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PUBLICATION DISSERTATION OPTION

This dissertation has been prepared in the form of three papers for publication.

The first paper consisting of pages 3 to 39 is Capacitance Calculation for Via
Structures Using an Integral Equation Method Based on Partial Capacitance. This
extended work has been submitted to IEEE Transaction on Microwave Theory and
Techniques. The second paper consisting of pages from 40 to 89 is focused on the
Surface PEEC Modeling for Shared-Antipad Via Structure Using Cavity Green’s
Function and Wave Port Excitation, and has been submitted to IEEE Transaction on
Microwave Theory and Techniques. The third paper consisting of pages from 90 to 107 is
Estimating Radio-Frequency Interference to an Antenna Due to Near-Field Coupling
Using Divide-And-Conquer Method Based on Reciprocity, and is to be submitted to

IEEE Transaction on Electromagnetic Compatibility.



ABSTRACT

In this dissertation, a new integral equation formulation for via structures is
developed for the capacitance extraction between vias and planes. The proposed method
can be used to calculate the shared-antipad via structure which is widely used in high-
speed differential signal interconnects. In addition, we use the image theory to handle
inhomogeneous media. Further, a new technique is given to reduce computational
resources for via-to-plane structures based on properties of the matrix coefficient. The
extracted capacitance is also incorporated into the physics-based circuit model to
characterize the overall performance of the via transition.

In the second paper, a rigorous modeling of the shared-antipad via structure is
developed using surface partial element equivalent circuit (PEEC). The cavity Green’s
function is used to evaluate the equivalent circuit elements, thereby requiring fewer cells
for numerical computation. The non-orthogonal, quadrilateral cell is used in the mesh to
better accommodate the non-rectangular shape of the via and the antipad. A novel wave
port excitation method is applied to the equivalent circuit to obtain the network
parameters of the via transition. The Z-parameters of the via structure are calculated
using the proposed method, and the results are validated with the finite element solution
obtained from commercial software.

In the third paper, an effective methodology is proposed to estimate the RF
interference received by an antenna due to near-field coupling using divide-and-conguer
based on reciprocity. The proposed methodology fits well with engineering practice, and

is particularly suitable for pre-layout wireless system design and planning.
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1. INTRODUCTION

Vias are an important part of modern printed circuit boards (PCBs) since they are
used to connect traces on different layers of the board. The vias represent discontinuities
for the transmission line models of traces along signal paths. These discontinuities, in
turn, cause frequency-dependent degradation and distortion of high-speed signals. The
modeling and simulation of vias is therefore essential to correctly design today’s high-
speed circuit boards beyond 10Gbits/s.

Meanwhile, intra-System electromagnetic compatibility (EMC) problems are
becoming increasingly common in mobile devices with radio frequency (RF)/wireless
capabilities, such as notebook PCs and cell phones. With speeds increasing in the digital
integrated circuits (ICs) and space decreasing on the printed circuit boards (PCBs) used
in these compact mobile devices, the RF interference from the digital noise source
(mostly from high speed ICs and traces) to the RF antenna becomes very critical in the
system design process. Since the space between the digital circuits and the antenna in
mobile devices is becoming extremely small, the traditional far-field theories may not
work for the coupling study. The near-field coupling mechanism of the RF antenna needs
to be studied.

This dissertation consists of three papers which focus on the above two topics.
Paper 1 proposes a new integral equation formulation for via structures for the
capacitance extraction between vias and planes. Paper 2 proposes a rigorous modeling of
the shared-antipad via structure using surface partial element equivalent circuit (PEEC).
Paper 3 proposes a method to estimate the noise voltage coupled to the RF antenna from

the digital IC using the divide and conquer method together with the reciprocity theorem.



The primary contributions of this dissertation include:

A new integral equation formulation for via structures is developed in this paper
for the capacitance extraction between vias and planes (paper 1).

Image theory is used to handle inhomogeneous media (paper 1).

