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Abstract

Designers of high-performance integrated circuits are paying ever-increasing atten-
tion to minimizing problems associated with interconnects such as noise, signal delay,
crosstalk, etc., many of which are caused by the presence of a conductive substrate.
The severity of these problems increases as integrated circuit clock frequencies rise
into the multiple gigahertz range. In this thesis, a simulation tool is presented for
the extraction of full-wave interconnect impedances in the presence of a conducting
substrate. The substrate effects are accounted for through the use of full-wave lay-
ered Green’s functions in a mixed-potential integral equation (MPIE) formulation.
Particularly, the choice of implementation for the layered Green’s function kernels
motivates the development of accelerated techniques for both their 3D volume and
2D surface integrations, where each integration type can be reduced to a sum of 1D
line integrals. In addition, a set of high-order, frequency-independent basis functions
is developed with the ability to parameterize the frequency-dependent nature of the
solution space, hence reducing the number of unknowns required to capture the in-
terconnects’ frequency-variant behavior. Moreover, a pre-corrected FFT acceleration
technique, conventional for the treatment of scalar Green’s function kernels, is ex-
tended in the solver to accommodate the dyadic Green’s function kernels encountered
in the substrate modeling problem. Overall, the integral-equation solver, combined
with its numerous acceleration techniques, serves as a viable solution to full-wave
substrate impedance extractions of large and complex interconnect structures.
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Chapter 1

Introduction

1.1 Motivation

The integration of RF, analog and digital circuitry on a single integrated-circuit sub-
strate, or system-on-chip (SoC), has become a popular solution for various mixed-
signal applications. However, there are many challenges associated with this design
paradigm where circuits of dissimilar nature, operating modes and functionality are
integrated on a common substrate.

One of these challenges is to ensure the correct operations of all the SoC compo-
nents in the presence of a conductive substrate. The semiconducting silicon substrate
used in most SoC systems permits noise injection and propagation, thereby exposing
circuitry to ubiquitous substrate noise coupling, leading to altered circuit performance
and partial or complete loss of system functionality. The severity of the substrate ef-
fects only worsens as operating frequencies increase. For instance, the induced eddy
currents in the substrate may degrade the quality factor of high-frequency RF in-
ductors, thus leading to poor analog performance. Substrate noise plagues digital
circuitry as well, severely impacting critical path delays [4].

In addition to substrate losses, conductor skin and proximity effects may im-
pact current return paths in a network of closely-spaced conductors. Skin effect is
manifested as the non-uniform distribution of current within individual conductors

at high signal frequencies. This phenomenon occurs due to the fact that electro-
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magnetic waves are attenuated as they penetrate a conductor’s volume, resulting in
current flows close to the material surface [3]. The thickness of this penetration depth
is determined by signal frequency as well as material conductivity. A different cause
of non-uniform current distribution between neighboring conductors is the proximity
effect. Current flows through path of least impedance [3]. This implies that at low
frequencies current distributes evenly across the entire cross-section of a conductor
in order to minimize the dominating resistance. However, as frequency increases, the
inductive contribution to the impedance dominates, leading to the minimization of
loop inductance in order to reduce the overall impedance. Therefore current returns
closer to the signal line at higher frequencies. Another area of problem is the oc-
currence of radiated electromagnetic interferences (EMI) in the SoC system, which
transmits disturbances by means of propagation electromagnetic waves. In this case,
distances between conductors are no longer insignificant in comparison to signal wave-
length. For example, the on-chip power and ground wires of lengths comparable to

the wavelength are potential sources of long-distance EMI emissions.

In order to avoid all the above problems in a circuit design, a simulation tool is
needed that can accurately and efficiently extract full-wave conductor impedances
in the presence of a conducting substrate. The solver described in this thesis ac-
complishes just that. In the solver, the substrate effect is accounted for through the
use of the well-developed complex image theory [9, 14, 1, 28], which generates a set
of closed-form, full-wave, 3D layered vector and scalar Green’s functions for a two-
layered medium. These layered media Green’s functions are then incorporated into
a mixed-potential integral equation (MPIE) formulation, as shall be explained in the
body of this thesis, in order to compute the 3D vector and scalar conductor potentials.
Since the substrate effect is already captured by the layered media Green’s functions,
the MPIE formulation performs 3D conductor impedance extraction without the need
to discretize the substrate’s volume or surface. In the MPIE formulation, the choice
of the closed-form, full-wave layered media Green’s function kernels motivates the de-
velopment in this thesis of a set of novel, accelerated volume and surface integration

schemes. These schemes reduce the 3D volume or 2D surface integrations of the lay-
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ered media Green’s function kernels to a sum of 1D line integrals. These techniques
dramatically improve the efficiency of the solver, thus making the combination a vi-
able approach to extracting full-wave substrate impedance of complex interconnect
structures.

Moreover, a set of specialized high-order basis functions is developed in the context
of the electromagnetic solver with the purpose of dramatically reducing the number of
unknowns in comparison to the use of piecewise constant basis functions. At an ever
increasing operating frequencies, using piecewise constant basis functions has proven
to be computationally expensive for the accurate evaluation of conductor currents in
the presence of frequency-dependent phenomenon such as skin and proximity effects.
In this thesis, a procedure is presented in which a set of basis functions, unique to a
conductor’s cross-sectional geometry, is developed that parameterizes the frequency-
dependent behavior of a conductor’s cross-sectional current variation over a wide
range of frequencies. This frequency-parameterizing nature allows the development
of system matrices that are much reduced in size in comparison to that of piecewise
constant basis functions. These higher-order basis functions themselves, however, are

frequency-independent, therefore guaranteeing the following favorable conditions:

1 These basis functions do not complicate the volume integrations in a Galerkin
technique for the solution of the MPIE. In fact, their use still permits the

application of the aforementioned accelerated volume integration schemes.

2 These basis functions only need to be computed once for each conductor cross-

section type for a given range of operating frequencies.

3 These basis functions are reusable with a minimal storage cost.

Overall, these frequency-independent basis functions promote the rapid and accurate
simulation of any frequency-variant system.

The novel techniques developed in this thesis are implemented in an electromag-
netic integral equation solver that extracts the impedance of any large and intricate

conductor system in the presence of a substrate and over a wide range of frequencies.
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A pre-corrected FFT (pFFT) scheme is incorporated into the Fastsub implementation
with the purpose of accelerating matrix-vector products, which, when combined with
an iterative method such as GMRES, is capable of achieving a solve cost of merely
O(nlogn), with n being the total number of system unknowns. The novelty of our
pFFT scheme rests on the fact that it has been extended from the implementation
of [84], which only accommodates scalar Green’s function kernels, to the accommoda-
tion of dyadic Green’s function kernels that are encountered in the substrate modeling
problem of this thesis.

To summarize, novel contributions made by this thesis include: i.) the incorpo-
ration of layered Green’s functions in the MPIE formulation to account for substrate
effects; ii.) the development of accelerated volume and surface integration schemes
involving full-wave Green’s function kernels; iii.) the extension of pFFT method
to accelerate the matrix-vector products involving dyadic Green’s function kernels;
and iv.) the development of specialized basis functions to minimize the number of

unknowns needed to model the EM behavior of a conductor system.

1.2 Dissertation Outline

The body of this dissertation is organized as follows: Chapter 2 presents an overview
of the different types of field solvers, including the MPIE, for the analysis of con-
ductor systems. Chapter 3 provides a detailed derivation of the MPIE formulation
with emphasis on the general construction of basis functions for the representation
of current and charge densities of a conductor system. This chapter also contains a
summary of the mesh analysis technique for the computation of current and charge
density solutions of the MPIE. To account for substrate effect in the MPIE, Chap-
ter 4 introduces the concept of vector and scalar potential layered Green’s functions
and derives their components in terms of semi-infinite Sommerfeld integrals. Subse-
quently, Chapter 5 approximates each one of these integrals based on the Complex
Image Theory, according to which each integral can be expressed as a combination

of analytical expressions referred to as images. Chapter 6 demonstrates how these
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image approximations of the layered Green’s functions can be numerically incorpo-
rated into the MPIE in order to provide solutions of conductor current and charge
densities in the presence of a semi-conductive substrate. This chapter also seeks to
enhance the usability of the MPIE solver by introducing a set of accelerated volume
and surface integration schemes of the Green’s function kernels in a Galerkin tech-
nique. Chapter 7 further enhances the efficiency of the solver by introducing a set of
specialized basis functions that dramatically reduces the resulting system matrix size
in comparison to the use of piecewise-constant basis functions. Chapter 8 highlights
the implementation of a precorrected-FFT scheme, which, when combined with an
iterative solver, is capable of reducing the computational complexity of solving the
system involving dyadic Green’s function kernels to O(nlogn). Finally, examples
are presented in Chapter 8 to validate the accuracy and efficiency of the numerous

impedance extraction techniques outlined in this thesis.
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Chapter 2

Background: Three-dimensional

Field Solvers

In computational electromagnetic theory, field solutions for three-dimensional(3D)
interconnect systems are obtained by solving some form of Maxwell equations. Ana-
lytical solutions of the Maxwell equations for simple or simplified interconnect geom-
etry can be used when accuracy is less important than speed. However, when the
configuration becomes complex and accuracy demands do not allow simplification,

numerical solution of the appropriate form of Maxwell’s equations must be employed.

2.1 Differential-equation vs. Integral-equation Meth-

ods

Many numerical methods have been developed in recent years for large interconnect
structural analysis, and they can be broadly categorized into two approaches, one
being differential-equation based and the other being integral-equation based.

Each Maxwell equation can be expressed in a differential form. The differential-
equation based approach exploits this differential form by solving discretized versions

of the Maxwell equations. Two of the most common approaches in this class are the

Finite Difference Method (FDM) [46] and the Finite Elements Method (FEM) [69].
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These methods require a mesh over the entire problem domain for the purpose of field
quantity expansions. The versatility of these methods makes them advantageous for
analysis of inhomogeneous materials. The resulting system matrices are large but
sparse and can be solved by sparse linear solution methods such as the Conjugate
Gradient algorithm [72]. However, one distinct disadvantage of FDM or FEM is that
it is quite computationally expensive when dealing with open structures because it
requires the discretization of the entire problem domain and the explicit truncation

of unbounded regions.

For the material homogeneous (or piecewise homogenous) case, differential Maxwell
equations can be rewritten as integral equations. This class of integral equation meth-
ods requires only the discretization of the sources of electromagentic field. Those
sources can be physical quantities such as surface charge density or volume current
density. A common approach in this class of methods is the Partial Element Equiva-
lent Circuit (PEEC) Method [59]. The resulting system matrices from such methods
are much smaller than those produced by differential-equation based methods, but
they are dense. In recent years, many efforts [19, 34, 35, 51, 55, 68] have been fo-
cused on developing accelerated algorithms to solve systems with dense matrices.
One particular development that has enjoyed much success in recent years is the
combination of a Krylov subspace iterative technique with a precorrected-FFT [55]
fast matrix-vector-product scheme, which, in most cases, achieves an almost linear
order of complexity for both time and memory. Fortunately, the advantages of using
these integral-equation based methods directly complement those of the differential-
equation based approaches. Mainly, the integral-equation based approaches are much
more efficient for the analysis of problems with homogenous materials and unbounded
regions. For computational electromagnetic analysis of VLSI or analog circuits, one
often encounters problems under these conditions. Therefore integral-equation based

techniques are generally preferred.
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2.2 PEEC Formulation: Volume vs. Surface

For the analysis of arbitrarily-shaped interconnects in VLSI or analog circuits, the
PEEC method based on Mixed-Potential Integral Equation (MPIE) formulation has
been extensively used. This formulation solves for unknown field quantities uti-
lizing current and charge as state variables. More specifically, conductor surfaces
are discretized into panels to capture charge accumulation or displacement current.
Conductor volumes are discretized into filaments to capture conductor current and
frequency-related effects such as skin and proximity effects. Details regarding the
MPIE formulation can be found in the next chapter.

The volume based MPIE formulation seems to be suitable for the mixed simulation
of electromagnetic and circuit behavior [13]. Surface integral equation formulations
such as [18, 57, 84] have been developed to avoid the explicit discretization of the inte-
rior of conductors. However, these methods are plagued by problems of low-frequency
system instability. Hence, for the sake of robustness and ease of implementation, a

volume integral formulation is optimal for interconnect analysis.

23



24



Chapter 3

Background: Frequency-domain

Integral Equation Formulation

In this chapter, a detailed derivation of the frequency-domain Mixed Potential Inte-
gral Equation (MPIE) formulation is presented and solved for the unknown current
and charge densities in a large network of conductors. We start the derivation by
introducing a set of differential equations for the potentials which are subsequently
reformulated into integral forms using Green’s theorem [37]. This mixed-potential
integral equation formulation is then discretized to yield a system of linear equa-
tions. Finally, each physical quantity in the system is mapped to an element in
an equivalent-circuit network, and mesh analysis is applied to solve for the system

unknowns.

3.1 Potential Differential Equations

As with all computational electromagnetic theory, the starting point of our analysis,

as developed in [32] for example, is the following set of Maxwell equations written in
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the frequency domain:

VxH = jweE+J (3.1)
VxE = —juuH (3.2)
V-eE = p (3.3)
V-uH = 0, (3.4)

where w = 27 f is the temporal frequency, H and E are magnetic and electric fields,
respectively, J and p are current density and charge density, respectively, € is the

dielectric constant, and g is the magnetic permeability.

Equation(3.4) may be used to express magnetic field H in terms of magnetic vector

potential A such that,

B=uH=V x A (3.5)

Substituting (3.5) into (3.2) yields the following equation:
V x (E + jwA) =0, (3.6)
which is used to define the electric scalar potential ¢ as:
—V¢=F + jwA. (3.7)

Equation (3.1) can thus be expressed in terms of state variables A and ¢ by sub-
stituting the relations defined in (3.5) and (3.7) for H and FE, respectively. That
is:

V x V x A= joue(—Vo — jwA) + uJ. (3.8)

Using the Laplacian identity:

VxVxA=V(V-A) -V’A (3.9)
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and the Lorenz gauge:

VA= —jwuep, (3.10)

equation (3.8) is transformed to a Helmholtz equation relating current density J to
vector potential A:

(V2 +wiue)A = —pul. (3.11)

Similarly, (3.3) can be express in term of state variable ¢ using the relation in (3.7)

and the Lorenz gauge in (3.10), thus yielding the following Helmholtz equation:

(V2 +w?pe)p = —-

= (3.12)

which relates charge density p to scalar potential ¢.

3.2 Green’s Functions for the Potentials

The solution of the Helmholtz equation (3.11) for vector potential A can be con-
structed by introducing a dyadic Green’s function G4 which, in turn, is the solution

of another Helmholtz equation:

(V2 4+ w?pue)G alr, ') = —/jé(r -7, (3.13)

where [ is an unit dyad that can be represented by an unit diagonal matrix. In the
above vector equation, GG 4 is a Green’s function that characterizes the vector potential
response at position r due to a current dipole excitation at . More specifically, x-, y-
and z- directed dipoles at position r’ contribute to each scalar potential component
of A, namely A,, Ay, and A;, at position r. By the principle of linearity, the general
solution to (3.11) for the magnetic vector potential A at position r due to current

density distribution J in a volume v can be written as

Alr) = / Ga(r, )T )dr'. (3.14)
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Evidently the vector potential Green’s function G4 is useful in expressing magnetic
vector potential A in terms of its current sources.

By the same token, a Green’s function for the scalar potential may be defined by
the differential equation:

(5(7“—7"’).

(V2 + w?pe)Gy(r, 1) = — -

(3.15)

The Green’s function G4 characterizes the scalar potential response at position r
due to a point charge excitation at r. Applying the concept of linearity again, the
general solution to (3.12) for the electric scalar potential ¢ at position 7 due to charge

distribution p on a surface s can be written as:

/ Gy(r,r")p(r')dr’ = ¢(r). (3.16)

S

In this case, the scalar potential Green’s function G4 expresses electric scalar potential
¢ in term of its surface charge source p.

In a homogenous medium where a dipole radiates in an unbounded space, a
spatially-unbounded Green’s function in the form of %mﬂl can be used to cap-
ture potential fields due to source excitations, where k is a wave number defined as
k? = w?ue. However, if the field medium is not uniformly homogeneous due to the
presence of layered materials such as a layered substrate, the solution can be modified

by choosing the appropriate Green’s function representations for G4 and G4. This

topic shall be explored in depth in the next chapter.

3.3 Mixed-potential Integral Equation Formulation

For a system of conductors, the constitutive relation for the conductor electric field
is E = oJ, where o is the material conductivity. Substituting this constitutive
relation and equation (3.14) into (3.7) yields the electric field integral equation in
(3.17). The system of equations composed of (3.17), (3.18) which is the electrical

scalar potential integral equation, (3.19) which ensures current conservation in the
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Figure 3-1: Structural distributions of current density J and charge density p [7].

interior of conductors, and (3.20) which ensures charge conservation on the surface
of conductors, constitutes the entire MPIE formulation.

In summary, the set of integral equations (3.17)-(3.20) can be used to obtain the
solutions of volume current density J and surface charge density p. Fig. 3-1 shows the

volume and surface distributions of J and p, respectively, for a conductor structure.

9*” /VEA(T,T’)j(T’)dT’ = —Vo(r) (3.17)
Gy(r,)p(r)dr' = ¢(r) (3.18)

V-Jr) = 0 (3.19)

n-J(r) = jwp(r), (3.20)

where v and s are the union of conductor volumes and surfaces, respectively, and ¢

is the electric scalar potential on the conductor surfaces.

3.4 Discretization

To solve (3.17)-(3.20) numerically for the conductor-volume current density J and
conductor-surface charge density p, one approximates each type of unknown by a

weighted sum of a finite set of basis functions such that:

J(r) =~ ij(r)lj (3.21)

2
=
2

> U (r)gm (3.22)
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where m;(r) € C? is a current density basis function, and I} is its corresponding basis
function weight. Similarly, v,,(r) € C and g, respectively denote a charge density

basis function and its weight.

A standard Galerkin technique [23] can then be used to generate a discrete system
of equations for the weights. This technique entails the substitution of the basis
function approximations of J (3.21) and p (3.22) into (3.17) and (3.18), respectively.
The approximation error generated as a consequence of such substitution is then

enforced to be orthogonal to the basis functions themselves, hence yielding:

'mj r [j ) = Ne— / /I / =
<—ZJ ) —l—jw/ZGA(T,T)mj(T ) jdr +qu(7‘),mi(7‘)> = 0 (3.23)

g

([ ot ntsans’ = 600 0)) = 0. (320
with the inner products defined as:

(o mo) = [Fo)-mar

(st00)) = [atptrian

where m; and v, are current and charge density basis functions, respectively. Conse-

quently the following matrix system of linear equations is obtained:

R+jul of [1] [v
! - , (3.25)

0 P q V¢

where [ and ¢ are unknown vectors of current and charge density weights, respectively,
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and

Ry — + / 25 (r) - 735 () (3.26)
Ly — / / G, ) (r) - 72, ()l (3.27)
P — / / G, Yo (e ) dr (3.28)
Vo= - / Vo(r) - m(r)dr (3.20)
Ve = [ otryudrar (3:30)

A centroid-collocation technique [23] can also be used to generate a discrete sys-
tem of equations for the weights. Both the Galerkin and the collocation methods
produce a discretized system of equations by enforcing the difference between the
actual and approximated solutions, or residual, to be orthogonal to a set of test
functions. In the Galerkin method, these test functions are the same as the basis
functions used to represent the unknowns. Hence, the Galerkin method seeks to min-
imize the average approximation error over the entire compact physical support of
each basis function. On the other hand, the centroid-collocation method uses as test
functions the centroids of the basis functions’ physical supports. Thus the collocation
method is typically less accurate than the Galerkin technique in that it minimizes the

approximation error only at the centroid of each compact support.

