calculation 35,914 9,840.51 00:03:17
Circuit Calculation 727 -- 00:01:03
Total Time 0:10:57

Total PEEC calculation time is less than 11 minuteshereasMoM required more than
22 hours calculating 175 frequency samples from 10kHz up to 5GHz usingthe frequency

distribution technique.
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4.3.3 Simulation of Complete Assembly with Dielectrics

Next,the complete model with dielectrics is considered.

Fig. 54. Simulation model containing 62857 triangles

The gmulation setup of the ports is the same as iM.3.2 The presence of dielectrics

influences only C elements, whiclallows removal of extra triangles from the RL calculation to

reduce calculation time.

Fig. 55. RL (left) and CG (right) calculation models

For dielectrics, the MoM model becomes todime-consuming (~3 h per frequency sample)
and thus is not calculatedfor this case. For analysisthe results are compared to those

obtained from the model without dielectric. For simplicity, only S11 for port 1 is analged

(Fig.56).
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Fig. 56. Comparisonof results (solid line = model without dielectrics, solidline with circles =

model with dielectrics)

As expected,the presence of dielectric affected only capacitance of the systemThe
corresponding resonance shift is observed on the comparison plotABLE VIll.presents the
calculation times for RL, CG extraction and circuit simulation irthe 10 MHz to 5 GHz

frequency range, considering 173requency points.

TABLE vII.  PEECIMULATIONTIMES FORPCB/IC/FLEXASSEMBLY WITHDIELECTRICS

Unknowns Memory (MB) Time
RL Calculation 15,053 3,457.532 00:06:07
CG Calculation 87,080 57,853.137 00:38:24
Circuit Calculation 727 -- 00:01:25
Total

The dmulations showed that the proposed approach can be effectively used for investigagn
PCBsbecause results can be obtained fasgtith acceptableaccuracy fromthe DC up tothe UHF

bands.

4.4 Proximity Effects

In this section,we analyse proximity effects andobserve howthe material properties
of conductorsare modelled usingthe described approachAs described insection 3.3, we used
, AT 1T O1 OEAES O A ltdnhodeAladsy cohduttive Enatéribl$For benchmarking, we

measured the copper stripline for different scenarios and performed corresponding
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simulations. In the first example a copper stripline loop is placedin plastic 1 cm abovethe

Plate — 1mm Steel or 1mm Aluminum

Fig. 57. Impedance neasurement setupof copper stripline loop

An Agilent Precision Impedance Analyzer 4294A (40Hz z 110 MHz) was connectedto the
loop using a SMA connector. To extract impedance of the loopfrom measurements a de-
embedding procedure is performed. Fig.58 shows the corresponding PEEC simulation model
(stripline = 35 um copper with 3-mm width; loop = 15 cm long; distance between edges of
stripline = 13 mm). The loop is ona plastic spacerat 10 mm abovethe metallic plate. The
metallic table includes1 mm of steel (1.45 S/m conductivity) and 1 mm of aluminium (39.6
S/m conductivity). First, the imaginary part of the impedance is analged, assumng that
below 10 MHz the imaginary part of the impedance is purdy inductive. After 10 MHz, we see

capacitive effects.
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Fig. 58. Simulation model

Fig.59 shows a measured loop inductancewith steel or aluminium plates and

noticeable noise below100 kHz. The steel is more transparentthan aluminium to fields on
these frequencies.
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Fig. 59. Impedance(imaginary part)

The samebehaviour can be seen irthe simulation result, where simulated inductance
matcheswell with measured ones.The simulation results show that at about 100 Hz, both
aluminium and steel become totally transparent tothe loop. Thus, these results are
coincidental. In contrast,in the simulated model, both the loop and table are infinitely thin

perfect electric conductors. Thusthe table never becomes transparent and inductance is
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constant even below 10 MHZThe results above 10MIHz indicate rapidly growing lines caused
by capacitive characteristics of the systemwhich is observable onlyabove20 MHz.

In the next figure, we presentthe comparison of resistance R=real(Z) of the loop,
obtained by simulations and measurementsBelow 100 kHz, the measured and simulated
resistances are a good match with DC resistanad 51 ohms, calculatedusing the following
analytic formula:

Y N (4.1)

where 0 is the length of stripline, "Yis the stripline cross-section area and, is its conductivity.

Total Resistance vs. Frequency
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Fig. 60. Real part of impedance

Difference is big at high frequencies due to skin effects, which are not accurately
considered in simulations. We observe good matahg between the simulation and
measurement results below 200 kHz for our case skin depth is about 0.1 mm. The
triangulation of the mesh alongthe edges is 0.1mm, and thus the currentremains accurately
representedin this frequency range Above 200 kHz, skin depth reduces dramatally to about
14 um at 10 MHz The currents alongthe edges cannot be accuratelyeproduced if the mesh
size remains at 0.3 mm (at least 5 umis needed) The finer mesh alongthe edgeleads to a
huge number of total triangles in the model andh large number ofcorresponding unknowns,
thus slowing the RLC calculationsFig.61 shows thegeometry and corresponding numbes of

triangles for 100-um, 20-um, 10-um and 5um triangle edge sizs.
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Stripline

Edge = 100um, 44,932 triangles Edge = 20um, 293,422 triangles

Edge = 10um, 494,123 triangles Edge = 5um, 839,573triangles

Fig. 61. Different mesh size along edges antbrresponding number of triangles (black

rectangles are magnified)

To solve this model using BEum mesh alongthe edges, which should give accurate
results for the same skin depth at 30MHz, we need 84(000 triangles in the model, which is
too much. Another way of remeshingis to create long thin triangles (1 um thick and 0.1mm
wide) along the edgesAlthough theseOOET Ud OOEAT Ci AO A Aflthey afeA A
likely sufficient to represent currents flowing parallel to the edge.

Fig.62 presents two different meshing schemeswith 10-um triangles alongthe edges

The right-hand figure shows adaptive mesh from 10um to 3 mm. The left-hand figure shows
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