A new technique is given to reduce computational resources for via-to-plane
structures based on properties of the matrix coefficient (paper 1).

A rigorous modeling of the shared-antipad via structure is developed using
surface partial element equivalent circuit (PEEC) (paper 2).

The cavity Green’s function is used to evaluate the equivalent circuit elements
which leads to much less cells needed in the numerical calculation (paper 2).

The non-orthogonal quadrilateral cell is used in the mesh to better accommodate
the non-rectangular shape of the via and antipad (paper 2).

A novel wave port excitation method is applied to the equivalent circuit to obtain
the network parameters of the via transition (paper 2).

A divide and conquer method together with the reciprocity theorem is used to
estimate the near-field coupling from the digital I1C to the RF antenna. A Huygens box,
which divides the local region of the antenna and the rest of the system, is created to
enclose the RF antenna (paper 3).

The method can be used in the RF interference estimation at the pre-design stage.
The benefit of the proposed method is that if several antenna designs are available for the
system, the system level simulation only needs to be done once, and the antenna design
can be implemented based on the fields on the Huygens box. This makes the design

process more flexible and efficient (paper 3).



PAPER

I. Capacitance Calculation for Via Structures Using an Integral Equation Method
Based on Partial Capacitance

Hanfeng Wang, Student Member, IEEE, Siming Pan, Albert E. Ruehli, Life Fellow, IEEE, and

Jun Fan, Senior Member, IEEE

Abstract—A new integral equation formulation for via structures is developed in this
paper for the capacitance extraction between vias and planes. The formulation is first
developed for axially symmetric geometries and then extended to axially asymmetric
geometries by changing the circular ring cells to arc cells. The extended method can be
used to calculate the shared- antipad via structure which is widely used in high-speed
differential signal interconnects. In addition, we use the image theory to handle
inhomogeneous media. Further, a new technique is given to reduce computational
resources for via-to-plane structures based on properties of the matrix coefficient. The
proposed method is validated with a commercial finite element method based tool for
several practical via structures. The extracted capacitance is also incorporated into the
physics-based circuit model and validated with full wave simulations.

Index Terms— via-to-plane capacitance, integral equation method, shared-antipad, partial

capacitance, image theory.

I. INTRODUCTION

Vias are are an important part of modern printed circuit boards (PCBs) to connect
traces on different layers. The vias represent discontinuities for the transmission lines
along the signal paths. This causes frequency-dependent degradation and distortion for
high-speed signals. The modeling and simulation of vias becomes essential to correctly

design today’s high-speed circuit boards beyond 10Gbits/s [1]. A physics-based circuit



model has recently been developed in [2][3] to analyze the via structure in a much more
efficient way compared to traditional 3D full wave methods. Also, an equivalent
transmission line model is further developed for the via structure based on the physics-
based circuit model [4][5]. For all these via models, via-to-plane capacitances play an
important role, to match the equivalent via impedance to the trace impedance. Thus,
accurate via-to-plane capacitance evaluation is critical to guide engineering design and
optimization.

Several methods have been developed to compute the via-to-plane capacitance.
Commercial tools based on 3D finite element method (FEM) are commonly used to
extract the via-to-plane capacitances for arbitrary via geometries. The disadvantage of
these tools is that they are usually time and memory consuming. Analytical formulae
have also been developed for the via-to-plane capacitance extraction in [6][7]. However,
the analytical method are limited to specific via geometries which are axially symmetric.
Further, it is difficult to include important geometrical details like signal pads inside a
plane pair cavity, etc. To bridge this gap between the analytical formulae and 3D FEM
numerical solutions, the integral equation method based on partial capacitance method
can be used. The partial capacitance method was developed in [8][9][14] for regular
rectangular cells. The circular shape cells are first introduced in [10] to accommodate the
circular shape of the via structure. With this, the via-to-plane capacitance for any
arbitrary axially symmetric structures can be extracted accurately and efficiently. Further,
the method in [10] has been extended to deal with axially asymmetric via geometries by
changing the circular ring cells to arc cells in [11]. Using this method, the via-to-plane

capacitance can be efficiently calculated for the shared-antipad geometry, which is



widely used in today’s high-speed differential signal transitions [12]. The shared-antipad
structure is used to increase the equivalent characteristic impedance of the via to match
100 Ohms differential trace impedance. The method in [11] can also be used to handle
the offset via structures caused by manufacturing tolerance.