3.4.1 Basis Functions for Current Density

To motivate the use of basis functions for the representation of current density J,
consider that on an integrated circuit, the path taken by electric currents are usually
very long and do not often form small closed loops. Therefore it becomes convenient
if the computation of inductance can be broken down in such a way so that partial
inductances can be associated to portions of a conducting loop without having to
determine the loop path apriori. This introduces the concept of partial inductance [60]

that defines a unique approach to the evaluation of open-loop inductance.
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Figure 3-2: A conductor volume is discretized into thin filaments for the support of
current density basis functions, where each basis function coefficient represents the
total current through a filament.

To facilitate the application of partial inductance for a large system of conductors,
the conductor volumes are discretized into N individually conducting filaments along
their length and cross-sections. For each discretized filament of volume V; and cross-
sectional area a;, a constant current /; is assumed to flow length-wise in the direction
of l} = [l3,1,,1;]. This concept is illustrated in Fig. 3-2. For the sake of accuracy,
discretization should be fine enough so that the resulting filaments are of appropriate

dimensions restricted by wavelength as well as skin and proximity effects.

We can thus express the current density for all filaments by the collection of these

constant filament currents as:
N
T(r) =>_my(r)I;,
j=1

where m; is a current density basis function supported by the jth filament, and I, is its
corresponding coefficient. In addition, /; is explicitly designated as the total current
flowing through the jth filament. This explicit definition of I; is necessary at the
mesh analysis stage as shall be demonstrated in the next few sections. Therefore care
must be taken to properly define basis function m; so as to uphold the interpretation

of basis coefficients as filament currents.

If piecewise-constant current density basis functions are used, then

1, (r) = o LTV (3.31)
0 otherwise.
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These piecewise-constant basis functions are normalized by cross-sectional area a; so
as to ensure that each basis function coefficient represents the actual filament current.
On the other hand, if higher-order basis functions are used:

Wiltlh it € Vis

oy Witr)ar (3.32)

m;(r) =
0 otherwise,
then basis function normalization by faj W;(r)dr is enforced for the same reason.

Respectively substituting the piecewise-constant and higher-order basis function

representations into the first equation of the MPIE formulation (3.17) yields:

N i N o
JJ . J Yal NT 0!

+ jw / Galr,r)l;dr" = =V o(r 3.33

;Uaj ;CL]’ v, Al )] (r) ( )

N 7 j— ~
> % +jw ) e /v] Galr,rYWi(r)dr' = =Ve(r)  (3.34)

for higher-order basis functions.

The Galerkin procedure outlined in (3.23)-(3.30) is then individually applied to
(3.33) and (3.34) to generate a discrete linear system for the solution of the unknowns,

producing

=

for piecewise-constant basis functions, and

]1 +ngLZ%/ / Ga(r,r)l ldrdr]] = — | =Vo(r)-Lidr (3.35)

@i Jv;

[ Jy, W2 (T)dr ]HWZ[IV v, GArT)Zr<})ijw??(;;)iidr/dr}]j

= W W = / V() - Wilr)idr  (3.36)

for higher-order basis functions. Equations (3.35) and (3.36) can be individually
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Figure 3-3: Each discretized conductor filament is modeled by a resistor in series
with a group of partial inductors in an equivalent circuit network. Overall, the entire
system of filaments can be mapped to a corresponding circuit topology.

casted into the general form:

Ryl +jw Y Lyl =V, (3.37)
j

where R;; corresponds to the quantity in the first bracket of (3.35) or (3.36) and is an
element of the resistance coefficient matrix R in (3.25) for the group of open wired
segments. Similarly, L;; in (3.37) corresponds to the second bracketed expression of
(3.35) or (3.36) and is an entry of the partial inductance coefficient matrix L in (3.25).
Finally V; in (3.37) corresponds to the right-hand side expression of (3.35) or (3.36)
and is an entry of the right-hand side vector in (3.25). From a physical perspective,
(3.37) formulates the average voltage across a filament as a sum of voltages across a
resistor and a series of inductors. Hence, the internal impedance of a filament can be

represented by a resistive and an inductive effect as shown in Fig. 3-3.

3.4.2 Basis Functions for Charge Density

Consider the complex geometries typical of today’s VLSI circuits, the calculation
of capacitance on such conductor surfaces can be rather difficult. Using the partial

capacitance technique [60] that is similar in concept to the partial inductance method,
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one can replace the single conductor surface capacitance problem with a multi-surface
problem for a set of simpler surfaces. These surfaces are obtained by discretizing
the union of all conductor surfaces S into m rectangular panels of area S,, with
the assumption that a constant charge resides on each panel. An example of such
conductor surface discretization is shown in Fig. 3-4. The assumption of constant

panel charge translates to the following condition:

Gm = /5 p(r)dr. (3.38)

Surface charge density can then be represented by the collection of such panel charges

as defined in (3.22)
p(r) =) V(1)

If piecewise-constant basis functions are used:

") SL if r € Sy (3.39)
U (T) = m .
0 otherwise.

Alternatively, for higher-order basis functions:

) f e g
U (r) = § Jsm 0T (3.40)

0 otherwise.

Basis function normalization by S, in the piecewise constant case and by |, g Um(r)dr
in the higher order case is for the purpose of preserving the relationship between p

and ¢ so that basis function coefficients ¢, have the definition of panel charge.

Respectively substituting the different basis function representations of charge

into the MPIE equation (3.18) yields

o(r) = Zg—: / Go(r,r")dr’ (3.41)
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Figure 3-4: A conductor surface is discretized into panels so as to support cur-
rent charge basis functions, where each basis function coefficient represents a panel
charge [13].

for piecewise-constant basis functions, and

6(r) = zmj m /S Gl (3.42)

for higher-order basis functions.

The approach to produce a system of discrete linear equations for the unknown
weights, or panel charges ¢,,, differs between piecewise-constant basis functions and
higher-order basis functions. A centroid-collocation scheme is sufficient for (3.41)
in order to produce a system with reasonable accuracy. For a single panel ¢, this
approach is equivalent to the computation of a point potential V;,, at panel centroid

ry due to a distribution of panel surface charge. More specifically,
1
Vs, = ¢(ry) = [zm: 5 /m G¢(rg,r')dr'} O (3.43)

For the higher-order basis function representation in (3.42), a Galerkin technique can

be applied to generate a system of equations for the unknowns. That is:

v, = [ <) 40ya

Se fsé u€<r>

Z [f um(r)dif W(T)dr/s /5 G o (ry 7 ) ug(r ), (r")dr'dr | ¢n(3.44)

The quantity in bracket (3.43) or (3.44) forms an element in a potential coefficient

matrix P. Equation (3.25) shows how matrix P fits into the overall matrix system
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through the relation:
Pq = V¢, (345)

where ¢ is a vector of unknown panel charges, and Vj is a vector of panel centroid
potentials if piecewise-constant basis functions are used or a vector of average panel

potentials if higher-order basis functions are used.

3.5 Branch Equation System Formation

After discretization, a system matrix equation is assembled with the unknowns being
the filament currents in vector I and panel charges in vector ¢ as shown in (3.25).
In order to effectively map the problem into an equivalent-circuit network so as to
facilitate the computation of the system unknowns, it is convenient to model surface
charge accumulation ¢ as displacement current [, defined by the relation I, = jwg.

This yields the following modified matrix equation:

R+jwL 0] |1 1%
. - . (3.46)
o 2]z v,

A system of branch equations can be established with each branch representing a
physical filament or panel from the discretization of a conductor network. The im-
pedance in a filament-type branch is represented by a resistor and several partial
inductors or current-controlled voltage sources in series, while the impedance in a
panel-type branch is modeled by a capacitor or several voltage-controlled current
sources in parallel. An example of such equivalent-circuit mapping is shown in Fig. 3-
5. The relationship between the branch impedance matrix Z,,,, branch current vector

Iy, and branch voltage vector V}, is given by

ZemIb = %7 (347)
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Figure 3-5: Mapping of discretized conductor filaments and panels to their respective
circuit elements [13].

where

R+ jwl 0 I Vv
Zem = 7Ib = 7% = ) (348)
0o Z I, v,
jw

where I, I,,, V', and V,, are all defined in (3.46). Conceptually, the system of equations
in (3.46) can be considered to be effectively mapped to a circuit topology containing
a network of resistors, inductors, capacitors, and voltage sources. Equations of dy-
namic fields are thus transformed by circuit theory into a circuit network with known
solution algorithms. The following section attempts to explore one such algorithm in

particular.

3.5.1 Mesh Analysis

Equations (3.17) and (3.18) have been shown to produce a linear system of branch
equations. Equations (3.19) and (3.20) impose current and charge conservations on
the MPIE, which, in circuit theory principle, correspond to the imposition of Kirchoff
Voltage Law (KVL) on each closed loop in the equivalent circuit network or Kirchoff

Current Law (KCL) at each node in the same network. If KVL analysis were applied
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to the equivalent circuit, a set of loop currents, containing both displacement current
and mesh current, becomes the new system unknown. The advantage of using these
loop currents is the explicit guarantee of current conservation in the system. This also
implicitly guarantees charge conservation when charge accumulation on the surface

of the conductors is modeled as displacement current.

As KVL is applied to the closed-loop connection of branches shown in Fig ??. one
needs to define a relationship between the voltage on each branch, V;, to the voltage

in a closed loop composed of that branch, V,,,:
MV, =V,,, (3.49)

where the mesh matrix M of size #io0ps X Fbranches imposes KVL through each row
of the M matrix, hence introducing mesh voltages in V,, for each closed loop in the
network. Evidently both matrix M and vector V,, are sparse. In addition, according
to the circuit network theory, the same mesh matrix M also maps each branch current

in vector [, to its corresponding mesh current in vector [, through the relation:
Iy =M"I,. (3.50)

Substituting (3.49) and (3.50) into (3.47) generates the following meshed system:
(M Z oM™ Ly, = Vi, (3.51)

where the system unknowns in [, has been transformed to mesh currents in I,,.

Once vector I, is determined by solving (3.51), one can easily determine branch

currents and branch voltages using the relations:

I, = M'I, (3.52)
Vo = Zeply, (3.53)

which will in turn yield solutions for current density J and charge density p.
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According to [58], mesh analysis yields a relatively stable discrete system at low
frequencies. An essential requirement for maintaining numerical stability at very
low frequencies is to keep inductive and capacitive contributions decoupled from each
other. Mesh analysis accomplishes that by splitting loops into two sets where the first
set is composed of inductive branches and the second set includes capacitive branches.
In this context, the mesh analysis approach bears similarities to the ” divergence-free”
and ”curl-free” basis functions as described in [58] where the divergence-free compo-
nent of current responsible for magnetic field and the curl-free component responsible
for the electric field are modeled independently so as to improve the stability of nu-

merical solutions at low frequencies while maintaining solution accuracy.

3.5.2 Justification for Explicit Basis Function Normalization

The normalization in (3.32) and (3.40) complicates basis generation, but is essential
if the resulting basis functions are used in a mesh analysis. This section establishes

the necessity of such basis function normalization.

Branch-level Analysis

Given a matrix branch equation:

ZI, =V, (3.54)

where Z represents an impedance matrix obtained from normalized basis functions,
and vector [, contains the basis function weights that represent the physical currents
carried by the basis functions. In contrast, consider the case where basis functions are
not normalized. Hence the entries in vector I, are no longer physical branch currents,

but are related to the branch currents through the relation:

I, = NI, (3.55)
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where N is a diagonal matrix containing basis function normalization factors. Sub-

stituting (3.55) into (3.54) yields the following equation:
Vi, = ZNI,. (3.56)

If we define Z = ZN, then Z is effectively the impedance matrix obtained from the un-

normalized basis functions. Equations (3.56) and (3.54) are thus equivalent:
ZIy = ZI, =V}, (3.57)
suggesting that normalization of basis functions is not necessary in branch analysis.

Mesh-level Analysis

In mesh analysis, the mesh current vector I, is related to the physical branch current vector

I, by the relation:
L, = MTI,. (3.58)

To use mesh analysis for the un-normalized basis functions, there should be a similar relation
of the form:

I, =M"I,. (3.59)

In an attempt to derive such a branch-mesh relation for the un-normalized basis functions,

multiply (3.58) by N1 on both sides yields:
I,=N'I,=N"1'MTL,. (3.60)

Since N~! does not commute in a non-square matrix multiplication, one can conclude
that, in general, such I, doesn’t exist. Therefore explicit basis function normalization is

necessary if mesh analysis is applied to solve the discretized system.
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Chapter 4

Background: Representation of
Spatial-domain Layered Green’s

Functions

4.1 Introduction

In a VLSI or analog circuit, stratified media such as a layered substrate is ubiquitous.
Therefore fields in stratified media have been a topic of intense study for many years, with
numerous numerical techniques developed especially for the purpose of substrate analysis.
Some of these techniques [61, 70, 15] use finite-element methods (FEM) to determine field
solutions in the substrate, either by simulation of a 3D mesh of the substrate or by lumped-
element circuit simulation. In [5, 63], substrate modeling is accomplished by applying
finite-difference time-domain (FDTD) methods to a finely-discretized substrate, which can
be quite computationally expensive. Moreover, integral-equation approaches such as the one
used in [83] also requires the explicit discretization of a substrate volume. Alternatively,
[66, 75, 20] utilize the more efficient boundary-element methods which only require the

discretizzation of the surface of each layered region.

The most computationally efficient technique for the characterization of fields in a
planar-stratified medium is the method of layered Green’s functions which avoids the dis-

cretization of the substrate altogether. Instead, a set of pertinent Green’s functions is
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determined to capture the effect of the layered medium. These layered Green’s functions
are extremely versatile in that they can be easily integrated into any numerical technique
such as an integral equation formulation to provide an efficient approach to interconnect
modeling. Therefore, the construction of these multi-layered Green’s functions has received
frequent attention in literature, and numerous treatments have been proposed. The purpose
of this chapter is to present a complete summary of the derivation of the layered Green’s

functions through a comprehensive survey of the recent literature on this topic.

As it is widely known, the Green’s functions in the spatial domain do not generally exist
in closed forms. Their spectral counterparts, obtained in the Fourier transform (spectral)
domain, however, are readily available and can be derived in closed forms. In the spectral
domain, the problem is equivalent to formulating the vertical dependence of the fields in the
source region as a sum of vertically traveling TE and TM waves due to the reflections from
the layer boundaries [67, 2, 76], and the field solutions at the observation layer can then
be iteratively obtained based on the waves at the source layer. More generally formulated,
the problem can be reduced to an equivalent transmission line network along the vertical
direction for both TE and TM waves [45]. In this chapter, a detailed derivation of the
layered Green’s functions associated with arbitrarily-directed (Z, § or Z) electric source
excitations is derived in the spectral domain for a half-space structure. The derivation is

easily extensible to a medium with any number of planar layers.

Once all the spectral domain components have been determined,they should be trans-
formed into the spatial domain using an inverse Fourier transform. In the context of layered
media, this operation is often times referred to as Sommerfeld integrals. The integrals tend
to be highly oscillatory, and hence, computationally expensive to evaluate. Two major
evaluation approaches have been developed which include direct numerical algorithms with
accelerated techniques for convergence [49, 26] and approximation of Sommerfeld integral
kernels using Sommerfeld Identity [1]. In interconnect-analysis areas, the latter of the two

methods is preferred for reasons as shall be explained.
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4.2 Layered Green’s Function Derivation Prelimi-

naries

There exists a considerable amount of advantages to using the MPIE formulation for the
field characterization of a layered medium. This is due to the fact that since the MPIE
only involves the potential forms of the Green’s functions as oppose to field forms, the
Sommerfeld-type integrals of the Green’s functions converge faster than those presented in
any other form [22, 44]. Therefore, in our work, we are only concerned with the derivation of
layered-medium magnetic vector potential Green’s function G 4 and layered-medium electric

scalar potential Green’s function G.

We can now formulate a goal for our Green’s function computation in view of its applica-
bility to our interconnect analysis problem. Broadly speaking, we need to be able to obtain
the potential field at observation point r given an elementary source with an arbitrary ex-
citation located at point r’. Tailoring this understanding to our interconnect application,
we see that the elementary sources of excitation are generated by conductor currents and
charges in the topmost unbounded region of a multilayered structure as shown in Fig. 4-1.
The substrate is modeled by all the subsequent layers. According to this framework, it is
only logical to assume that each source excitation position denoted by r’ is confined to the
topmost region of the multilayered structure. Similarly, we are only interested in determin-
ing the potential fields created in the region where the interconnects reside. Therefore, the
position of each observation location denoted by r is indigenous to the topmost region as

well.

We will now provide a more detailed examination of the planar-layered medium in Fig. 4-
1, whose properties of € and p vary along a normal direction taken as the z-coordinate.
Coordinates x and y span a horizontal plane of the medium. As an aid to the proceeding
computation, we shall first define free-space permittivity e ~ 8.85 x 107'2 and free-space
permeability u® ~ 47 x 10~7. Hence free-space wave-number becomes k? = w\/m. Now
for an arbitrary layer ¢ with conductivity o;, its complex permittivity €; can be defined in

relation to the free-space permittivity as:

, (4.1)
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Figure 4-1: A source dipole and an evaluation point in the topmost layer of a multi-
layered planar medium.

where €,, is the relative permittivity for the ith homogenous medium. Using the assumption

that p; = u¥, the wave-number for the ith layer follows as:

k‘i = W\ ,uiéieo = k?o\/g (42)

4.2.1 Boundary Conditions

The choice of components in the dyadic vector layered Green’s function G4, which directly
effects the value of the scalar Green’s function Gy, is dictated by the boundary conditions
between layers. That is, the planar-stratified medium introduces boundary conditions in
the x-y planes located at z = z;, where layer properties, ¢; and u;, vary across the interface
as demonstrated in Fig. 4-1. Therefore boundary conditions must be enforced through the
choice of components of the dyadic vector layered Green’s function in order to guarantee

field continuity. In general, the following set of continuity conditions must be enforced at
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the interface between the ith and the i+1th layer interfaced at z = z;:

i x (B —E;) = 0 (4.3)
) = js (4'4)
it (Bit1—Bi) = 0 (4.5)
) = ps (4.6)
where 7 is the normal surface vector, Js is the electric surface current on the boundary, and

ps is the electric surface charge distribution. If there is no free charge or free current at the

interface z;, then:

E! = El, (4.7)
al = @, (4.8)
wily = piaHi (4.9)
fiEj = €z+1EiL+1, (4.10)

where || indicates field components parallel to the interface and L indicates normal field
components. Both F and H fields can be expressed in terms of vector potential A and scalar
potential ¢ according to relations provided in (3.5) and (3.7), which are in turn related to
G4 and Gy, through (3.14) and (3.16), respectively. Hence the above boundary conditions
can be used to derive the general forms of dyadic Green’s function G4 and scalar Green’s

function Gy as demonstrated in the next section.

4.2.2 Magnetic Vector Potential Layered Green’s Function

Let G 4, represent the dyadic Green’s function in region ¢ due to an unit-strength, arbitrarily-
oriented current dipole in region j. Then the solution for this Green’s function can be found
by solving the set of inhomogeneous Helmholtz equation for each layer, subjected to the con-
tinuity conditions across the interfaces between layers. For example, consider a half-spaced
problem in Fig. 4-2, consisting of two unbounded regions Ry and R; interfaced at z=0.

Assume that the source dipole is located in the topmost layer, then the set of Helmholtz
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Figure 4-2: A source dipole and an evaluation point in a two-layered medium.

equations becomes:

reRy : (V24+kDGaylr,r") = —pold(r —1) (4.11)

reRy : (V24 k3G, (r,r') =10, (4.12)

where k; is defined by (4.2). Note that ?5(7“ — ') in (4.11) represents the unit-strength

current generated by an arbitrarily-oriented dipole source located in Ry.

Boundary conditions (4.7)-(4.10) cannot be satisfied if we assume that vector potentials
are strictly parallel to the orientation of source dipoles, meaning that the general form of the
dyad G4 cannot be represented as a diagonal matrix. For a planar layered medium, there
are actually several choices possible for the representation of G4 [44], all of which would
satisfy the boundary conditions in (4.7)-(4.10). Depending on which form is selected, the
value of the scalar Green’s function G is different. It is not surprising that both G4 and G
have multiple representations since the potentials themselves are not uniquely determined.

As a matter of fact, if we define two quantities A’ and ¢’ such that

A = A+Vf (4.13)

¢ = o+jwf, (4.14)

where f is a scalar function, then it is verifiable that the set A and ¢ produces the same
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fields as the set A’ and ¢'. This condition is called gauge invariance. It is exactly due
to gauge invariance that boundary conditions in (4.7)-(4.10) can be upheld for different
combinations of G4 and Gy. It has been proven in [44] that one particular combination,
called the Sommerfeld choice [67], is much better suited than all others for the application

of the MPIE. The Sommerfeld choice of G 4 consists of:

GzT 0 0
Ga=|o0 v o, (4.15)
G GY G¥

where a generic dyad element, G*’, denotes the v-component of the field created by an u-
directed unit source. Therefore, according to the above definition of G 4, a z-directed source
dipole would generate a field G%" in the x direction and a field G%7 in the z direction, a
y-directed source dipole would generate a field G’ in the y direction and a field G¥’ in the
z direction, and a z-directed dipole would generate a field G%° in the z direction. Detailed
derivation of these scalar Green’s function components will be examined in the next few

sections.

In addition, the following symmetry properties [50] apply to the components of G4 and

are helpful in simplifying their subsequent mathematical manipulations:

e Translational symmetry:
For a generic scalar component of a dyadic Green’s function E(r, r’"), where r =
(x,y,2) and ' = (2/, ¢/, 2), the layered medium is invariant along the x and y coor-

dinates. Hence

G((m, y,2), (2, z')) =G((x—2",y—1v,27). (4.16)

e Symmetry of revolution:
It is only necessary to obtained the fields created by a x-directed dipole and a z-

directed dipole. The field crated by a y-directed dipole can be easily obtained from
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those of a x-directed source using the following relations:

Let X = z—2'; Y=y—1; (4.17)
GY = G"(X-Y;Y - —X) (4.18)
G = G¥(X-Y;Y - —X). (4.19)

4.2.3 Electric Scalar Potential Layered Green’s Function

Care must be taken when dealing with scalar potential Green’s function G4. For instance,
the Lorenz gauge in (3.10) between vector and scalar potentials does not hold between their

Green’s function counterparts, meaning that

V. -Ga

Go # ==

(4.20)

The following proof verifies the assertion in (4.20) and offers, instead, a relationship
that is valid between the scalar and vector layered Green’s functions. Rewriting the Lorenz

gauge between the potentials yields:

_ I A
o(r) = WV A(r)
- WLM (V- Ga(r, )T ()dr'. (4.21)

The scalar potential can also be expressed through the Green’s theorem as shown in (3.16)

where

o(r) = /G¢(r, p(r')dr'.

Substituting the charge conservation equation in (3.20), where p(r) = —J%V -J(r), into the

above equation for p yields an alternative solution for ¢:

or) = 2 / Go(r, ")V - T(r")dr”

= —j/(V’G¢(r, ) J(r")dr', (4.22)

w
where V' indicates a gradient operation with respect to r’. Equating the parenthesized
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expressions in (4.21) and (4.22) engenders the following relationship [21]:
/ / 1 i /
V'Gy(r,r") :—M—V~GA(7',7“). (4.23)
€

In view of (4.23), an important conclusion can be drawn regarding the physical nature of
the electric source excitation that produces G4. By the charge conservation law in (3.20), ¢
is defined as the potential associated with a unitary dipole. More specifically, ¢ is associated
with the two separate charges of equal magnitude and opposite signs at the extremes of
the unitary dipole. In contrast, G, is the potential associated with an isolated unit point
charge, or a “quasi-dipole”. Even though there readily exists a physical explanation for ¢,
there isn’t one possible for Gy, which is viewed as a contrived quantity purely for the sake
of mathematical convenience.

Upon close examination of (4.23), one readily concludes that even though Gy is a scalar
quantity, it still has directional properties associated with the dipole it belongs to. Moreover,
[44] has demonstrated that each choice of G4, which, in our case is the Sommerfeld choice
in (4.15), leads to an unique value of G, that varies for different orientation of source
dipoles. For the Sommerfeld choice of G4, the same scalar potential is generated by a Z- or
y-directed dipole source, but it differs from the potential generated by a Z-directed source.

This observation will be further collaborated in a later section.

4.3 Sommerfeld Integrals

Due to the translational symmetry property of (4.16) exhibited by G 4 along the z-y plane,

it is convenient at this point to introduce the concept of a 2D Fourier transform [2] where

1 > . : ’ : /
Gle—ay—y) = 5 / / Gk, ky)e?*e @) ik W=y g de, (4.24)

1 o0 o0 . / . /
G(ks, ky) = 27r/ / Gz — 2’y — y)e k(@) e=iks =) gy (4.25)

In (4.24) and (4.25), the primed coordinate is associated with the position of a source
dipole whereas the unprimed coordinate is associated with the position of an observation
point. Quantity G denotes the Fourier-domain or spectral-domain counterpart to the spatial

quantity G. Values of k, and k, are taken as the x and y components, respectively, of the
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propagation-wave vector k where

~

k= &ky + Gky + k.. (4.26)

Incidentally, The magnitude of the propagation-wave vector can be written as the wave-

2
k= k2R R =T (4.27)

where A is the propagation wavelength.

number k:

Due to the apparent rotational symmetry around the z-axis, (4.24) can be simplified to

a single integral in the cylindrical coordinate system in terms of spatial radial coordinate

p=1+/(z —2')2+ (y — v/)? and spectral radial coordinate k, = ,/k2 + k2 as:

Glp) = [~ Gloko) iyl (4.28)

where Jj is a Oth-order Bessel function. Equation (4.28) is known as a Sommerfeld integral
that provides functional transformation from spectral to spatial domain. A more generalized

form of the Sommerfeld integral [21] is defined as:
Su[G(k,)] = /0 G (k) T (k) K2+ . (4.29)

For a three-dimensional field possessing two-dimensional translational symmetry, Sommer-
feld integral of (4.29) is used for the representation of the following 3D spatial-domain

Green’s function:
Sn[G(ky, 2,2")] = / G(kp, 2, 2') Jn(kop) k3t . (4.30)
0

As a special case, consider that in the absence of a stratified medium, field of a dipole

radiating in an unbounded space can be obtained from a Green’s function in the form of:

%, where |r — 7/| = \/p? + (2 — 2/)2. The Fourier transformation of this spatially-

unbounded Green’s function is accomplished using the well known Sommerfeld Identity [37]:

e—Jklr—r] 00 —jkz|z—7|
[ Ky (kap)hpdk, (4.31)
r— 7| 0 gk
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If the spectral quantity G has a linear dependence on k, or k,, namely, G=-— j/@mfl or
G=— jk:yfl, where A has only kp, z, and 2z’ dependence, then its transformation into the

spatial domain corresponds to [21]:

~ 0A
—jk, A - 4.32
jhed — O (432

< 0A
—jkyA — —. 4.33

For example, if G = —jk, A so that in the spatial domain,
Glp2,#) = [ =baAlhy, 2,2 ooy (4:34)
0

then the same spatial-domain response can be obtained by correspondingly apply a differ-

ential operation to the spatial quantity A:

!/
Gp,z7) = M(g’;’ ?) (4.35)

_ (/ Alky, 2, ) Jo(kpp) ki )

kop
= / A(kp, 2,2") Otky )Jl(kpp)kpdk:p

ox
= —COS(;S/ A(kp, 2,2") (kpp)kzdkp, (4.36)

where ¢ is an angle between p and the z-axis, and J; is a 1st-order Bessel function. Similarly,

G=—jkA <= G= —sinqb/ A(ky, z,2")J1(kop)Kk2d,. (4.37)
0

Spectral domain | Spatial domain
G=A G=5y[4]

G=—jk,A G=—cos $S1[4]

G=—jk,A G=—sin 51 [A]

Table 4.1: Table of spatial-to-spectral domain transformations pertinent to the deriva-
tion of Green’s functions for a half-space structure.
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4.4 Component-by-component Derivation

In view of the preliminary information presented in Sec. 4.2, we now have all the resources at
our disposal to derive the various scalar components of the dyadic vector potential layered
Green’s function in (4.15) and its associated scalar potential Green’s function in (4.23). For
the sake of illustration, all derivations in this section are demonstrated on the half-space
structure in Fig. 4-2 where the source dipole is located in region Ry above the plane of

interface.

4.4.1 Derivation of G¥

Consider a z-directed unit-strength source dipole located at v = (2/,¢/,2’) in region Ry.
The resulting z-directed potential field at position r = (z, vy, z), which is denoted as foo in
region Ry or G% in region Ry, can be obtained by solving the following set of Helmholtz

equations as simplified from (4.11) and (4.12):

r€Ry : (V24 kS)GfoO (p,2,2') = —pod(z — 2)o(y — y')6(z — 2) (4.38)

reRy : (VP4+E)GY (p.2,7) =0. (4.39)

This system is subjected to the following set of boundary conditions:

W = Gl (4.40)
1 G 1 oG#?
———A . A4 (4.41)
€0 0z €1 0z 2=0

which is obtained from the generalized boundary conditions (4.7)-(4.10) tailored to this
specific case of source and field orientation.

In cylindrical coordinate system, the solutions to (4.38) and (4.39) are readily obtained
as linear combinations of upward and downward-traveling waves in the form of e*7o= Jo(k,p)
as derived using the Fourier transformation introduced in Sec. 4.3. In fact, the general

solution of field response in the ith layered medium [76] is written as:
Gi(p.z,7) = ,ui/ [afz(kp,z’)e_jkizz + bfz(k:p,z’)ejkizz] Jo(kpp)kpdk,, (4.42)
0

where a7* and b7* are the coefficients of upward and downward travelling waves in the ith
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layer obtained by applying the appropriate boundary conditions [14].

Pertaining to the half-space example at hand, the particular field solution for region Ry

can be represented as a combination of [67]:
i =Gh+ G, (4.43)

where G, is the primary field generated by the source excitation in the absence of the
layered boundary. Therefore field response G is just the spatially-unbounded Green’s
function defined in (4.31). Field Gj is generated as a secondary response by the primary
field due to the presence of the layered medium. Moreover (4.43) can be casted into the

form of (4.42) as:
, oo e—jk()z\z—z’| , -
o) = [ e el (14)
0 z

where the first bracketed term of (4.44) is the spectral-domain, spatially-unbounded Green’s
function, and the second term denotes the field of secondary waves generated by the source
dipole and reflected in an upward direction from the boundary interface. In the absence of

the source dipole in region R;, the solution of G% in (4.39) is written as:
Giﬁ (pv Z, Z/) = MO / b;{z(k;pa Z/)ejklzzjo(kpp)kpdkp’ (445)
0

hence capturing the field of downward-travelling waves produced by the source dipole and
transmitted into R;. The two unknown quantities af® and b7* can be solved by substituting

(4.44) and (4.45) into boundary conditions (4.40) and (4.41) for G%¢ and G%. Consequently,

e_jk()zzl -

ai?(kp,2') = o R, (4.46)
- e_jkOZZl ~10
b (ky, 7)) = ro B (4.47)
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where

~0,1 n“ko, — k1.

Ry (k) = (ngkoz n klz) (4.48)
~1,0 2n2kos

Ryy(kp) = (anOZ e (4.49)

2 _ & _ 2 _ /12
n = g koz— ]{3071{3{2) klz— kliklz)v

with R being the generalized reflection coefficients [6] for which the subscript TE or TM
represents the polarization of a wave, and the superscript (7,i41) or (4,i-1) specifies a layer
interface. For the sake of brevity, details concerning field solutions for region Ry are omitted

henceforth. They can, however, be easily derived from the field solutions of region Ry.

4.4.2 Derivation of G%* and GY/

Now consider a x-directed unit-strength source dipole located at ' = (2/, 4/, 2’) in region Ry.
The generated potential field in the x-direction at position r = (x,y, z), which is denoted as
4y in region Ry or G747 in region Ry, is obtained by solving the following set of Helmholtz

equations:

r€Ry : (V24k2) W (p,2,2) = —pod(z — 3")d(y — y')o(z — 2) (4.50)

reR : (V24 E)GY % (p,z,2") =0, (4.51)

subjected to the boundary conditions:

G = GATL_o (4.52)
oo, 0G%,

= . 4.53

0z 0z |, (4.58)

IE.’L’

Using a completely analogous procedure as in Sec. 4.4.1, the solution of G%7 is in the form:

00 jkolz—2'| )
Bon?) = o [T e Tty (450
0 0z

o6



with

a§*(kp.2') = — Ry} (4.55)
IR0z
50,1 koz — k12
n(ky) = | —— ). 4.
Ryg(kp) <k0z+k‘1z (4.56)

Furthermore, due to the symmetry of revolution property in (4.18), we can easily conclude
that:
G027 = Gy, ). (157)

4.4.3 Derivation of Gf and GZZ

Using the same x-directed source dipole as in Sec. 4.4.2, we are now interested in computing
the z-directed potential field at observation point 7. The following set of Helmholtz equations

can be written that governs each one of the two half-space regions:

reRy : (V2+k§)G% (p,2,2) =0 (4.58)

reRy : (V2+E)GY (p2,2) =0, (4.59)
with the boundary conditions being:

B = Gil (4.60)
O’ GH —GF) _ 0GE —n*GY)
0z Ozx '

(4.61)

It is worth noting that even though the x-oriented source dipole no longer directly
affects the z-oriented field G% in (4.58), the source dipole still bears an indirect effect
on the field through boundary condition (4.61). In view of (4.58), it is evident that the
spatially-unbounded Green’s function associated with the source dipole is no longer needed

£EZ

as a part of the field solution of as in the case of G%7. The general set of solutions

becomes:
5202 = o [ 0 )T Oy, (4.62)
0
T(p, 2, 2) ,uo/ af*(k,, 2')e?*0== Jo (k,p)k,dk,. (4.63)
0
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Unknown quantities af* and aj? are determined by substituting (4.62) and (4.63) into

boundary conditions (4.60) and (4.61) for G and G%. Consequently,

s kozkg “01 =m0 ] eIk
ay?(kp,2') = — 2 [_ Riy — Rrg jkos (4.64)

where R%\/] and R%E are already defined in (4.48) and (4.56),respectively.

One perhaps immediately notices the k, dependence in (4.64). Therefore the simplifi-
cation defined in (4.36) can be applied to (4.64), producing an alternative representation

where

0 © 1 /(- - 4 /
G%(p,2,2") = — ,uo/ — R%]l\/[ + R%}E e Iko= (42 )Jo(kpp)kpdk:p
0 (933 0 k/'g
oo
= —pgpcCos gb/ <Rgp’]1\/[ + Rgp’;}) e—J/fo.z(z+z’)J1(kpp)dkp, (4.65)
0
Furthermore, due to the symmetry of revolution property in (4.19), one can conclude by

(4.37) that:

. 1 Kook . 00\ ke (ot
G (p,2,2) = Mo/o . k2y<—ROT’]1V[—RSJ}E)e ko= (=+2) 11 (k ,p) k ik (4.66)
=

= —posing / <R%}W + R%) e~ Ik0=(=+2) 1) (kp) dk,. (4.67)
0

4.4.4 Scalar Potential Layered Green’s Functions

According to (4.23), the relationship between the dyadic vector layered Green’s function

and the scalar layered Green’s function is:
/ / 1 Vai /
V'Gy(r,r") = —;V ~Ga(r,r).

Now that the various components of the dyadic Green’s function are known, the above
relationship enables us to derive the scalar layered Green’s function. After equating, com-
ponent by component, the right- and left-hand sides of (4.23), one can draw the following

conclusions:
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e For a z-directed dipole:
0Gy i@fo

- — ) 4.
0z e 0z (4.68)
e For a z-directed dipole:
0G 1 (O0G%  OG%
S . 4.
ox' LL€ ( Ox + 0z > (4.69)
e For a y-directed dipole:
0G 1 (0GY  OGY%
b= _— (A 454, (4.70)
oy’ ue '\ Oy 0z

Upon close inspection, one notices that the scalar potential field created by a x-directed
dipole in (4.69) is exactly the same as that created by a y-directed dipole in (4.70). Thus
there exists only two different types of scalar layered Green’s functions, Gg and Gg, each

is respectively associated to a vertically or a horizontally-oriented dipole.

Derivation of scalar Green’s function G;

From (4.68), the scalar layered Green’s function G;O for a vertical dipole in region Ry can

be readily obtained as:

1 9 12420 / 1 > 8@;242 .
= 2 : 4.71
@0 poeo J 0z dz 11060 / /O 5, Jo(kpp)kpdkydz (4.71)

Substituting C;’ffo , which is the expression in the bracket of (4.44), into (4.71) one obtains:

Gy (pnd) = - e_jkOR—/ooJfa‘)’1 e~ IR0z =2 o (ko) (4.72)
$o\Pr % _60 R Ojka TM 0\FpP)RpQRp |, .

where R=4/p? + (2 — 2)2, and ]%%J is already defined in (4.48).