In this paper, the integral equation methods based on partial capacitance for both
axially symmetric and axially asymmetric cases are summarized in Section Il and Section
[11. In Section 1V, we apply the image theory to extend the integral equation method with
inhomogeneous media. We also consider the computation of the matrix coefficient for
different sizes of conductors and propose an efficient mesh method. In Section V, via-to-
plane capacitances for several examples are calculated using the proposed method.
Further, the results are validated with the 3D FEM solutions. The compute time and
possible ways to improve the efficiency are also discussed. Finally, in Section VI, the
calculated via-to-plane capacitances are incorporated into the physics-based circuit via
model and are validated with other 3D full-wave solutions. In summary, the main
contributions of the paper are as follows.

1) The special ring cells are used for axially symmetric via geometries and arc
cells are used for axially asymmetric via geometries. These shapes are more natural for
via geometries. The integrals are solved semi-analytically based on these circular shapes.

2) Image theory is applied to the circular-cell based integral equation method and
modified Green’s function for inhomogeneous problems is developed.

3) A new technique is given to reduce computational resources for via-to-plane

structures based on properties of the matrix coefficient.



4) The capacitance calculated using the proposed partial capacitance method is
incorporated into the physics-based model to characterize the transition for differential

vias in a shared-antipad structure.

I1. AXIALLY SYMMETRIC VIA GEOMETRIES

A.  Geometry Definition and Mesh

Fig. 1shows an axially symmetric via structure with a via going through a plane.
For this case where the conductors are axially symmetric, the charge distribution is also
axially symmetric. The zero potential is assumed at infinity, and the potential on each
conductor is constant. However, the charge distribution is highly non-uniform in the
radial direction on the surface with a rotational symmetry. Ring cells are chosen to
subdivide the conductor surfaces to take advantage of the axial symmetry of the charge
distribution. The dashed lines illustrate the horizontal oriented cell and the solid lines

illustrate the vertical oriented cell in Fig. 1.

Ry

Fig. 1 Via going through a plane with illustration of a horizontal cell and a vertical cell
The so called short circuit capacitance [13] is defined in the following equation as,

Q=Co, 1)



where C; is the short circuit capacitance, Q is the vector of total charge on each
conductor; and ® is the vector of potential of each conductor relative to infinity.

Therefore, for the two conductor case in Fig. 1, we have

Ql _ Csll Cslz CDl 2
QZ - Cle CsZZ CDZ . ()

It is obvious that the via-to-plane capacitance can be evaluated by the following

expression as,

lzﬁ when @, =0. (3

1

C =C

via-to-plane s2

In other words, the plane is shorted to zero potential at infinity.

B. Solution of Partial Capacitance
The relationship between the charge density and the potential is given by the
integral solution of Maxwell’s equations as [14][15]
o(r) = [G(r,r)a(r)ds’, (4)
where q is the charge density on the conductor surfaces, and G is the free space Green’s

function given by

1 1
G(r,r) = T (5)
4rey [r—r|

where r and r” are the position vectors of the source and observation points. The
conductor surfaces are discretized into ring cells and the charge density in each ring cell
is assumed to be constant, (4) can be re-written as

@@:qu G(r,r)ds’ (6)

S, Jeell ' ’

where Q; represents the charge on the circular surface ring cell j and S; is the area of that



cell. The total charge on each cell is used to avoid singular behaviour of the charge
density at the edge of the conductor surfaces since Qj is finite [14]. This improves the

conditioning of the matrix resulting from Galerkin’s method. Next, (6) can be written as