Derivation of scalar Green’s function Gg

Let’s first provide two more spatial-to-spectral domain correspondences, namely,

0 .
o ks (4.73)
0 .
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Hence, the following relationship holds for (4.69) in the spectral domain:

~ 1 ~ oG
. h . TT A
jhe Gl = —Me(— kG + 5 )
~ 1 /=~ 1 0G*
h Tx A
= - S — . 4.
G JL€ (GA gk, 0z > (4.75)

Therefore, the spatial-domain representation of the scalar layered Green’s function associ-

ated to a horizontal dipole in region Ry becomes:

Ho€o

1 [e ko
60< R

1 0o / 1 8ézz
GZ’O (km Zs Z/) = /0 <GT4J(:) - .]T 6;0 > Jﬂ(kpp)kpdkfp
T

o q kngim + K2ROL iy ,
/ - 0 TMk2 0'TE ,—jkoz(2+2 )Jo(k;pp)kpd]{;ID)’ (4.76)
0 JRoz P

where the spectral functions ~i”4‘f) and foo are the expressions in the brackets of (4.54) and

(4.44), respectively. Quantities R}, and RY%, are defined in (4.48) and (4.56), respectively.

4.4.5 Sectional Summary

This section provides a succinct summary of the spectral-domain Green’s functions for the
source layer, which, according to our assumption, is the topmost unbounded region of a
multilayered structure as shown in Fig. 4-1. The field evaluation region is also confined to
the same topmost layer. For a x-, y-, and z-oriented electric dipole embedded in this layer,

the following spectral-domain Green’s functions are obtained:

e z-oriented dipole:

~ 0 . . .
Bo= el ko]
jka
~z ~v 1 —Jjkoz|z—7| —jkozz
do G¢0: ; e +age
€o0Jjkoz
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e x-oriented dipole:

Ny Ho —jkoz|z—2| —7kozz
= —e —+ a,p€
Ao ]k()z |: o
~ _ Ho kozky —jko~
T = éh = 1 e—jkOZ|Z—Z/| + Me_jk()zz
& % eqjko- 7
e y-oriented dipole:
éyy _ Ho |:e—jk0Z|z—z’| +a e—jk0z2:|
Ao ko v
- kozk .
GvF = Ho zlvy —b —jkozz
Ag jk?OZ k‘% (ayZ yz)e
~y T
G¢0 - G¢0’
where,
Opy = Qyy; Axz = Qyz; bxz = byz- (477)

For a half-space problem, the wave coefficients are:

~ . ’
R%lMe Jkozz

Qzy =
o = et
- o
Upe = RYpe ko=
- o
Apz = —R?lee gko=2
- o
by: = Ryge /Mo
= R
P01 —jko.z’
bh = RTEe Jr0z s

where R}, and RY.. are defined in (4.48) and (4.56), respectively. These spectral-domain
Green’s functions can be transformed into the spatial domain by using the various types of
Sommerfeld integral transformations described in the section. Furthermore, multi-layered
solutions for a,,, ay, Gzz, Az, byr, ap and by can be easily determined using a similar

derivation procedure as in the case of the half-space example.
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Figure 4-3: A source dipole and an evaluation point embedded in arbitrary layers of
a multilayered planar medium.

In a more generalized situation as shown in Fig. 4-3, where the source is embedded in
an arbitrary layer ¢, which is not necessarily the topmost region, and the field is evaluated
in layer j, where j might not be equal to i, the following generalized procedure [6] can be

used to derive the spectral-domain Green’s functions.

1 Green’s functions are derived in the source layer i where the z dependence of the
field in the source region is formulated as a sum of 1) a spatially-unbounded Green’s
function, 2) a series of upward-traveling waves due to reflection at boundary z = z;41,
and 3) a series of downward-traveling waves generated at z = z;. The coefficients of
the upward and downward traveling waves are obtained in terms of the generalized

coefficients by applying the appropriate boundary conditions.

2 If the evaluation layer j is different from source layer ¢, Green’s functions in the
evaluation layer are obtained using an iterative algorithm [6] applied to each TE and

TM component of the Green’s functions in the source layer.

Details concerning the above procedure can be found in [6, 14].
An alternative procedure is offered by [45, 21| where a multi-layered planar structure is
formulated in terms of a transmission-line like network along the axis normal to the stratifi-

cation. Particularly, analogies can be drawn from the various Green’s function components
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to circuit components in an equivalent transmission line model so that familiar electromag-
netic analysis of transmission line equations can be applied to determine solutions of these

layered Green’s functions.
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Chapter 5

Background: Evaluation of
Spatial-domain Layered Green’s

Functions

In the previous chapter, we have shown the derivation for the expression of spatial-domain
dyadic vector potential and scalar potential layered Green’s functions as Sommerfeld-type
integrals over semi-infinite integration paths. In this section, we shall explore the numerous
methods to evaluate these integrals, where these integrals are extremely complicated to
compute and do not usually have closed forms. The reasons for the difficulty of evalua-
tion can be attributed to the poles presented on the integration path for spectral function
G (kp, 2, 2') and the oscillatory nature of the Bessel functions which prevents fast integration
convergence. Hence this area of study has sparked much research effort that culminated into
two major approaches, one of which consists of the numerical evaluation of the Sommerfeld
integrals using special-purpose acceleration techniques such as those in [48, 21]. A lack of
closed-form analytical expressions combined with a heavy cost associated with numerical
algorithms for slow-converging integrals make this approach an inviable option for our inter-
connect analysis. The complex image method, on the other hand, has been extensively used
in literature as well as in practice due to its versatility, efficiency, and ease of integration
into existing potential/field solvers. It is due to this reason that the complex image method

is chosen for the evaluation of Sommefeld integrals in our interconnect analysis problem.
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5.1 Literature Survey on the Complex Image Method

The rudimentary concept behind the complex image method is to numerically approximate
the kernel of a Sommerfeld-type integral as a series of exponentials with complex exponents
and coefficients. The Sommerfeld Identity is then applied to these exponentials to produce a
set of closed-form expressions in the spatial domain which serves as a complete replacement
of the original Sommerfeld integral.

The image theory has been attempted by numerous authors with Van der Pol [74] being
the first to interpret the closed-form analytical solutions of layered Green’s functions as
complex images. One of the early authors to participate in the modern development of the
image theory is Silvester [64] who approximated the static equivalent of the dyadic Green’s
functions using a set of static images. Chow and El-behery [8] subsequently extended his
work by modeling Green’s functions in dynamic frequency ranges for a horizontal dipole in
a half-space utilizing quasi-static images. Following Chow and El-behery, a series of papers
was published by Lindell et al. who developed an image theory where a series of discrete
and continuous images are utilized to approximate fields generated by vertical electric and
magnetic dipoles in a half-space [39, 40] as well as in a horizontally-layered medium [41].
The most significant drawback associated with these early formulations is that the methods
deteriorate rapidly when the relative dielectric constant or the thickness of the substrate
increases, creating areas called “far fields” where surface waves dominate, and the image
theory is no longer sufficiently accurate.

Fang et al. [17] recognized this problem and developed a method that became the
cornerstone of all recent investigations. This method approximates solutions in the far field
using a residue expression to account for the surface wave poles near the approximation
contour of integration. According to his work, a Sommerfeld integral can be accurately

approximated as a combination of:

1 Quasi-static images dominating in static near field; these images have real spatial

locations and are obtained analytically using the Sommerfeld Identity.

2 Surface waves dominating in far field; the surface wave contributions are obtained

using residue calculus.

3 Complex images with each image having a complex amplitude and occupying a com-
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plex spatial location; these images are obtained by first approximating their spectral
counterparts as series of exponentials using an exponential-fitting method called the
Prony method [25]. These complex exponentials are then analytically transformed

into the spatial domain using the Sommerfeld Identity.

When compared to the method developed by Lindell et al., this three-part approximation
approach has demonstrated a reduction in computational cost and an increase in accuracy.
This concept of Green’s function approximation is fully implemented by [80] in the case of
a horizontal dipole above and embedded in a lossy medium as well as by [62] in the case of
a vertical dipole above a lossy medium.

The idea of approximating a Sommerfeld integral-type Green’s function by a three-part
procedure was thus established, and the ensuing research focused on further defining and
honing this methodology. For example, Chow et al. [9] extended the idea by providing a
conceptual basis for the complex images, relating them to leaky waves that are important in
the intermediate field region. Chow et al. were able to use many fewer terms for the closed-
form Green’s functions while still achieving an error of less than 1%. A critical inaccuracy
in the method developed by Fang et al. was identified by Kipp and Chan [36] who supplied
a correction to the methodology in the case where a source is embedded in a dielectric
layer. This error was due to an incorrect description of the integration plane’s branch-cut
topology. The correction brought about by Kipp and Chan further extended the generality
of the image approach. In addition, Hojjat et al. [27] vigorously demonstrated that the near
field computation is inaccurate if the surface wave contributions were extracted from the
spectral Green’s functions. They also provided a range within which the surface waves must
not be extracted. Furthermore, Hojjat et al. [28] extended the three-part approximation of
a dyadic layered Green’s function to include its non-symmetrical components, namely, G%°
and G% . The image method has become even more applicable and general to all possible
cases encountered. Moreover, Dural and Aksun [14] offered several improvements to the
three-part approximation technique that ultimately elevated the method to the status of

being a practical tool for various circuit analysis applications. Their work include:

1 Provide a complete set of closed-form Green’s functions in spectral and spatial do-

mains for general stratified media.
2 Use a General Pencil of Function (GPOF) method [29] instead of a Prony method for
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complex image calculation which is more robust and less noise sensitive.

3 Cast the closed-form Green’s functions into a suitable form for the solution of the

MPIE by the method of moments for a general 3D geometry.

In recent years, Aksun [1] offered another breakthrough that obviated the need to extract
either quasi-static images or surface wave contributions; instead, he outlined a two-level ap-
proximation technique for the spectral-domain representation of the Green’s functions which
would generate, through the Sommerfeld Identity, a small set consisting of only complex
images. The procedure developed previously suffered from the difficulty associated with
choosing the appropriate approximation parameters for the exponential-fitting methods,
thereby rendering the technique not so robust. Moreover, the extraction of the surface-
wave poles and real images may not be possible for multi-layered geometries. Aksun’s
two-level approximation for the automatic generation of closed-form layered Green’s func-
tions overcomes these difficulties and makes the use of the method a convincing option in
any robust and efficient EM solver.

In our research, we have logically chosen to approximate the various components of the
layered Green’s functions using the aforementioned two-level approximation technique. As
an exception to the technique, since our analysis only involves a half-space configuration, the
quasi-static images can be extracted without much difficulty and would reduce the number
of images generated by the two-level approximation scheme, thus minimizing the overall
computational cost. Therefore, in our approximation approach, each one of the spatial-
domain Green’s function components is represented as a sum of quasi-static and complex

images that are obtained using the two-level method.

5.2 Extraction of Quasi-static Images

Quasi-static range of operation is only valid at extremely low operating frequencies (f),
that is, as f— 0. Using the same half-space problem as the previous chapter for illustration
purposes, one can see that, under the quasi-static assumption, the wave-number kg in the
source region Ry also tends to 0, leading to the conclusion that ko, = k1. = jk,, where

kizz,/k?—kg for i =0,1.

Since the Sommerfeld integral representation of the vector potential dyadic Green’s
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function as well as the scalar potential Green’s function in region Ry depend on the spectral
values of R%IM and R%lE, it is only logical to examine how the quasi-static assumptions

would affect these values. Mainly,

201 _ ot ~onr-1 (5.1)
TMq - T™ koz=Fk1- o n2 + 1 ’
~0,1 _ 70,1 .

Ry = RO, o = 0, (5.2)

signifying that ROT}M and ROT}E would converge to their spectral quasi-static values of IN%E}’}V‘,‘Z

50,1
and RTEq as f tends to zero.

Therefore substituting (5.1) into the Sommerfeld-type integral in (4.44) produces the

following quasi-static expression G5 for G% :
Ozq 0

1z —J 242’
Gi‘ZOZq - “0/0 R%ﬂf Thos(=+ )Jo(k'pp)kpdkp

jka
n2 — 1 o0 1 s /
= Ha /0 jkoze TRo=(H2D Ty () kipllkey (5.3)
n2 — 1 eJkor’
= MOmT, (5.4)

with 10 = /p>+ (z+2)2 (5.5)

The expression in (5.4) is obtained through the application of the Sommerfeld Identity which
analytically back-transforms the expression in (5.3) to a closed-form spatial-domain quasi-
static “image” in (5.7). This image of the source dipole is situated at a vertical distance 2’
below the plane of regional interface, where the interface serves as a “mirror” of reflection

for the source dipole. Hence G% can now be represented as:

X, = Gi, +Gx., +G%,.,
e—Jkor  p2 _1q efjkoro © 1 . " )
= ) : —Jjkoz(2+
T Ty /0 o (Brar = Bpag e 700 o o)k |

(5.6)

where the first term, G% , is the field contribution made by the source dipole in the

absence of the stratified medium and r = \/p? + (2 — 2/)2, the second term, G% ., 1s the
2q

the field associated with an image of the source dipole and 7° = \/p2? + (2 + 2/)2, and the

third term, G% _, is the remainder of the Sommerfeld integral after the extraction of the
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quasi-static contribution, and this integral is to be expanded as a series of complex images
as shall be explained shortly. Evidently if medium R; is infinitely conducting or if f—
0, then the third term would vanish, and the entire field solution can be represented as
a combination of effected generated by the mirroring dipoles without the presence of the
planar-stratified medium. This observation agrees with the equivalence principle in the

classical electromagnetic theories [37].

As for the field created by a x-directed source dipole, no quasi-static images can be
extracted for G%7 since its spectral-domain representation, consisting of only ]N%OT’;J, vanishes
according to (5.2) as f— 0. For field solution G%’ , after replacing R%le and R%}E in (4.65) by
their quasi-static values in (5.1) and (5.2), respectively, the following quasi-static expression

is generated according to [27]:

b, = —Ho COS¢/() <R%11\4q _|_R%jq)e—jkoZ(erzf)Jl(kpp)d/.ﬁp

n?—1
nZ+1

= _MO( )COS¢/ eijkOZ(erzl)Jl(kpp)dkp- (5.7)
0

Applying the following identity to (5.7):

< . Vaz+p2—a
/ e Ty (up)dp = YT
0

pV @+ p?

and using the quasi-static assumption that ko, — jk,, the quasi-static extraction of (5.7)

becomes:
2 12 2 /
-1 —
n2 )cos (z+2')2+p (z—l—z)‘
ns+1 P/ (z +2')2 + p?

%~ ol (5.8)

It is obvious that the mathematical premise on which this quasi-static contribution is ex-
tracted doesn’t fit into the general framework of the image theory in that there isn’t a
physical interpretation for the closed-form expression in (5.8). In addition, this expression

cannot be easily integrated into the MPIE formulation in comparison to the eigm form taken

by the other images. As mentioned earlier, the two-level approximation of Sommerfeld-type
integrals doesn’t actually require the extraction of quasi-static contributions in order to
produce accurate solutions, therefore the quasi-static extraction in the case of Gfﬁ‘% should

be avoided.

Moving onto the quasi-static extractions of the scalar layered Green’s functions, for the
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case associated with a vertical dipole G , as defined in (4.72), the following quasi-static

image is produced:
1 n? — 1 koo

v e —
Poq eon?+1 1o

: (5.9)

where r( is defined in (5.5). Therefore Gy, can be represented by the following three-part

approximation:
20 = gos + Gvoq + Gvor
1 [e~dkor  p2 1 e~Thoro 1l 01 01 j '
= = - — Ry, — Ry, )e %G 1o (ko p)kpdk,
€0< r n2+1 1o /0 jk‘oz( TM TMq)e 0(kpp)kpdky,

with the first term, Ggo , being the free-space Green’s function for the source, the second
term, GZ)O , being the quasi-static image of the source, and the last term, Ggo , being the
q T

Sommerfeld integral remainder after the quasi-static contribution is extracted.

As for the scalar potential Ggo that is associated with a horizontal dipole in (4.76), the

quasi-static expression becomes:

e~ Ik0=GH2) Jo (K, p) ke k.

w1 1 kLR,
dog — 0 T2

€0 jko. k2

Under the assumption that ko, — jk,, the above expression is simplified to a closed-form

image:

1 [ 1 - » )
Gy, = R Ry, e %0=CH Jo (k) ey
z
1 n% — 1 ekoro
- T . 5.10
€0 TL2 —+ 1 T0 ( )

Additionally, G;’)O can also be represented by a three-component expression:

h h h h
G¢0 = Gd)os +G 0q +G 0
1 [e~dkor  p2 1 e—Thoro 1 -0 0.1 ‘ ,
= — - — (R, + R%, Ve 7Ro=G+2) Jo (k. oV de, ).
60< r n2+1 7o +/0 jkOZ( ™ T TMq)e of Pp) paRp

The following table summaries the quasi-static images obtained for various type of

Green’s function components:

71



Green’s function type | quasi-static image

T none
) none
2 n2_1 e—ikor°
Ao Ho n24+1 79
v _1n2-1 e‘jkOTO
%o en?4+1 710

Gh _ 1 n2—1eikor’
%o egn?+1 Y

Table 5.1: Quasi-static images corresponding to various type of layered Green’s func-
tion components in region Ry of a half-space medium;r® = /p? + (2 + 2/)2.

5.3 Expansion of Complex Images

The purpose of this section is to offer an accurate and efficient approach to approximat-
ing each Sommerfeld-type Green’s function integral after the quasi-static contribution is

extracted.

5.3.1 Preliminaries

Before entering the numerical process of integral evaluation, let’s explore some mathematical
grounds by first deriving the complex-plane topology induced by the variable of integration

k, and on which an integration path is defined.

kp =\ k? — k2, (5.11)

where ¢ indexes the various layers in a multi-layered environment. It is obvious that k, is
a double-valued function, and therefore, the locations of various branch cuts and Riemann
sheets should be explicitly located in order to identify the Sommerfeld integration path
(SIP). This topic has been extensively addressed in literature, resulting in a SIP on the

complex-k, plane as shown in Fig. 5-1, which is determined by three effects [21, 36]:

1 Hankel function branch cut. The Hankel function has a logarithmic singularity at
k, = 0, and hence, produces a branch cut with an end point at the origin. This cut
can be stipulated to extend along the negative real axis to connect with the other
end point located at infinity. For the case of Re(k,) < 0, the SIP should lie below
the cut [47].
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XX
Re{k,)
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Figure 5-1: Topology of a spectral-domain Green’s function in a complex-k, plane
with 1) being Hankel function branch cuts, 2) being surface-wave poles and 3) being
k., poles.

2 surface wave poles. The location and number of surface wave poles of the spectral
Green’s function depend both on the multi-layer structure and the excitation fre-
quency. The spectral Green’s functions are even functions of k, so that the poles
always appear in corresponding pairs in the complex-k, topology. For lossless di-
electrics, they are located on the real axis whereas in lossy materials, they migrate
into the second and fourth quadrants of the complex-k, plane. Consequently, restrict-
ing k, to be real would lead to possibe strongly divergent behavior. This explains the
fact that a lossless case is more difficult to integrate than a lossy case and that the

SIP should be deformed in order to avoid possible singularities.

3 ki branch cut. The vertical wave-number associated with each layer, k.., is a multi-

valued function of k, as demonstrated by:

ki = /K2 — K2, (5.12)

with branch points at k, = +/6;k%, where ¢; is the complex permittivity of the ith

layer as defined in (4.1), and &Y is the free-space wave-number. While the shape of
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the branch cuts are arbitrary, they must extend toward 4+joc rather than join each
other along the real axis so that the SIP doesn’t cross a branch cut [36]. However,
only those wave-numbers associated with unbounded regions will have their branch
cuts manifested in the spectral Green’s functions. According to [6, 36], this can be
explained by the fact that bounded layers have waves travelling in both directions,
so the selection of the sign for the wave-number is irrelevant. In unbounded layers,
waves are only travelling away from the source, and the sign of the wave number must
be selected accordingly. For our half-space example, both the top and bottom layers
are assumed to be unbounded, hence both k., and k., generate branch cuts for the

spectral layered Green’s functions.

In addition, the wave radiation condition needs to be imposed on the fields [37], that
is, Re{k,,} > 0 and Im{k,,} < 0. Taking into account this condition as well as the various
branch cuts and surface-wave poles, one comes to the conclusion that the SIP should be
restricted to lie in the first and third quadrants while passing through the origin as shown
in Fig. 5-1. There are equivalent choices of integration path and branch cuts, but the final

results of integration should be the same.

5.3.2 Two-level Approximation Approach

The SIP in Fig. 5-1 is deformed to avoid the poles. However, according to [23], these poles do
not lie on the entire real axis, but are concentrated, rather, in the interval [k°, k° \/m],
with (€;)maz being the maximum relative permittivity of the layered medium. For this
reason, the integration path can be divided into two distinct intervals: [0, k° \/M] on
which a complex-k, contour of integration is used to avoid the poles, and (KO \/m , 00]
on which k, is real.

These two intervals form the basis of the two-level approximation approach developed
by [1]. Traditionally, the one-level approximation [36, 9, 17] consists of the extraction of the
quasi-static contribution as well as the surface-wave pole contribution before performing the
integration of the remaining Green’s function over a contour as shown in Fig. 5-2. However,
as demonstrated by [1], this one-level approximation is not robust in that it requires the
users to investigate apriori the spectral-domain behavior of the Green’s function and to

perform iterations to determine the most optimal approximation parameters needed by an
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Figure 5-2: Complex-k, integration path for a one-level approximation scheme.

exponential fitting method such as the GPOF. In addition, since the known exponential
fitting methods only permit uniform sampling, a large number of samples much be taken
in order to accurately approximate a slow-converging function with rapid changes, even if

these changes only occur in a small region.

To circumvent these difficulties, the approximation is performed in two levels, with the
first along the path of C,,1 and the second along Cgp2 as shown in Fig. 5-3. The first-level
approximation along the path of the real-k, axis is performed with the double purpose of
capturing the behavior of a spectral-domain Green’s function in the far field for large &,
and delimiting the near field range within which the Green’s function changes sharply for
small k,. The path Cgp1 is defined as a mapping of a real variable ¢ onto the imaginary k.
plane by:

On Cgup1: ki = —jki(To2+1t), 0<t<Ty (5.13)

where k; is the wave-number for the source layer . Hence k, takes on real functional values

in the interval of [k k | where:

Pmawxg?’ "VPmazgl

kp=kiv1+ (Toa +1t)2, 0<t<Tp. (5.14)

The reason that variable ¢ parameterizes k. rather than k,, as one might expect, is that

the spectral-domain Green’s functions should be approximated in terms of exponentials of
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Figure 5-3: Complex-k, integration path for a two-level approximation scheme.

k, in order to take advantage of the Sommerfeld Identity.
The second level of the two-level approximation scheme is along the deformed path Cypo,
which is the same as the one-level scheme as shown in Fig. 5-2. This path is defined as a

mapping of a real variable ¢ onto the complex k. plane by:

t
On Cgps : kizzki[fjt+(17T—)] 0 <t < Too. (5.15)
02

In this case, k, is a complex function where:

k:p—ki\/l— [—jt+(1—Tt()2) ) (5.16)

Details of the Two-level Approximation Scheme

Using the Sommerfeld-integral remainder in (5.6) as an example, we will illustrate step
by step how the two-level approximation method is applied to obtain a set of analytical

expressions for the integral. Just to reiterate, the integral has the form:

o0
1 - ~ . /
o = [ (R = B e ok (5.17)

According to the two-level approximation procedure:

1 Choose Tpz in (5.13) and (5.15) such that k,,,,,, > k9\/ (&) maz, where k:pmazQ( =
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ko \/W) is located on the real-axis of the complex-k, plane as shown in Fig. 5-3,
and ko\/m is the maximum value of the wave-number between the two layers.
This choice serves as a delimiter between the complex contour of integration and the
real contour of integration and is determined by the range where the surface-wave

poles are concentrated.

Choose Tp; in (5.13) and (5.15) such that kpmaz1( = ko\/1+ (Ttn + To2)?) ensures

that the behavior of the spectral-domain Green’s function ]:?,%4 — R%&q is captured

k

for large values of k,. The number of function samples on [k ] is also

Pmaxg? "VPmaxy

chosen. Since the spectral-domain behavior is always smooth beyond & it is not

Pmawxg?

necessary to have a large number of samples in this interval.

Sample the spectral function R?mlw — R%/[q along path Cgp1 using the GPOF method;
the sample is produced by varying ¢ between 0 and Tp; uniformly in (5.13). Therefore:

m
0,1 H0,1 _ bt
Ryy — Bra, & fkp) = Zaie ’
i=1

" bl( koz —T()Q)
= E aze " ~7ko

=1

m

= Z (a@'e_TOQb")efszﬁkoz

i=1

m
= Z atie_btz‘koz, (5.18)
i=1

Jko

where ay; = aie_TOQbi; by,

K2

Complex coefficients and exponents a and b, respectively, are obtained from the GPOF
method, and m is the number of exponentials used in the approximation. This num-
ber is dependent on the number of significant singular values determined through a
step of the GPOF method [29]. These coefficients and exponents are subsequently
transformed to a; and b; in order to cast the approximating function into a form
suitable for the application of the Sommerfeld Identity, namely, as an exponential
function of kg,. To mathematically illustrate this analytical transformation, let’s first

substitute the series of approximating exponentials in (5.18) into the original integral
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(5.17), generating;:

S| k(e
/0 —— f(k,)e kKo=) 1 (K pV ke ik,

]ka
m [e.e] 1 . . Z'_btJ
= 2o |7 e ) o,
: ‘ ]kOZ
e ]kOTch
= 5.19
Zat (5.19)
b;
with reg, = \/7“2 +(z+2 — k—) (5.20)
0

Each term in the summation of (5.19) is called a complex image of the source dipole,
which is signified by its complex amplitude a;; and its complex location at a vertical

distance z + 2’ — 2—3 below the plane of media interface.

4 The approximating function f(k,) in (5.18) is subtracted from the original spectral-
domain Green’s function ROT}W — R%]lwq in order to guarantee that the function is

negligible beyond k In other words, the function will be nonzero only in a small

Pmaxg *

range of k, € [0,k so that the fine features of the function in the near field can

Pmaxo ]

be captured without using many sampling points. To demonstrate this concept:
2z > 1 0,1 0,1 —jkox(z42)
Aor = o ]ko Ryy — RTMq — f(kp) + f(kp) e Jo(kpp)kpdky,
z

o0 1 _ B P /
= [ s (B = B, = 70k )

© . ,
+ / —— f(kp)e k0= o (K p)kpdk,
0

e_jk()rczi

Q

/C (ROTJI\/J - ROTUI\/JQ - f(kp)> e_jkoz(erZ/)JO(ka)kpdkp + Z at;
ap2

: cx;
i=1 4

(5.21)

Note that the first integral is evaluated along only C,,2 due to the fact that the
integrand is negligible along Cep1.

5 The integral of (5.21) is sampled along Cyp. Since the range [0, k is small,

pmazg]
the sampling frequency can still be quite high without incurring a large number of

sample points. Applying the GPOF approximation method again to the spectral-
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domain function of the integral in (5.21) generates:

n
~0,1 50,1 ~ oboit
Ryy = By, = f(kp) = Zame !
i=1
n ( —1)Tpa
—52.77, I
= E as, e i JTo2+
i=1
n
To2 _ To2koz
— g (a%ebQijTonrl)e blko(JT02+1)
i=1
n
—ba, ki
= g ag, et (5.22)
i=1
kob ba, To2
where ag, = age "’ ti; bo, = :

i ko(jTo2 +1)°

Substituting (5.22) into (5.21) and subsequently applying the Sommerfeld Identity

yields:
e ]kOTCZZ e ]kOTczZ
Gor ~ Z agy,———— + Z g, (5.23)
. ba, To2
With Tepo, = r2+<z—|—z’—,l . 5.24
e \/ ko(jTo2 + 1) (5:24)

By following the above 5-step procedure, it can be seen that the semi-infinite integral of
(5.17) can ultimately be approximated as a series of analytical complex images in (5.23).
It is evident that this procedure can also be applied in a straightforward manner to the
treatment of Sommerfeld-type integrals of G%7 07 G" 4o 10 addition to G% . However, one
problem remains concerning the use of the Sommerfeld Identity for the generation of closed-
form approximations for G, where its spectral-domain function has an additional linear
dependence on jk,. We have already shown in the previous section that the extraction of
its quasi-static contribution is not a feasible task. Hence the Sommerfeld integral must be

approximated in its entirety, with the integral being:

© 1 hosks [ - N
G == [ (B B eI g o)
o kox kK

Using the property defined in (4.35), Gfﬁfo has an equivalent expression as:

€Tz 8 o ]' ]kOZ 50,1 01 —ijkox (2 2!
A0<p7zvz/) = _MO&U[/O ka[ kg ( RTM_R )]e Fhos(a )Jo(kﬂp)kﬂdkp : (525)
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If we approximate the integral in the bracketed expression using the two-level method, then

the following type of analytical forms are obtained:

Tz
Ao

Q

9 - aZ? e :
_Moax< Ao, Ti

=1

- [Z ax(

Tkor s m

Tz
cr2;

- e—ﬂkorczz>
T Tz
Tcxi

+ g ay,
< _Jkorc:cl >:|
)
T

i=1

cac2>+z

—jkor®Z
(5.26)

where the subscript xz is indicative of the fact that each set of complex coefficients and

exponents is uniquely tailored the specific spectral-domain Green’s function from which it

is obtained. Hence this set of complex parameters is different from the set for the case of

zZz
Ao’

5.4 Chapter Summary

Combining the concept of real and complex images as explained in this section, we can now

apply them to our half-space problem and expand each spatial-domain vector and scalar

potential Green’s function component into a sum of analytical forms as summarized in

Table 5.2.
Green’s function type | source dipole | quasi-static image complex image
contribution contribution contribution
: ko,
Tx e Jkor pxe 20T
Ao Ho=—— none Mo D, 4 rzz
Jkorey.
Tz zz 0 [ e i
Aq none none fo D, a; yors <T
korZZ
yz zz 0 TR0 ex;
G, none none Ho Y, a; e (TT
- 0 k
zz e~ 7kor n?—1 e~7kor zze ~ 0 % “Ikorez;
¢, et | e, o a5
v ie*jkor 1 n 2_1 e jko'r _L Z aZZ(i ]kO cx;
%o € T T n241 0 €q L—i i Tz
h
Gh 1 e~ Jdkor _1n?-le —ikor” 1 he JFoTex;
0 € T T eon2+1 10 € I3t rh

Table 5.2:

V p2 + (Z o Z,)Qa r0

Closed form approximations corresponding to various type of lay-
ered Green’s function components in region Ry of a half-space medium;

=P+ (z+2)?and re, =

T —_=

VP2 + (242 = be)?

From Table 5.2, we see that the source contribution is the field generated by the source
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Figure 5-4: Complex image representation of G%g.

dipole at an evaluation point in the absence of the substrate; the distance between the
source dipole and the evaluation point is denoted by r = \/m The quasi-
static image contribution is the field generated by the image of the source dipole and
measured at an evaluation point in the absence of the substrate; the distance between the
dipole image and the evaluation point is denoted by 70 = \/p2+(2’—+2’)2 Finally, the
complex image contribution is the sum of the fields generated by a series complex images
of the source dipole and measured at an evaluation point in the absence of the substrate;

the distance between each complex source image and the evaluation point is denoted by

Tex = \/p? + (2 + 2/ — bey)?. Fig. 5-4 provides a graphical illustration of this concept. From
the figure, the complex image theory becomes clear: the field generated by a dipole in
the presence of a layered medium is the same as the field generated, in the absence of the
medium, by the dipole itself and a set of its images with real and complex locations in

space.

Several additional observations can be made. First, the complex coefficients and expo-
nents of G and Ggo are the same due to the fact that both have the same spectral-domain
Green’s function remainder after the real images are extracted. Second, the GPOF method

is only performed in four different cases of field computation due to symmetry and integrand
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equivalence.

82



Chapter 6

Practical Considerations of

Incorporating Layered Green’s

Functions into the MPIE

In Chapter 3, we have described the use of the MPIE formulation to numerically obtain
potential-field solutions of complex 3D interconnect geometries. More specifically, one is
able to determine magnetic vector potential A and electric scalar potential ¢ from the set
of integral equations in the MPIE formulation by integrating type-specific Green’s func-
tion kernels over conductor volumes and surfaces. For example, the set of layered Green’s
functions introduced in Chapter 5 can be utilized to account for the influence of a semi-
conductive substrate on a system of conductors. In this chapter, we shall explore the concept
of incorporating these closed-form Green’s functions into the MPIE formulation. Moreover,
we will introduce a set of novel integration techniques of the closed-form layered Green’s

function kernels in order to promote the overall computational efficiency of the solver.

6.1 Integration of Layered Green’s Functions into

the MPIE

To assemble the discretized version of the MPIE as shown in the matrix form of (3.25),

equations (3.26)-(3.30) must be numerically integrated with the incorporation of the layered
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Green’s function kernels G4 and G,. The vector potential computation in (3.27) becomes:

r) = /U /v Ga(r,r"ym(r) -1 (r')dr'dr,

where, after representing ;(r) by its vector components [m;, (1), m;,(r), m;. ()] and sub-

stituting (4.15) for G,

G%E(r, 1) 0 0 mi, (r)|  [mg, ()
Galr,rym;(r) -y (7)) = 0 G¥(r, 1) 0 mi, (r)| - [mj, ()
G%E(r,r’) GY(ryr") GE(ro) | [ma(r) | |my ()

= G¥(r,v")m;, (r)ym;, (r') + G¥ (r, T’)miy (r)ym;, (r')
+G% (r, 7 )ym, (r)ymj, (') + GY% (r, r')miy (rym;. (r")

+GF (ryr")ymy, (r)m;, (1"). (6.1)
Therefore,

Lir) = [ [ @) (im0 + i 7y, (07 e
//G“ mmyw(ymw+//cwrmmm)wx)mm

+ [ [ G mim o arar' (62)

Equation (6.2) is obtained after having applied the simplification G%*(r,r’) = GY/(r, ') for

a planar-stratified medium.

Similarly, (3.28) becomes,

:LL@mwmw%mWW

As explained in Sec. 4.2.3, a scalar layered Green’s function is directionally associated to
the orientation of the source dipole, with Gg associated to a vertical dipole and Gg to a

horizontal dipole, hence the following simplification can be made:

Go(r, (') = Gg(r, ') <ng(r') + vy, (7“')) + G(r, g, (r'), (6.3)
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where [v, (17), vg, ("), ve, (7")] = ve(r')Rts, and 7 denotes the normal direction of the source

conductor surface. Therefore,

= / / Gl (r, 7" om (r) (%(r’)+wy(r’)>dr'dr+ / / G (r, T v (r)ve, (r")dr' dr.

(6.4)

Furthermore, since we have learned from the previous chapter that each layered Green’s
function component in (6.2) and (6.4) can be approximated by a set of closed-form images
with forms shown in Table 5.2, the double volume and surface integrations of (6.2) and (6.4)
can then be approximated by a series of integrations involving these closed-form images.

For example, in (6.2), the double volume integration involving G% is approximated as:

/ / G5 (ryr"ym (r)my. (" drdr’

_JkORS —1le —jko RO ekaORziz
s // ( R, n2 Y1 R > aszzz>mz‘z (r)my, (r')drdr’
%

cr;

(6.5)
where
Ryfr) = Vo= =y P+ (= )P
R(r,r) = V(@—aP2+W—v)+(z+2)%
RE(rr') = \Jla— o2 ()t (22— b (6.6)

Moreover, if piecewise-constant basis functions as defined in (3.31) were used in a Galerkin
scheme for the computation of the magnetic potential, then the above double volume inte-

gration over a pair of filaments ¢ and j becomes:

ljzliz / / G% "drdr!
a;a;

l] l; e~ikoRs e—JkoR® e IR0 REZ,
~ aza] (// dr'dr + 2+1// - drdr’ —i—Za // Rﬁﬁz

As another example, consider the double surface integration of the Gf kernel in (6.4). If
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this kernel were to be replaced by its approximating images, then

//Gg(r, o (r)ve, (r")dr' dr

e JkoRs —le™ jkoR e—jkojoi
(R T
)

cT;

(6.8)

where R, R and RZ; are defined in (6.6). If piecewise-constant collocation technique were
applied to the scalar potential calculation, then the above surface integration over a pair of

panels £ and m, with panel ¢ being the evaluation panel, becomes:

/ G¢ ’I”gc,

]k‘ORs(ZC,T) 2 _ 1 7jk0R Zc,r jkORaL (KC, )
— ar' == dr’ — ZCLZZ/ A Y )
eo\Js, Rs(le,r") n?2+1 /),  RO(L.r") Rz (Le, ")

m Sm

where /. is the centroid of panel /.
As an observation, if a piecewise-constant Galerkin scheme were utilized in the com-
putation of vector potentials, then the resulting double volume integrations consist of the

following two types of scalar kernels:

e—JikR

Type I: o
Type II: 8%(#); h=x or y,
while distance R has the various forms as defined in (6.6). Similarly, if a piecewise-constant

centroid-collocation scheme were used in the scalar potential analysis, then the resulting

panel integrations consist of only the Type I kernel as suggested by Table 5.2.

6.2 Volume Integration of Type I kernel

As a consequence of using the Galerkin technique for vector potential computations, the
resulting double volume integrals, in (6.7) for example, are extremely expensive to compute
if a traditional 3D quadrature approach were to be applied to both inner and outer inte-

grations. This observation motivates the development of a set of accelerated integration
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Figure 6-1: Geometric definition of quantities used in a volume integration scheme.

schemes applicable to inner volume integrations, which when combined with a 3D quadra-
ture approach to outer integrations, dramatically enhances the efficiency of the overall

double volume integration process.

First, let’s examine the case of

e—Jklr'—r|
/ —d (6.10)
.