CD(F):ZQJ. psj(r)1 (7
where
1 et
ps; (r) =S—j_|'ce”jG(r,r )ds' . (8)

Finally, a similar method is used as in [14] to find all the charge on the cells by setting up
a system of equations. In this Galerkin’s approach, it is accomplished by matching the
potential of each ring cell by averaging (8) over the surface of each ring cell, which can

be expressed as
O, = Qj PS;; » )
where

1 N
o j G(r,r')ds'ds. (10)

J 0 celli cellj

ps; =

Assuming there are R ring cells, the system of equations with a size of RXR can be shown
as,

D=FQ, (11)
where Qs is the vector of charge on all the conductor surface cells, @ is the vector of
potentials of the cells, and Ps is the matrix of ps;;terms. In the next subsection, the method
to evaluate Ps will be introduced so that the charge on the cells can be calculated and the

short circuit capacitance can be obtained.



C. Evaluation of Ps

The coefficient ps;j in (10) involves surface integrals. The original form is a
quadruple integral with double integrals either in the radial direction or longitudinal
direction and double integrals in the angular direction. However, the double integrals in
the angular direction can be simplified to a single integral since the cells are axially
symmetric. Thus, the integral in (10) can be reduced to a triple integral as shown in the
following paragraphs.

When i equals to j, the integrals are evaluated on the same surface cell. This
corresponds to the diagonal terms in the Ps matrix, which are called the self-integrals. In
typical via geometry, two types of surface cells exist: vertical and horizontal ones. The

vertical cell self-integral can be expressed as

1 h eh p2r d¢'dz'dz
PSi =——F—3 ) (12)
872'280h2 J-O J‘O .[0 \/2p2(1—008¢')+(2 _ Z|)2

where p is the radius of the vertical cell and h is the height of the vertical cell.

The horizontal cell self-integral can be expressed as

pdgdpdp (13)
+p?=2pp'cosg'

1 b eb p27
PSii = (bz _ g )2 L .[a .[o \/pz

21%g,
where a is the inner radius and b is the outer radius of the horizontal cell. Both types of
the self terms involve singularities in evaluating the integrals. However, by analytically
carrying out integrations, the singularity behavior can be eliminated. For brevity, details
are included in the Appendix.

In addition to the diagonal terms in the Ps matrix, the off-diagonal mutual terms
also need to be evaluated. There are three different types of mutual terms: vertical cell to

vertical cell; horizontal cell to horizontal cell and horizontal cell to vertical cell.
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For the vertical cell to vertical cell mutual term, the integral can be expressed as

s, = 1 J"zj'hrﬂ d¢'dz'dz
bo8rtsh(l, =)ol 2 p2_2ppicos g (-2

(14)

where h is the height of the source cell and I, , |, are the relative bottom and top
elevations of the observation cell to the bottom elevation to the source cell; and, p’ and p
are the radii of the source and observation cells, respectively.

For the horizontal cell to horizontal cell mutual term, the integral can be

expressed as

o 1 b rd 27 pp'dg'dp'dp 15
P 27r2(90(b2—az)(dz—cz)'[’"'[C IO Jp2+p?-2pp'cosg'+(z—2)° )

where a and b are the inner and outer radii of the observation cell; c and d are inner and
outer radii of the source cell; z and z” are the z-coordinates of the observation and source
horizontal cells, respectively.

For the horizontal cell to vertical cell mutual term, the integral can be expressed

as

pdg'dz'dp (16)

pS _ 1 J-bJ-hJ-ZIZ
U 4xteh(b? —a%)dadodo \/pz+p'2—2pp'cos¢'+(2—2')2

where a and b are inner and outer radii of the horizontal cell; h is the height of the
vertical cell; p is the radius of the vertical cell; and, z is the relative elevation of the
horizontal cell to the bottom of the vertical cell.