GREI

Consider the distribution of sources within a filament of volume V. As shown in Fig. 6-1, the
surface of V, denoted by 9V, is composed of several faces, each indexed as 9;V. Each 9;V/
has an outward unit normal 72;. The perpendicular distance generated from the projection
of the observation point r onto the plane of 0;V is denoted as h;. This style of notation is

adopted from [78].

The first step in evaluating the volume integral in (6.10) is to apply the Divergence

theorem [37] to transform the integral in V' to an integration over V. The theorem states,

/V(V-F)dv:/ F -7 da. (6.11)

ov
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6.2.1 Observation I: Volume-to-surface Integration

According to (6.11), the volume integration in (6.10) can be transformed to
an integral over the volume’s enclosing surfaces if a vector can be determined
such that its divergence is the same as the integrand in (6.10). In order to apply
such theorem, the integration kernel must be continuously differentiable over the domain of
integration V. This is not the case, however, when the observation point r is in V or on 9V'.
A separate treatment is devised to handle this self-term case as shown in the latter part
of this section. However, if r is outside of V| the Divergence theorem is applied to (6.10)

which yields

—jkR 71 —jkR 1 —jkR 1
/6 ' = v’-R[ S — e (S —3)}1@’
v R v —Jjk R (=jk)** R R
—[ 1 e I+R 1 e kR
= / n - - - — ——) ds’
ov —jk R*  (—jk)** R® RS
- 1 —jkR 1 —jkR 1
= Z/ TAL]R|:_keR2 - (_ ']{)2(€R3 —}23):|d5,
— Jo,v j J
1 —JjkR 1 —jkR 1
- Zhﬂ'/ [ ' ‘ 2 (a2 ' 3 _3)]dslv
—~ " Jov ik R (—jk)** R R

(6.12)

where R = 2(z — /) + 9(y — i) + 2(z — 2') is a vector from 7 to r/, and R = ||R]|.
In (6.12), the 3D integration in V is transformed to a sum of 2D integrations over faces
bounding V. In order to proceed further, more properties have to be defined for 9;V in

relation to the observation point r as shown in Fig. 6-1:

e P is the end point of the projection of r onto the plane defined by 9;V.

0,V is enclosed by a set of edges, each indexed as 0;0;V .

For each 9;0;V, a local coordinate system is defined with the origin centered at P

and three axes of directions, /;;,4;; and 7.

d;j is the perpendicular distance of the projection of P onto the line 9;0;V .

e 1 is a vector from P to a point on 09;V, the boundary of 9;V, and p denotes the

distance between the two points.
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6.2.2 Observation II: Surface-to-line Integration

The Divergence theorem can be applied once more to transform integration

over surface 9;V to one over contour 99;V of 9;V. However, if P is in 9;V or on

00,V , before such theorem can be applied, it is necessary to exclude for separate treatment

a region of 9;V,, which is the intersection of 9;V and a small disk of radius € centered at

P. Continue on with the calculation of (6.12), but for the sake of brevity, let’s define I(R)

to be the integrand of (6.12) such that

e —jkR
/ dv' = Zh / I(R)ds'
v -
= lim h; / R)ds' + lim h; / I(R)ds'
e—0 ] 8]_(‘/_‘/6) ( ) e—0 Z g )

p 1 e dkR 1
= lim h/ V’-p[,——,]ds/
Sl 8;(V—Ve) p? [(=jk)? ( R R) —Jjk

P 1 ek g 1 ] ,
= lim h/ u-[,——. dl
e—0 r 0 (V=Ve) p2 (—]k)2( R R) —]k‘

(6.13)

where @ is the outward normal vector of 9;V\0;V.. The last integral of (6.13) can be

evaluated using a local polar coordinate system centered at P. This produces:

lim h;j / i - %
0= Ve P

:zj:hjzi:/

1 —jklh| 1 1

Substituting (6.14) into (6.13) yields the final expression

jkR e=ikR _ 1 gmiknl _1\]
s dv_zhz/a\/ﬂ[—)2< T )]dl‘
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Equation (6.15) shows that the volume integration of (6.10) can be transformed to a sum

of 1D integrations over the line segments contouring the volume.

6.2.3 Self-term Volume Integration

For the separate case where r€ V\0V, a simple approximation scheme is used. That is,

e—jk|r—r/\ " ) 1
7dv/ — Z e—J |T_Tzc| 7dfr'/, (616)
v =1 - v, |r =7’

where the source filament is divided into sub-filaments, and ;. is the center of the ith
sub-filament. The integral in (6.16) is solved using the method described in [78] which
transforms the volume integral of Irflr’l into a sum of boundary segment integrals through
the application of the Divergence theorem. The effect of extracting the e %% term outside
of the integral is minimal since both source and evaluation points vary within only one

filament-length, which is a small fraction of the wavelength.

6.3 Volume Integration of Type II kernel

Let’s examine the case of

a e—jk‘|T’-7"|

; %del, where h =z ory. (6.17)

Since only G4, and G;‘Z require the use of Type II kernels, there is no need to be concerned

with the self-term case where re V\JV. Through two consecutive applications of the Di-

vergence theorem, the volume integral of (6.17) can also be transformed to a sum of 1D line
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integrals. That is,

o e—jk\'r’—ﬂ Ae—ij
2 ' = — [ v (h '
B er i AN G T
. e~ JkR
- —/avﬁ-h( s’
e—ij

- : ds'
;n]h /ajv R S
P e IkR 1 > ’
= —> nj V'-< — — —— |ds
; " Jov 2\ —jk —jk
P
; 99,V
dij/ <€ij 1 > /
= S, S % —ar,
; thi: p* Joo,v \ —jk  —jk

(6.18)

where nj, is either the x or y component of 7.

6.4 Surface Integration of Type I kernel

To determine the surface integration of the Type I kernel,

efjk“rfrl‘
/ ——ds, (6.19)
S

=7

one immediately sees that the solution is already obtained in (6.18) where the integrand
generated after applying the first Divergence theorem is exactly the same as the integrand
of the surface integration. However, one still needs to account for the case where evaluation
point r € S \0S. In another words, if the end point of the projection of r is in S or on
0;85, before the Divergence theorem can be applied, it is necessary to exclude for separate
treatment a region of S, which is the intersection of S and a small circle of radius e centered

at P. Such configuration is shown in Fig. 6-2. Using the notation defined in Fig. 6-2,

91



Figure 6-2: Geometric definition of quantities used in a surface integration scheme.

e—Jklr—r'| e—Jklr—r'| e—Jklr—r'|
——ds’ = lim —ds’' + —ds
—d ! li —ds’ ——ds’
|r — /| 0 Jis_g,) |r — /| 5. |r—r|
- —jkR
. , P (e 1 /
= IE)I(I) V : 2( — k - _k)ds
=0 Js—s) PP\ —J j
—= —JjkR 1
= lim a'g(e : —,>ds’
—0Js-s) P\ —gk  —jk

di/ <eij 1 > , ) p(eij 1 ) ,
= — — — —— |dl" 4+ lim U — — — —— |ds,
Zi:ﬁ a5 \ —jk  —jk —0Js.  p*\ —jk  —jk

where @ is the outward normal vector of S\S.. The last surface integral of (6.20), when
casted into the polar coordinate system, can also be reduced to a sum of 1D line integrals

over the segments bounding the surface:

) ﬁ e—JkR ) / <e—jk|h| 1 > ,
lim — ——)ds = — — —— |dl’, 6.21
—0Js, P <—Jk —jk Z as \ —Jjk  —jk (6.21)

where h is the normal projection of r onto S. When substituting (6.21) into (6.20), one

obtains the final expression:

e ]k‘T‘ T'| e_.ij e_jk‘h|
— dl’. 6.22
/5 r — /| Z /as<—jk —jk> (6.22)
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6.5 Chapter Summary

Table 6.1 summaries all the 1D integral representations obtained for the volume or surface

integrations of the full-wave Green’s function kernels used in potential evaluations. It should

be emphasized that these integrals are only valid if piecewise-constant basis functions were

utilized.

Integration region | Integration type

1D integral representation

e JkR dij 1 e IRE_1 |

ré VAV Jv Rde“/ 25022 faiajv EAleE: < R > dr
e”J —jk|r—r;

re V\ov fv z—dv' S e dklr=ricl sz ﬁdr’
e—iklr’ —r| dij e JkR

’f’¢ V\(’?V, h:X ory % %;,,Tdv’ — Zj TLjh Zz p—gj f@,@j\/ (—;]k — _ij> dl/
e—iklr—r'| ; e J e dklh|
all cases s —;nk_r,‘ ds’ > % fais ( _JJ.ZR - _];,Lh )dl’

Table 6.1: Representation of volume and surface integrations of full-wave Green’s
function kernels as series of 1D line integrations.
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Chapter 7

Optimization-based
Frequency-parameterizing Basis

Functions

The conductors-over-substrate impedance solver described in the previous sections uses
piecewise-constant basis functions to approximate the unknown conductor filament currents
for any layout geometry. However, the efficiency of the solver is being challenged by the ever
increasing operating frequencies which generate skin and proximity effects, as illustrated
in Fig. 7-1, that need to be accurately modeled in order to provide accurate impedance
solutions.

If piecewise constant basis functions were used to model these effects, each conductor
volume is first discretized lengthwise into individually conducting segments with the as-
sumption that the cross-sectional current density does not vary along the length of the
segments. The number of segments produced per conductor is dictated by accuracy, and
the segments are always much shorter than a wavelength. Then the cross-sectional interior
of each segment is discretized in a manner dictated by skin depth [11], hence generating, per
segment, bundles of many tightly-packed parallel filaments with very large aspect ratios.
One might think this is not problematic if the system were to be solved by a fast technique
since, theoretically speaking, the computational cost only scales in a linear fashion with
the total number of basis functions. The resulting filament-to-filament interactions within

each segment, however, cannot be accelerated by fast techniques that are based on the
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Figure 7-1: Skin effect: high frequency current-crowding phenomenon over the cross-
section of a filament.

approximation of distant interactions only. Therefore direct computations must be used to
resolve these near-distanced interactions with a complexity that grows quadratically with

the number of filaments per segment.

The explosive cost associated with high-frequency impedance simulations has spurred
the development of methods that seek to either represent interior conductor current us-
ing surface field quantities [10, 30, 65, 73, 77] or generate specialized basis functions that
have the built-in capability of capturing interior current variations [12, 11]. However, ma-
jor drawbacks have been observed in the first approach where surface-based formulations
such as [77, 30] result in excessively complex systems that are numerical unstable at low-
frequencies. Therefore, for the sake of accuracy and robustness of implementation, the latter

of the two approaches is preferred.

Specifically, according to [12], a set of specialized basis functions is derived from the
interior Helmoholtz equations governing the flow of longitudinal current through a con-
ductor. The resulting basis function set is composed of a series of exponentials, with each
exponential being a function of frequency and cross-sectional position and is referred to as a
“conduction mode.” Each conduction mode is capable of capturing the frequency-dependent
current distribution originating from a certain region of a conductor’s cross section. How-
ever, these specialized basis functions can only be generated for those cross-section shapes
where analytical solutions of the diffusion equation are available. Practically speaking, only

rectangular and cylindrical cross-sections can be handled. Another disadvantage of the
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conduction mode basis functions is that they are incapable of capturing proximity effects
in neighboring wires of dissimilar cross-sectional shapes.

To remedy these shortcomings, [11] describes another set of basis functions called “prox-
imity templates” that is pre-computed numerically at each desired frequency for each unique
conductor cross-section type. More specifically, at a desired frequency, basis function tem-
plates for a source conductor of a specific cross-section type are constructed as a composite
of nine or so simulation results generated from placing test conductors at judiciously chosen
locations surrounding the source conductor. An apparent disadvantage of such an approach
is the high computational cost associated with constructing these basis functions if there
exists a large number of frequency points of interest. Another disadvantage is the lack
of predictability in the method’s accuracy due to the fact that its solutions are entirely
dependent on how well the locations of the few trial samples are chosen.

In this chapter, a set of novel basis functions is introduced that maximizes the efficiency
with which large and complex interconnect structures are modeled. According to the proce-
dure outlined in Sec. 7.1 of this chapter, these basis functions only need to be pre-computed
once per conductor cross-section geometry of interest, and they are valid for a wide range
of frequencies of operation. For the sake of reusability, these basis functions can be stored
off-line with a minimal storage cost. In spite of having the advantage of being inherently
frequency-independent within a given frequency range, these basis functions are also able to
collectively capture the frequency-variant nature of conductor current distributions, hence
providing reasonably accurate modeling solutions with far fewer degrees of freedom in com-
parison to the use of traditional basis functions. Furthermore, post-optimization techniques
are applied to the resulting basis functions in order to guarantee their robustness. The
necessity of such optimization is firmly established in Sec. 3.5.2 of this thesis. In addi-
tion, these basis functions will not complicate the cost of volume integrations in a Galerkin

scheme if a MPIE formulation were used.

7.1 Pre-computation of Specialized Basis Functions

This section describes the construction of a high-order basis that minimizes the number of
functions per segment, parameterizes the frequency-dependent nature of current variation

unique to different cross-section shapes, and guarantees frequency-independence for a wide
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Figure 7-2: Example of a source and test conductor pair for the construction of
specialized basis functions that capture skin and proximity effects.

range of frequencies. The procedure is as follows:

1 For a given conductor of a specific cross-section shape, let’s call this conductor a
“source” conductor, consider placing another conductor, called "test” conductor, at a
certain interaction distance r; from the source conductor. Shorting the conductors at
one end while exciting the structure with a unity current source at a desired frequency
point would allow one to examine the current distribution over the cross section
of the source conductor in response to the proximity effect generated by the test
conductor at position r;. Fig. 7-2 shows an example of such source and test conductor
pair. The resulting solution of source current response v; is obtained by using a
very fine piecewise constant discretization method, hence producing n filaments per
conductor segment. Extending this concept to p such test conductors situated at
various locations surrounding the source conductor, one would thus obtain, for a
specific excitation frequency, a collection V' of such current solutions for the source
conductor with V' = {7;},7 = 1...p, and each vector v; is of length . If the spatial
sampling of the test conductors is sufficiently fine, matrix V' would contain a decent
set of “snapshots” from which proximity effects for a specific cross-section shape at
a specific frequency can be captured. This step of the procedure is the same as the

basis function generation procedure in [11].

2 Now select a set of frequency samples S™ = {s?, $2, ..., s™} at which step 1 is repeated.
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Figure 7-3: Example of a fine piecewise-constant volume discretization used to obtain
higher-order basis functions.

It becomes crucial that S™ spans the entire range of desired operating frequencies. In
addition, the frequency samples should be fine enough so that the interpolation of the
resulting sampled currents faithfully captures their overall variation with frequency.
The combination of such spatial and frequency sampling subsequently generates a

collection Vj,, of source current solutions with V,, = {7;},i=1...p x n.

3 It becomes evident that the span of matrix V,, captures a conductor’s cross-sectional
current distribution, accounting for both frequency-dependent skin effects and fre-
quency plus spatial-dependent proximity effects. Therefore the subspace spanned by
Vpn can be used to generate a set of specialized basis functions. More specifically,
let’s determine ¢ (¢< p X n, ¢< n) such linearly-independent basis functions, the
collection of which, U = {uy,us, ...u,}, approximates Vp,. The accuracy of the ap-
proximation is measured by the minimal distance, in a least square sense, between
the span of U and Vj,. To satisfy this minimization requirement, a singular-value-
decomposition (SVD) method is used to generate these ¢ orthogonal basis functions
from the ¢ dominant singular vectors of Vj,,. Each one of these ¢ basis functions can
be viewed as a mode representing an orthogonally decomposed current distribution
shape over a conductor’s cross section. Therefore a weighted sum of these current
distribution modes is capable of accounting for the cross-sectional current distribution

at any particular frequency point within the range from which the basis functions are
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generated.

In practice, at most 8 of these specialized basis functions (¢ = 8) are needed to accurately
capture current distributions in most cross-section shapes over a wide span of frequencies.
In contrast, a much larger number (7 > 8) of piecewise-constant basis functions is needed to
capture the cross-sectional current variation at one frequency point, and this number grows
rapidly with the increase in frequency. In addition, the frequency-independent nature of the
specialized basis functions implies that they only need to be pre-computed once for each
unique cross-section geometry and can be stored off-line for repeated use. Since the number

of these basis functions is small, storage cost is negligible.

7.2 Post-optimization of Specialized Basis Func-
tions

In this section, we will demonstrate how optimization can be applied to the set of basis
functions U = {u; ... 4y} constructed from the previous section in order to avoid numerical
difficulties encountered when these basis functions are used to approximate unknown current
densities in a conductor system.

According to (3.21), the current density distribution in the ith conductor segment can

be approximated by a weighted sum of the basis functions in U as:

q a7 - .
Tix Y iy (7.1)

where current variation unique to a cross-section shape can be effectively captured by the
span of U within a given frequency range. Coefficient I;; denotes the weight corresponding
to the jth basis function, %;, as it contributes to the overall current distribution in segment
i. In turn, each wu; is a vector of 1 piecewise-constant filament currents, the union of which
provides an accurate approximation of the cross-sectional current contained in the jth basis
function mode. Quantity ) u; is the sum of these currents. The purpose of basis function
normalization by ), is to explicitly define basis function weight I;; as a physical current,
the necessity of which has been firmly established in Sec. 3.5.2. However, the possibility that

the total current contained in the jth basis function mode (3 @;) might be zero signifies

100



that it might be necessary to additionally process the basis functions in U in order to prevent
each normalized vector from blowing up. The problem can be mathematically formulated

as:

Given a basis function matrix U={u;, i=1..q}, where U is an orthonormal
matrix with possible column sums being zero, we need to determine a set of

coefficients {cy;, i=1..q, j=1..q} such that
q
mj; = Zai]—m, (72)
i=1
where 77; forms a column of a new basis function matrix M={m;, j=1..q}.
M is subjected to the following constraints in terms of «a:

e Orthogonality: (mk sy = 0if k> €)
q T , q
—e < <Z aikui> <ZO¢Z[’U,Z‘> <€ Zf k>, (73)
i=1 i=1
where € is a small constant.

e Nonzero column sums: (Z mj > 5)

‘ < Xq; akU) Tfmes{n)‘ > B3, (7.4)

where 3 is a positive non-zero constant and ones(n) is a n-length

vector of one’s.

The problem is now formulated so that a standard optimization technique can be applied
to solve the ¢ unknown o’s, thus yielding a new ortho-normal basis function matrix M

having the same span as the original matrix U, but guaranteeing nonzero column sums.

7.3 Incorporation of Basis Functions into MPIE

This section demonstrates how the collection of such modal basis functions, obtained using

the procedure in Sec. 7.1 and optimized using the method in Sec. 7.2, is incorporated into
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the MPIE formulation to produce a reduced system of equations for the potentials of a large
interconnect network.