If the two ring cells are sufficiently far away, approximations can be used to
simplify the integral of the mutual term. The first stage is to approximate the surface

integral as a line integral. Then the mutual term is simplified to
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1 (o dg'
PSy =53 ,[O > > 2 2! (17)
87°¢, \/p +p"“=2pp'cosp'+(z—-12")

where p’ and p are the center radii of the source and observation cells.

If the vertical distance between two cells is very large in comparison to the cell
sizes, the two cells can be approximated as two points. Then the mutual term is simplified
to

ps; =G(z,2"). (18)

The mutual terms (14)-(17) can also be simplified from triple integrals to single

integrals. By analytically carrying out some integrals, the single integrals are then solved

numerically using a quadrature method. The details are again shown in the Appendix.

Il. AXIALLY ASYMMETRIC VIA GEOMETRIES

A. Geometry Definition and Mesh

One axially asymmetric via structure is shown in Fig. 2 which is a shared-antipad
geometry typical for differential signaling. The antipad is formed by two intersecting
circular holes in the plane. Since the geometry is no longer axially symmetric, the charge
distribution also varies along the azimuthal direction. Thus, the ring cells proposed in the
previous section are not effective in this case. They are further divided into smaller arc
cells along the angular direction. Then, the charge distribution is assumed to be uniform

on each arc cell.
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Fig. 2 A typical shared-antipad differential via structure penetrating a horizontal plane

The mesh on the vertical surface of the vias is shown in Fig. 3.

Z 4
NQ %
y

Fig. 3 Mesh on the vertical surfaces of the vias
The mesh for the horizontal surfaces of top and bottom for a finite-thickness plane
is illustrated in Fig. 4. The mesh on the inner and outer vertical surfaces of the finite-

thickness plane is similar to the one shown in Fig. 3.
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Cell at the bounda

One cell

Fig. 4 Mesh on the horizontal surfaces of the plane

B. Evaluation of P

The approach for handling the axially asymmetric case is the same as the one for
the axially symmetric case. In other words, the same system of equations as (11) needs to
be solved. Since arc cells are used for the axially asymmetric case, the expressions to
evaluate the elements in the Ps matrix are different, and quadruple integrals are needed to
evaluate both diagonal (self) and off-diagonal (mutual) terms in the Ps matrix.

The expression to evaluate the self term of a horizontal cell is shown as

B 1 oo pp'dgldgdp’dp , 19
PS; ”goez(bz_az)ZjaIanIo \/p2+p'2_2pp'COS(¢—¢') >

where a and b are the inner and outer radii of the horizontal cell; and, & is the angle of the
arc cell relative to the center.

The expression for the self term of a vertical cell is similarly shown as

1 d¢'dgdz'd
psii:WLthfff % P o9z & ,

(20)
2 [1—C08(¢—¢'):|+(Z—Z')2
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where h and p are the height and radius of the vertical arc cell, respectively; and, 4 is the
angle of the arc cell relative to the center. Both (19) and (20) involve singularities.
However, they can be eliminated by analytically carrying out the two integrals over either
the radial direction or the longitudinal direction. The details can be found in the
Appendix.

The mutual terms in the Ps matrix also have three different kinds. In many cases,
the arc cells are not concentric. Thus, a new parameter d, for the offset between the
centers of the two cells as illustrated in Fig. 5, needs to be added into the expressions for
the mutual terms. The distance between the source and observation points can be

obtained using the cosine law twice as

L(p,p',¢,¢',d):‘F—r_'+a‘ =\Jp* +p?=2pp'cos(¢'-¢)-2d (pcosg—p'cosg’)+d? . (21)

Fig. 5 Mutual coefficients between two arc cells

The expression for the mutual coefficient between two vertical cells is

1 Ilizjohj-:z A d¢d¢'d2'd2

) 472'80h(|2—|1)(92—01)(94—l93) L+ (z-2"? ’

PS;; (22)
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where h is the height of the source cell; I; and I, are the bottom and top z-coordinates of
the observation cell relative to the bottom of the source cell.