After replacing U in (7.1) by the optimized set of basis functions M (= {m;};j =1...q),
one is able to use the new basis functions in a Galerkin technique to produce a linear system
of equations for the unknown basis function weights. To obtain partial resistance R;; in
(3.26) in terms of basis function vectors m; and m;, the following approximation can be
made:

L,

1 n
M s
n X n X Ik
0 X 1 My 2og—1 M, el iy,

Rij ~

where m;, is the kth piecewise-constant current in the ith mode, [;, and a;, are the length
and cross-sectional area, respectively, of the filament on which the kth piecewise-constant
current of the i¢th mode is defined. If there are n conductor segments in the discretized
system and ¢ basis function modes for each segment, then R is a block-diagonal matrix of

size gn x gn with each block being ¢ x q.

Similarly, for the calculation of partial inductance L;; in (3.27):

noom

Li; ~ ST miklzZ:1 o, Z Z My, My, /v /v EA(T, ™ w); - gjdr’dr. (7.5)

k1=1ko=1 iy ¥ Viky

Therefore L is a dense matrix of size gn X gn. The system setup cost associated with
computing the integrals of higher-order basis functions, as in (7.5), is actually the same as
those involving piecewise-constant basis functions. Furthermore, the accelerated integration
techniques introduced in the previous chapter for piecewise-constant basis functions can still
be applied to the higher-order basis functions introduced in this paper. More importantly,
due to the fact that ¢ < 7, R and L matrices produced by the use of the specialized basis
functions are much smaller in comparison to the use of piecewise-constant basis functions,

which yields, instead, matrices of size nn x nn.

7.4 Chapter Summary

In this chapter, a procedure for the automatic generation of specialized basis functions is
presented. The resulting set of high-order basis functions, unique to a conductor’s cross-

sectional geometry, is capable of generating system matrices for the MPIE that are much
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reduced in size in comparison to that of piecewise-constant basis functions. This is because
the specialized basis functions are derived to parameterize the frequency-dependent nature
of a conductor’s cross-sectional current variation, hence capable of capturing electromag-
netic phenomenon such as skin and proximity effects over a wide range of frequencies. The
basis functions themselves are frequency-independent within a specified frequency range of
operation. Therefore they only need to be pre-computed once for each conductor cross-
section type and can be stored off-line with a minimal cost for the purpose of future use.
In addition, these basis functions have proven to bear the same computational cost as
piecewise-constant basis functions if used in a Galerkin scheme for the solutions of the

MPIE.
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Chapter 8

FastSub: a pFFT-accelerated

Integral Equation Solver

The techniques described in the body of this thesis culminate into the implementation of an
electromagnetic integral equation solver called FastSub. This solver is capable of performing
interconnect impedance extractions in the presence of a conductive substrate and over a wide
range of operating frequencies. Numerous novel schemes are implemented in the solver to
enhance its overall performance, some which have been extensively discussed in the previous

chapters, but others are yet to be explained. These techniques of acceleration include:
e Accelerated volume and surface integration schemes (Chap.6).
e Frequency-parameterizing, yet frequency-independent specialized basis functions (Chap.7).

e Pre-corrected Fast-Fourier Transform (pFFT) method tailored to the utilization of

dyadic Green’s functions.

The last method is the focus of discussion in this chapter. Rather than providing detailed
description regarding every aspect of pFFT, many of which can be found in the works
of [55, 56, 84], the purpose of this chapter is to highlight the extensions made to the existing

pFFT in order to accommodate dyadic Green’s functions.
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8.1 Preliminaries

In order to use a Krylov-based iterative method to solve a discretized system such as the
one in (3.51), one needs to consider the fact that the dominating cost of such a method is
the dense matrix-vector product Ax;, which produces an overall computational complexity
of O(n?), with n? being the number of non-zeros in the matrix. In our problem, A =
[M Zem M T] and z; = I,,. However, exploiting the physical structure of the problem,
one can reduce the computational complexity of the matrix-vector product to O(nlogn)
utilizing pFFT. The theoretical principle behind this method rests on the observation that
in (3.46), the product of LI, where L is a dense matrix of size m x m, corresponds to the
computation of magnetic potentials in m filaments generated by m currents (I) flowing
through the same filaments. Similarly, the product Pg, where P is a dense matrix of size
n X n, corresponds to the computation of scalar potentials on n panels generated by n
charges (¢q) residing on the same panels. Using the former interaction as an example, the
procedure utilized in pFFT to approximate the computation of magnetic vector potentials

can be summarized as:

e Projection: Superimpose a three-dimensional grid onto the entire physical space of
interest. Project each filament current I onto a set of nearby grid points or stencils
surrounding the filament. This projection is done such that the potential produced
by the new grid currents is the same as the potential produced by the original fila-
ment current on far away grid points. Consequently, a sparse projection matrix P is
produced, where P is of size Ny x Ny, where IV, is the number of grid points, and NV,

is the number of basis functions.

e Conwvolution: The grid potentials generated by the current on the same grid points
can be easily computed using a convolution operation in the spatial domain. Such
convolution can be handled by a Fast-Fourier Transformation (FFT). Hence a convo-

lution matrix H is produced where H is of size N, x Ng.

e Interpolation: The computed grid potentials can be interpolated onto the filaments to
approximate filament potentials. Hence a sparse interpolation matrix I is generated

with I being Ny x Ny.
e Direct computation and pre-correction: Accuracy of the above procedure deteriorates
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rapidly for nearby filament interactions. Therefore contributions of nearby filament
currents must be computed directly and care must be taken to remove the grid po-
tential contributions of those direct-interacting filaments. The resulting direct matrix

D and pre-correction matrix Pc are both sparse and of sizes N, x INp.

o Putting it all together:

Az ~ <[D — Pc| + [I|[H] [P])a:Z (8.1)

Of course, the same procedure can be applied to the computation of electric scalar potentials
on panels. Thus far, the pFFT technique has only been extensively applied to accelerations
involving scalar Green’s functions. This chapter demonstrates how pFFT can be extended
to include acceleration of matrix-vector products involving the dyadic Green’s function

kernels encountered in our problem.

In our problem, the integral equation used to compute the magnetic vector potential

for each entry of the inductance matrix L can be expressed as:

~

A = /dr wl(r)ff/ dr’ EA(r,r’)wj(r/)Ej

vj

- é:-([}idrwm/v_

J

A~

dr’ EA(T, r')wj(r’))ﬁj (8.2)

where v; and v; are the volume supports for basis functions w;(r) and w;(r), respectively.
Vectors /; and @j are the directions of current flow in volumes v; and v;, respectively. Dyad
G 4 is the layered Green’s function as derived in the previous chapter of this thesis and has
the following dyadic form:
G%* 0 0
Ga=|0 G¥ 0|, (8.3)
Gy GY%Y G%

yy __ TT
where G° = G%.
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According to the method of complex images, scalar components G%", Gz{‘y and G can
be expressed by the following generalized representation:

GY(r,r') = GY_ (rr)+GY (r,7")

Aimages

= ga—aly—y.a— )+ S aigle—ay—y 2+ 2 — jby),
[

(8.4)

where subscript vv indicates a diagonal component of the dyadic Green’s function in (8.3).
In the above equation, G’  corresponds to the potential generated by real filament inter-
actions in the absence of the substrate. G%mages corresponds to the potential generated by
complex-image filaments on real filaments, and a}s and b;s are the complex coefficients and
exponents of the images, respectively. Both G%’  and G%mages can be expressed in terms

of free-space Green’s function g.

The off-diagonal component G, on the other hand, has the following differential form

with respect to the x-direction:
xrz / a / / / .
GA(T7T):ZG1' %g(m_xﬂ/_yvz—'_'z_jbi)' (85)
i

Similarly, the off-diagonal component G*° has the following differential form with respect

to the y-direction,
Yz (. 9 / / o
G ') = Y e gogle = ooy —of 2+ 2 ). (56)

Note that both G%* and GY are generated by only complex image filaments.

8.2 Projection and Interpolation

It should be noted that the variant of the pFFT method employs polynomial projection
and interpolation schemes, hence producing projection and interpolation matrices that are
independent of the specific underlying Green’s function [55]. This makes it much easier
to handle complex Green’s function kernels and, from an implementation point of view,

provides a unified framework regardless of basis function types or particular method of
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evaluation. However, projection and interpolation schemes do depend on the type of applied
operators to the inner and outer integration kernels.

First, consider the case of projection. The double volume integration of the dyadic
Green’s function kernel can be decomposed into the double volume integrations of five
scalar kernels. These scalar kernels can be placed into three categories based on the type

of applied operators to the green’s functions in (8.4)-(8.6). In (8.5), an inner differential

() ()
dx’ dy’

operator is applied to its free-space green’s functions. In (8.6), is applied. In
(8.4), an identity operator is applied. Therefore, according to the projection principle [84],
different projection matrices need to be produced for these different inner integral operator
types. It is clear that the projection of our dyadic Green’s function cannot be treated as an
encapsulated unit. Rather, projection should be considered on an individual basis for each
scalar component of the dyadic Green’s function. Consequently three projection matrices,
Pr, P% and P% are produced for our problem [85].

From (8.2), one observes that the scalar kernels of the dyadic Green’s function all share

the same identity operator in the outer integral. Hence only one interpolation matrix I is

suffice for our problem.

8.3 Convolution and Grid-generation Constraints

In (8.4), one notices that even though the first term GY  is shift invariant in all direc-
tions, the second term G“Aimges is only shift invariant along the x-y plane. Particularly, its
dependence on z + 2’ adds complexity to the overall pFFT approach. A similar observation
is made for (8.5) and (8.6), where only image contributions are present.

The additional complexity in FFT due to the presence of layered interface is resolved
by [55], according to which the matrix that maps grid current to grid potentials is the
sum of a matrix with block-toeplitz structure corresponding to the first term of (8.4), and a
matrix with block-Hankel structure corresponding to the second term of (8.4). The Toeplitz
matrix is generated from the discrete convolution of the free-space Green’s function and can
be treated with an ordinary FFT technique. The Hankel matrix is related to a Toeplitz
matrix via a simple permutation matrix, therefore multiplication by a Hankel matrix is
also O(N log N) via the FFT. Furthermore, the permutation matrix may be represented

in Fourier space so that multiplication of a vector by the sum of a Hankel and a Toeplitz
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matrix can be performed using a single forward and inverse FFT pair.

In our problem, we have assumed that all conductor structures occupy only the topmost
layer of the layered medium. Hence the grid generation step is essentially the same as the
case of free space. However, care much be taken to ensure that the grid is always above the

plane of interface and never crosses below to the substrate region.

8.4 Direct Matrix and Pre-correction

As mentioned earlier, the nearby interactions should be computed directly and the inaccu-
rate contributions from the use of grid should be removed. Since there are three different
types of projection schemes involved in our problem, the dyadic Green’s function cannot
be treated as a single unit when it comes to the computation of direct interactions and the
removal of grid contributions. Rather, they should be applied individually to each scalar
component of the dyadic Green’s function. Hence a direct matrix is generated for each
unique scalar component, producing D**, D?*?* D% and DY?. In addition, pre-correction
matrices are produced unique to each component, hence generating pre-correction matrices

Pc*, Pc?*, Pc® and PcY=>.

8.5 Algorithm Summary

The following algorithm summarizes the pFFT approach developed for the computation
of magnetic vector potentials A = [A,, Ay, A;] due to the excitation of vector currents

I =[I,,I,,I.] in the presence of a substrate:
1. Construct projection matrices Pp, P%, P%.
2. Construct interpolation matrix I.
3. Construct direct-interaction matrices D**, D?*, D*? and DY~.

4. Construct pre-correction matrices Pc**, Pc*?, Pc*? and PcY?.

5. FFT projected inputs:

>
>

. I, = FFT([Pr]L,) = reflect(l,)

Timage
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I ( Iy) jyzmage = reﬂect(fy)

y
L= FT([Pr]l) .le.mage = reflect(1,)
. fmmam = reflect (FFT PdF )>
- dyiases = reflect (FFT([P(ZZF]Iy)>

Y

6. FFT scalar Green’s function components:
. gtoeplitZ(Gﬁfeal) = FFT(Gizieal) ghankEZ(Gﬁfmage) FFT(GIf”mCLge>
+ Hioepin=(G,,,) = FFT(GE ) Hhanre(G,,,,.) = FFT(GF, )
- hasa(G5,,,) = FFT(@E, )

. Hpanka(GY, | ) =FFT(GY )

zmage

6. Convolution:
. Ax = HtOEplitZ(Gia;eal)Ix + Hhankel(Gﬁfmage)Ixzmage

. Ay = ﬁtoeplitz(Gﬁgiea )I + I{hankel(CTYAWCLQE)IymmgE

. AZ = ﬁtoeplitz(Gsza )Iz‘l_Hhankel(GAlmage)Izlmage'i_Hhankel(GA ) xlmagez'f'Hhankel(GA ) Yimage2

7. Inverse FFT and interpolate:

. Ay = [IJFFT7'(4,)
. A, = [[JFFT"Y(A,)
. A, =[I[FFT(A,)

8. Pre-correction:
Ay = Ay + (D — Pc™™) 1,
DAy =Ay + (D*™ — Pcm)Iy

LA, = A, + (D™ — Pc*?)I, + (D¥* — P¥?)I, + (D — Pc**)I,
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Chapter 9

Results

This chapter contains various examples that demonstrate the efficiency and accuracy of the
solver presented in the thesis. The purpose of the first section is to establish the efficiency of
the solver due its use of the novel accelerated integration schemes. The purpose of the second
section is to validate the overall simulation techniques described in the thesis by comparing
measurement data obtained on fabricated devices to the results produced from our solver
simulation. Examples in the third section seek to demonstrate the solver’s versatility of
application in various design areas. For instance, examples are presented to demonstrate
the solver’s ability to analyze the effects of design parameter and substrate conductivity
variations on impedance and to account for full-wave effects at the integrated-circuit level.
The last section of this chapter contains examples that conclusively establish the superior
efficiency with which the specialized high-order basis functions are capable of capturing
conductor cross-sectional current distributions when compared to piecewise-constant basis

functions.

9.1 Computational Cost Comparisons

This section presents cost analysis and comparison of utilizing the accelerated integration
scheme as opposed to a standard 3D Gaussian quadrature approach for the volume filament
integration of a Type I kernel and a Type II kernel with an associated x-directed derivative.
The source filament is 1um x 1um in the cross-section and 500um in length. The potentials

are evaluated 2.5um and 10um from the center of the filament at an operating frequency
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of 30GHz.

Tables 9.1 and 9.2 show that, in comparison to the standard 3D Gaussian quadrature
scheme, an average of 14X reduction in computational cost is achieved when the accelerated
integration scheme is used for close-field potential calculation and an average of 7X cost

reduction is achieved when the accelerated integration scheme is used for intermediate-field

potential calculation.

Accuracy 3D Gaussian 1D accelerated cost
(%) quadrature (pts #) | method (pts #) | reduction
0.1 266 20 13X

1 160 10 16X
4 98 6 16X

Table 9.1: Cost analysis for the volume integration of a Type I kernel evaluated at a
distance of 2.5um from the filament center.

Accuracy 3D Gaussian 1D accelerated cost
(%) quadrature (pts #) | method (pts #) | reduction
0.1 90 10 9X

1 42 6 5.25X
4 28 4 X

Table 9.2: Cost analysis for the volume integration of a Type I kernel evaluated at a

distance of 10um from the filament center.

For the potential evaluation consisting of the Type II kernel, tables 9.3 and 9.4 show

that averages of 17X and 10X cost reductions are achieved corresponding to near-field and

intermediate field evaluations, respectively.

Accuracy 3D Gaussian 1D accelerated cost
(%) quadrature (pts #) | method (pts #) | reduction
0.1 450 28 16X

1 320 18 17X
250 12 20X

Table 9.3: Cost analysis for the volume integration of a Type II kernel with an
associated x-directed derivative. The kernel is evaluated at a distance of 2.5um from
the filament center.
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Accuracy 3D Gaussian 1D accelerated cost
(%) quadrature (pts #) | method (pts #) | reduction

0.1 110 12 9X
1 80 8 10X
4 62 6 10X

Table 9.4: Cost analysis for the volume integration of a Type II kernel with an
associated x-directed derivative. The kernel is evaluated at a distance of 10um from
the filament center.

9.2 Accuracy Validation Against Measurements

This section contains four examples that validate the accuracy of our solver when compared
to actual measurement data collected by [54] on four fabricated RF spiral inductors of

various dimensions.

9.2.1 A Square 2.25mm?-area, 1.75-turn RF Inductor

The first example is run on a square 1.75-turn spiral RF inductor with an area of 2.25mm?
as shown in Fig. 9-1. This inductor is fabricated on a multi-chip module (MCM) [54] using
copper wires that are 5um thick and 65.9um wide. The separation distance between the
turns is 34.1um. A guard ring that is 125um wide and 5um thick is placed 200um from
the RF-inductor to simulate a nearby ground. This structure is embedded in a dielectric
and situated 180um above a substrate. The dielectric has a resistivity(p) of 1.02107Q - cm
and a relative permittivity (e.) of 3.5. The material properties of the substrate are: p =
1.0210"€Q - em and €, = 9.9. Fig. 9-2 shows a plot of quality factors (Q-factors) obtained
for this RF inductor excited over a range of frequency inputs. One set of Q-factor data is

produced from measurements while the other set is from the solver introduced in this thesis.

9.2.2 A Square 4mm?-area, 2.75-turn RF Inductor

The second example is run on a square 2.75-turn spiral RF inductor with an area of 4mm?
as shown in Fig. 9-3. The metal and substrate material properties for this example are the
same as those in the first example. This 2.75-turn inductor is composed of wires that are

5um thick and 67.1um wide. The separation distance between the turns is 45.4um. The
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Figure 9-1: A square 1.75-turn RF inductor with an area of 2.25 mm? and surrounded

by a ground ring.

801
« —— measured w/ substrate
. « * O  simulated w/ substrate
0 " * * simulated w/o substrate
60+ *

Q factor

L L L |
3 4 5 6
frequency % 10

o
-
N

Figure 9-2: Measured and simulated Q-factors for the RF inductor described in Fig. 9-
1.

inductor is situated at the same distance from the substrate as that of the first example and

is surrounded by a similar ground ring. Fig. 9-4 shows a plot of the Q-factor comparison

obtained for this inductor.
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Figure 9-3: A square 2.75-turn RF inductor with an area of 4 mm? and surrounded
by a ground ring.
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frequency x 10°

Figure 9-4: Measured and simulated Q-factors for the RF inductor described in Fig. 9-
3.

9.2.3 A square 2.25mm?-area, 3.75-turn RF Inductor

The third example is a square 3.75-turn spiral RF inductor with an area of 2.25mm? as
shown in Fig. 9-5. The metal and substrate material properties used in this example are the
same as those in the first example. This 3.75-turn inductor is composed of wires that are

Sum thick and 61.6um wide. The separation distance between the turns is 38.4um. The
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inductor is situated at the same distance from the substrate as that of the first example
and is surrounded by a similar ground ring. Fig. 9-6 shows a plot of Q-factor comparison

obtained for the 3.75-turn inductor.

Figure 9-5: A square 3.75-turn RF inductor with an area of 2.25mm? and surrounded
by a ground ring.

701 —— measured w/ substrate
% O simulated w/ substrate
60 * * *  simulated w/o substrate
*
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frequency x 10°

Figure 9-6: Measured and simulated Q-factors for the RF inductor described in Fig. 9-
D.
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9.2.4 A square 2.25mm?-area, 4.75-turn RF Inductor

The last example of this section is a square 4.75-turn spiral RF inductor with an area of
2.25mm? as shown in Fig. 9-7. This 4.75-turn inductor is composed of wires that are 5um
thick and 37.6um wide. The separation distance between the turns is 24.95um. Fig. 9-8

shows a plot of Q-factor comparison obtained for the 4.75-turn inductor.

Figure 9-7: A square 4.75-turn RF inductor with an area of 2.25mm? and surrounded
by a ground ring.

Measuring Q-factors on fabricated RF inductors is a difficult task, and measurements
are typically noisy; nevertheless, Figs. 9-2, 9-4, 9-6, and 9-8 all demonstrate that simulation
results obtained from our solver can accurately reflect the overall Q-factor behavior of
fabricated devices. One interesting observation worth noting is that as the number of turns
increases, the effect of the substrate becomes increasingly negligible. This is due to the
fact that the parasitics created between metal windings dominate as the number of turns

increases, hence rendering the effect of the substrate negligible.

9.3 Applied Examples

After thoroughly establishing the validity of our solver in the previous section, this section
uses the solver to quantitatively analyze substrate effects on various IC structures with the

purpose of showcasing the versatility of our solver in various application areas.
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Figure 9-8: Measured and simulated Q-factors for the RF inductor described in Fig. 9-
7.

9.3.1 Full-wave Effects on a MCM Transmission Line

This section studies full-wave substrate effects on a MCM transmission line. The transmis-
sion line is constructed using two copper wires that are bum thick, 10um wide, and 3cm
long. The two lines are situated 1cm apart at a height 180um above the substrate in the
oxide layer. The properties of the oxide layer and the substrate are the same as the MCM
in the previous section.

In Fig. 9-9, one set of resistance results is generated in quasi-static mode where the
full-wave kernels are replaced with the % kernels, and the other set is generated in full-wave
mode. In Fig. 9-9, the full-wave effects are manifested as discrepancies in the resonance
peaks between the data generated in the full-wave mode and those in quasi-static mode.
These discrepancies increase with frequency, reflecting on the full-wave mode’s ability, or,

the quasi-static mode’s inability, to capture high-frequency radiation losses in the system.

9.3.2 Design Parameter Variation Effects on a RF Inductor

A clear advantage of our simulation tool is the ease for which parameter changes are modeled

in a spiral inductor design in order to optimize its electrical behavior or examine its para-
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Figure 9-9: Resistance comparison between full-wave and quasi-static simulations on
the transmission line structure in Sec. 9.3.1.

meter sensitivity. To illustrate this concept, we will examine the effects design parameter
changes bear on spiral inductors’ quality factor behavior over frequency. The square spiral
inductors used in this example are composed of copper wires and embedded in a dielectric
(e, = 3.9) Tum above a conducting silicon substrate (¢, = 11.7,p = 1Q - ¢m). Each inductor
layout has the following design parameters: metallization width (W), metallization thick-
ness (7T'), separation distance between metal windings (SI), number of windings (N) and
outer dimension (OD). We will start our analysis with the following nominal values: N=35,

W=bum, T=1um, SI=2um, OD=400um.

Variation on the number of windings (IN)

The quality factor plots for five values of N are shown in Fig. 9-10. The self-resonance
frequency (fsr) decreases in a non-linear fashion with each additional winding due to the
increase in capacitive coupling between the windings as well as to the substrate. In addition,
the peak of quality factors decreases with increased metal loss introduced by the additional

windings [24].

Variation on the separation distance (SI)

Fig. 9-11 shows the effect of varying metal spacing on the overall quality factor behavior

of an inductor. A smaller spacing results in higher capacitive coupling between windings,
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Q-factor

frequency x 10°

Figure 9-10: Quality factors for N=2, 3, 4, 5, 6 (W=bum, T=1pum, SI=2um,
OD=400pum).

o o —+— SI=1um
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Q-factor
S

2 4 6 8 10
frequency % 10°

Figure 9-11: Quality factors for SI=1um, 2um, 3um, 4pm, 5pm (W=5um, T=1pum,
N=3, OD=400um).

hence leads to a lower fgr. The peak of the quality factors, however, is not so sensitive to

changes in separation distance.
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Variation on the metallization width (W)

Fig. 9-12 shows the effect of varying metallization width on the overall quality factor behav-

ior of an inductor. The larger surface area associated with wider metallization width results

Q-factor

frequency x 10°

Figure 9-12: Quality factors for W=3pm, 4pm, 5um, 6pm, 7pum (SI=2pm, T=1pum,
N=3, OD=400um).

in higher parasitic capacitances, which lowers the inductor’s fgr and increases its loss due
to substrate dissipation. In addition, as metal line widens, ac resistance increases due to
skin effects at a given frequency [42]. Thus quality factor peak shifts to a lower frequency

as the conductor width increases.

9.3.3 Substrate Conductivity Effects on a Transmission Line

This section studies the effect of substrate conductivity variation on a transmission line
structure. The transmission line is constructed using two copper wires that are 2um thick,
10um wide, and 100um in length. The two lines are situated 110um apart in an oxide layer
(e, = 3.9) at a height 5um above a substrate of varying conductivities (o = 8%, o= 800%,
o= 8000%, e, = 11). Figs. 9-13 and 9-14 present the simulated closed-circuit resistance
and inductance, respectively, for such a configuration, and Fig. 9-15 presents its simulated
open-circuit capacitance. These plots clearly show the influence of substrate skin effect on

the resulting impedance.
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Figure 9-13: Closed-circuit resistance analysis for a transmission line structure in the
presence of a substrate with a varying degree of conductivity.

Due to the strong skin effect in the substrate, the substrate resistance increases rapidly
with frequency. This explains the overall increase in the resistance of the transmission line
for the high conductivity case in Fig. 9-13. The figure also shows that this increase in

resistance becomes weaker for decreasing substrate conductivities.

According to Fig. 9-14, as substrate conductivity and frequency increase, transmission
line inductance decreases. This can be explained by the fact that increased skin effect di-
minishes the magnetic field’s ability to penetrate into the substrate’s interior, hence weakens

the transmission line’s inductance.

Capacitance behavior in Fig. 9-15 can be explained by the fact that at a high con-
ductivity, the substrate acts as a ground plane for the electric field. Consequently, the
transmission line’s capacitance remains nearly constant for the cases of o = 800% and
o= 8000% because the electric field is confined to only the oxide layer. However, for a
low-conductivity substrate at high frequencies, the increased penetration of the electric field

into the substrate leads to the observed reduction of capacitance in the case of o = 8%.
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Figure 9-14: Closed-circuit inductance analysis for a transmission line structure in
the presence of a substrate with various conductivities.
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Figure 9-15: Open-circuit capacitance analysis for a transmission line structure in the
presence of a substrate with a varying degree of conductivity.

9.3.4 Use of Ground Shielding for Substrate Loss Prevention

The goal of this section is to examine the optimality of using a patterned ground shield

by analyzing its effect on the impedance of a spiral structure in comparison to the effect
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generated without a shield or with a solid shield in the presence of a substrate.
The inductor structure with a patterned ground shield is shown in Figs. 9-16 and 9-17,

taken from various viewing angles. The square 3-turn spiral RF inductor with an area of

Figure 9-16: Angled view of a spiral inductor with a patterned ground shield.

= LIRS

Figure 9-17: Top view of a spiral inductor with a patterned ground shield.

0.09mm? is composed of copper wires that are 2um thick and 15um wide. The separation
distance between the turns is 5um. An underpass is situated 1um below the inductor to
contact the center of the spiral. The spiral and the ground shield are separated by 4.8um
of oxide (¢, = 4). The ground shield is separated from the silicon substrate (¢ = 10%)
by 0.4um of oxide. To investigate the effect of shield pattern, a ground shield with 5um
slot width, 0.34um slot thickness, and 20um pitch is used. The shield is composed of a
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polysilicon material (o = 264%). The ground strips of the shield are merged together

around the four outer edges of the spiral.

Figs. 9-18 shows the quality factor comparison obtained for the inductor in this example
simulated without a shield, with a solid ground shield and with a patterned ground shield.
From the results, it seems that having a patterned shield doesn’t necessarily improve the

quality factor of the spiral inductor in this example.

18 —— solid(poly)

—<— patterned(poly)

16 —©— no shield

I
14 ¢

12t

frequency x 10°

Figure 9-18: Quality-factor comparison obtained for the inductor structure with a
patterned ground shield, a solid ground shield, and no shield.

9.4 Specialized High-order Basis Functions

This section utilizes our specialized high-order basis functions to efficiently extract the
impedances of various complex IC structures. The basis functions are implemented in the
context of our EM solver where a pre-corrected FFT (pFFT) scheme is introduced for
the accelerated matrix-vector products involving dyadic Green’s function kernels so that
substrate effects can be accounted for. The specialized basis functions’ efficiency is validated

by comparing their performance to that of piecewise-constant basis functions.
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9.4.1 Stacked Inductors

A set of specialized basis functions is first pre-computed in the frequency range of [0.01MHz ... 10 GHZ]
for trial copper wires with rectangular cross-sections that are 5um thick and 10pm wide.
Subsequently, impedance analysis utilizing the specialized basis functions is performed on
four structures as shown in Fig 9-19.a,b,c,d, where each structure is embedded in a silicon

oxide dielectric (e, = 3.9) above a silicon substrate (¢, = 3.9, p = 12 - cm). For the three-

Figure 9-19: a. A three-layer M3-M2-M1 inductor. b. A one layer M3 inductor. ¢. A
two-layer M3-M2 inductor. d. A two-layer M3-M1 inductor. Note that the structures
are not drawn to scale for the sake of visual clarity.

layer M3-M2-M1 inductor in Fig. 9-19.a, the vertical heights of its three spirals are 16um,
26pm and 36um, respectively, above the silicon substrate. The single-layer M3 inductor in
Fig. 9-19.b is composed from the topmost layer of the inductor in Fig. 9-19.a. The M3-M2

inductor of Fig. 9-19.c¢ is composed from the top and middle layers of the three-layer in-
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ductor. The M3-M1 inductor of Fig. 9-19.d is composed from the top and bottom layers
of the same three-layer inductor. In turn, each inductor spiral is composed of a 4-turned
copper wire that is 5um thick and 10um wide with a lateral dimension of 0.25mm? and a
separation distance of 2um between metal windings.

Fig. 9-20 shows the error generated from the utilization of the high-order basis functions
in comparison to the solution obtained from a fine piecewise-constant discretization scheme.
For a maximum absolute error of only 0.25%, 8 specialized basis functions per conductor
segment are needed in contrast to the requisite 48 piecewise-constant basis functions per

segment to obtain the same amount of accuracy. The factor of 6x reduction in the number

0.25¢
0.2}
0.15¢

0.1f

% of absolute error

0.05

1 2 3 4 5 6 7 8
frequencies x 10°

Figure 9-20: Error analysis for the usage of specialized high-order basis functions.
Analysis is performed on the single-layer inductor example.

of basis functions translates to a significant 36 x reduction in the computational cost of near-
distance interactions when solving the system in a pre-corrected FFT (pFFT) scheme. This
fact is confirmed by the FLOP (floating point operation) count decomposition in Table. 9.5
for each major stage of the pFFT scheme as it is applied to our single-layer inductor example.
Note that even though the cost of assembling projection (P) and interpolation (/) matrices
is only reduced by a factor of 8.6 for the use of higher-order basis functions, there exists a
dramatic 36.28x reduction in the cost of pre-correction, an observation that collaborates
our theory that by reducing the overall number of basis functions by a factor of N, one is
able to reduce the cost of resolving nearby interactions, which cannot take advantage of the
acceleration offered by pFFT, by a factor of N? as manifested at the pre-correction stage.

Furthermore, the cost of iterative solve is reduced by a factor of 12, which is approximately
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piecewise- | Higher- | reduction
constant order factor
# filaments 720 120 6
P and I matrices 1.9e5 2.3e4 8.3
D matrix 1.1e9 6.8e8 1.6
Pre-correction matrix | 1.27el0 3.5e8 36.3
Iterative solve 1.18e8 9.4e6 12.6

Table 9.5: Flop count for the assembly of each pFFT stage for filament potential
calculations of the single-layer inductor at frequency=1GHz.

O(NlogN).
Additionally, Fig. 9-21 shows the quality factor analysis of the four inductor structures in

this section. Their overall simulated behavior confirms the research conducted by [86] which

ar —e— 2-layer M3-M1 inductor
—*— 2-layer M3—-M2 inductor

12r —o— 1-layer M3 inductor

1ok —<— 3-layer M3-M2-M1 inductor|

O L L L L X
1 2 3 4 5

frequency % 10°

Figure 9-21: Quality factor analysis for the four inductors in Fig. 9-19.

theorizes that a stacked spiral inductor’s self-resonance frequency (fsgr) can be drastically
modified by the vertical placement of its spiral layers, and in some cases, by as much as 100%.
Typically, a stacked structure exhibits a single for = Wﬁ, where L¢, and C,, are the
equivalent inductance and capacitance of the structure, respectively. Generally speaking,
the inter-layer capacitance between the spirals has a much greater impact on fgr than the
layer-to-substrate capacitance. Hence increasing the stack separation distance diminishes
the inter-layer capacitance while maintains a relatively constant inductance because the

lateral dimensions of a stacked inductor are nearly two orders of magnitude greater than its
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vertical dimension. Results in Fig. 9-21 confirm that this is indeed the case for our inductor
examples. One observes that fgr of the M3-M1 inductor is 25% greater than that of the

M3-M2 inductor. Even more dramatic is the fact that fgg of the M3-M1 inductor is 100%

greater than that of the M3-M2-M1 inductor.

9.4.2 Conductor Array with Trapezoidal Cross-sections

A second set of specialized basis functions is pre-computed in the frequency range of
[LMHz ... 40GHz] for trial copper wires with trapezoidal cross-sections that are 1.2um
thick, 1um wide on the top base and 0.6um wide on the bottom base. Subsequently, im-
pedance analysis is performed on an 8-conductor bus example with each conductor 300um
in length and separated 2um from the neighboring wires. Fig. 9-22 offers a zoomed view
of such configuration. The entire structure is embedded in a dielectric (¢, = 3.9) and

situated 16pm above a conductive substrate (p = 0.1Q - ¢m, €, = 11.7). Due to the com-

&
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Figure 9-22: Structural view of an array of 8 conductors with trapezoidal cross-
sections. Each conductor is 300um in length with a cross-sectional dimension of
1.2pm in thickness, 1um on the top base and 0.6um on the bottom base. Separation

distance between the conductors is 2pum.

bined effects of irregular cross-sectional shape and skin and proximity phenomenon, each
conductor’s trapezoidal cross-section must be discretized finely if piecewise-constant basis
functions were used. This concept is illustrated by the fine cross-sectional mesh shown in
Fig. 9-22. To be specific, 104 piecewise-constant filaments per conductor are required for
this particular example. In contrast, only 8 specialized higher-order basis functions are

needed to capture the same conductor cross-sectional current distribution for a maximum
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error of only 0.0072% as shown in Fig. 9-23. This is a factor of 13x reduction in the num-

x 10"

% error
N

0 1 2 3 4
frequency x 10%°

Figure 9-23: Error analysis for the usage of higher-order basis functions in comparison
to the usage of piecewise-constant basis functions in the conductor array example in
Fig. 9-22.

ber of basis functions, which translates to a reduction of 169x in the computational cost
of near-distanced interactions when solving the system in a pre-corrected PFFT scheme.
Flop count analysis in Table 9.6 confirms such claim. For the use of higher-order basis
functions, the cost of constructing P and I matrices are reduced by a factor of 17, the cost
of D matrix construction is comparable to that of piecewise-constant basis functions, but
the cost of pre-correction is reduced by a factor of 170 and the cost of solving the system

using an iterative method is reduced by a factor of 108.

piecewise- | Higher- | reduction
constant order factor
# filaments 832 64 13
P and I matrices 2.3e5 1.3e4 17.7
D matrix 2.8¢e9 1.6e9 1.8
Pre-correction matrix 1.7¢10 1.0e8 170
Iterative solve 1.3e8 1.2e6 108.3

Table 9.6: Flop count for the assembly of each pFFT stage for filament potential
calculations of the conductor array example at frequency=1GHz.

To further demonstrate the versatility of our solver, we can compare the impedances
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extracted for the trapezoidal example to those extracted for the case where the conductors
have rectangular cross-sections (1.2um thick and 0.84m wide). Such configuration is shown

in Fig. 9-24. The simulation setup is such that resistance and inductance are extracted

0.5

Figure 9-24: An array of 8 conductors with rectangular cross-sections. Each conductor
is 300um in length with a cross-sectional dimension of 1.2um in thickness and 0.8um
in width. Separation distance between the conductors is 2um.

under the condition where the two center conductors are shorted at one end, while capaci-
tance extractions are performed under an open-circuit condition. The resulting resistance,

inductance, and capacitance comparisons are shown in Fig. 9-25.a, b, and c, respectively.
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Figure 9-25: Comparisons of (a) resistance, (b) inductance and (c) capacitance be-
tween the 8-conductor array with trapezoidal cross-sections in Fig. 9-22 and the array

structure in Fig. 9-24 with rectangular cross-sections.
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Chapter 10

Conclusion

In this thesis, we have offered a systematic treatment on the subject of 3D full-wave in-
terconnect impedance extractions, accounting for frequency-related effects as well as effects
invoked by the presence of a planar conducting substrate. Our research effort has cul-
minated into the practical implementation of an electromagnetic solver that contains the

following innovative features:

e Incremental contribution to the existing MPIE solver through the incorporation of
layered Green’s functions in order to capture substrate effects. The use of these
layered Green’s functions obviates the necessity of explicit substrate volume or surface
discretization. Using the complex image theory, we can approximate each scalar

Green’s function component as a series of full-wave, closed-form kernels.

e Much of the computational efficiency of this solver is obtained from the implementa-
tion of a set of accelerated integration schemes tailored to the collection of closed-form
kernels derived from the application of the complex image theory. Both the 3D fil-
ament integrations and 2D panel integrations of the complex image kernels in the
solver can be reduced to a sum of 1D integrals over segments contouring either the

filament volumes or panel surfaces.

e In addition to system setup acceleration, further efficiency is gained at the system
solve level through the implementation of specialized high-order basis functions tai-
lored to each conductor’s cross-section shape. These basis functions are frequency

independent within a pre-specified range of frequency values; yet they parameterize
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the frequency-dependent nature of a conductor’s cross-sectional current distribution
with much fewer degrees of freedom than the use of traditional basis functions. It
has been conclusively shown that reducing the number of basis functions in this man-
ner would reduce the cost of resolving near-distanced interactions by O(n?) when
a pre-corrected FFT scheme coupled with an iterative solver is used to obtain the

solutions.

Furthermore, the pre-corrected FFT scheme is modified and extended in this thesis in
order to accommodate the dyadic nature of the Green’s function kernels encountered

in the substrate modeling problem.
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