The expression for the mutual term between two horizontal cells is

_ 1 D% % pp dgdgtdpidp 23
ngo(ez—01)(04—03)(b2—a2)(d2—cz)LL Li “ Ll +(z-2) &

Ps;
where a and b are the inner and outer radii of the source cell; and, c and f are the inner

and outer radii of the observation cell.

The expression for the mutual term ps;; between a vertical and a horizontal cell is

B 1 beheo po pdgdg'dz'd p
P = 27g,h(b? _az)(gz _91)(94 _‘93) Ia IO Ll '[93 L*+(z-2"° | 9

where h is the height of the vertical cell; p is the radius of the vertical cell; a and b are the
inner and outer radii of the horizontal cell.

In (22)~(24), 61, 6>, 65, and 64 represent the starting and ending angles of the
source and observation cells. The integrals over the non-angular variables (p, p’, z,z’) in
(22) and (24) can be carried out analytically and the remaining ones are calculated
numerically. In (23), only the integral over p can be carried out analytically and the rest
has to be calculated numerically. The efficiency of the proposed method is limited by this
triple numerical integration.

Similar as in the axially symmetric case, if the two arc cells are sufficiently far
away from each other, both cells can be approximated as points. Then, the integral is
simplified to the point-to-point approximation as

_ 11
4re, |r—r'|’

ps; (25)
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where r and r” are the position vectors of the centers of the source and observation cells.

This leads to a significant speed-up in the computation of the coefficients.

V. DiSCUSSIONS ON VIA-PLANE CAPACITANCE CALCULATION

A.  Green’s Function for Inhomogeneous Media

The above derivations are all based on the free space Green’s function, which is
only valid for a homogeneous dielectric medium. In practical PCB designs,
inhomogeneous media are usually involved. Assuming the dielectric materials in a
multilayer PCB have approximately the same properties, a typical via structure involves
the 3-layer dielectric media, as illustrated in Fig. 6, with the PCB dielectric material in
the middle and air in the top and bottom. The Green’s function for this layered media can

be derived from the free space Green’s function using the image theory [16].

Fig. 6 3-layer dielectric media problem with source in the middle layer

For the middle layer, the original problem is equivalent to a homogeneous

problem with infinite number of images of the original source, as illustrated in Fig. 7.
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Fig. 7 Multiple images of a source in the middle layer when the observation point is also
located in the middle layer

Theoretically, infinite number of the images need to be included in the modified

Green’s function as

1+2n|: 1 + 1 }
w R(z,-z'+2d,+2nd) R(z,-z'+2d,-2nd
Grry=——-—— 4 L3 ( vr2nd) R 201 (26
4re, R(Z,Z') 4re, 1o peon 1 1
+ +
“ R(z,z'—2(n+1)d) (z,z'+2(n+1)d)

&= &

where o = is the coefficient of the first image, and R(z,x) represents the distance

&, +&
between the source or image of the source and the observation point, which is located in
the middle layer. The expression involves an infinite summation. However, as the

distance between the image and the observation point becomes sufficiently large, the
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image term can be ignored. As a result, only a few terms are needed to evaluate the
modified Green’s function. For most cases, choosing n<1 is suffiicent for the result to

converge.

B. A Mesh Technique to Improve Computational Efficiency

Once the Ps matrix with all the elements is obtained through the methods
discussed in Sections Il and I11, the via-to-plane capacitances can be calculated using (1)
by assuming all the cells in each conductor have the same potential. Let’s assume there
are m conductors, and conductor i (i = 1, 2, ..., m) is discretized into n; cells. Further, the
cells are numbered in such a way that the first n; cells are those on the surface of
conductor 1, followed by the n, ce