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Abstract

Fast and Broadband Signal Integrity Analysis of Multiple Vias in Heterogeneous 3D IC and Die-
Level Packaging by Using Generalized Foldy-Lax Scattering Method

Xin Chang

Chair of the Supervisory Committee:
Professor John D. Sahr
Electrical Engineering

This dissertation proposal is concerned with the use of fast and broadband full-wave
electromagnetic methods for modeling high speed interconnects (e.g, vertical vias and horizontal
traces) and passive components (e.g, decoupling capacitors) for structures of PCB and packages,
in 3D IC, Die-level packaging and SIW based devices, to effectively modeling the designs signal
integrity (SI) and power integrity (PI) aspects. The main contributions finished in this thesis is to
create a novel methodology, which hybridizes the Foldy-Lax multiple scattering equations based
fast full wave method, method of moment (MoM) based 1D technology, modes decoupling
based geometry decomposition and cavity modes expansions, to model and simulate the
electromagnetic scattering effects for the irregular power/ground planes, multiple vias and traces,

for fast and accurate analysis of link level simulation on multilayer electronic structures. For the



modeling details, the interior massively-coupled multiple vias problem is modeled most-
analytically by using the Foldy-Lax multiple scattering equations. The dyadic Green’s functions
of the magnetic field are expressed in terms of waveguide modes in the vertical direction and
vector cylindrical wave expansions or cavity modes expansions in the horizontal direction,
combined with 2D MoM realized by 1D technology. For the incident field of the case of vias in
the arbitrarily shaped antipad in finite large cavity/waveguide, the exciting and scattering field
coefficients are calculated based on the transformation which converts surface integration of
magnetic surface currents in antipad into 1D line integration of surface charges on the vias and
on the ground plane. Geometry decomposition method is applied to model and integrate both the
vertical and horizontal interconnects/traces in arbitrarily shaped power/ground planes. Moreover,
a new form of multiple scattering equations is derived for solving coupling effects among mixed
metallic/dielectric vias. The advantage of this kind of form has much better property for making
inverse operation to obtain accurate results. All the proposed methods developed in this thesis
have been verified by comparing the S parameters with the results from Ansoft’s HFSS, for
various via configurations and via array sizes in high density layout in benchmark simulations. It
is shown that the hybrid method is accurate mostly within 5% difference from results of HFSS

and is about tens to hundreds of times faster than running HFSS up to 100GHz.
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Chapter 1. INTRODUCTION

1.1 RESEARCH BACKGROUND

For modern microelectronics, in order to integrate dissimilar technologies (digital, analog, RF
circuits, etc) on different layers and to reduce problems such as signal propagation delay, thermal
heating, power consumption and electromagnetic interference and compatibility (EMI/EMC)
issues, vertical interconnects are widely used vehicles for 3D integration system. Today, with
increasing multifunctional components combined in compact packages, these vertical vias are
critical enablers for wafer, die and package stacking for which low-inductance, high-bandwidth
vertical interconnects are needed for the design in multicore architectures in silicon. Technology
scaling will soon enable high-performance processors with hundreds of cores integrated onto a
single die, but the success of such systems could be limited by the corresponding massive
interconnection networks. To consider the electrical behavior of the 3D interconnects, high density
vertical vias are structures that have been difficult to model. Since the density of vias
interconnections is dense (~10° — 108/cm?), this presents tremendous design challenges on 3D
integration and packaging requirements.

On the other hand, as demand for information bandwidth increases, information photonics are
becoming more instrumental and photonic-based communication systems are playing a crucial role
to overcome the inherently limited-speed barriers of electronics for millimeter-wave and terahertz
application. As an emerging technology which can satisfy the demand of commercial
communication systems of higher data rate links and smaller and lighter devices, SIW technology
is a new platform for implementing all components with a high performance, low-cost and reliable
technology for high-frequency electronics, and thus has attracted attention in recent years. These
SIW waveguide-like structures are fabricated in planar form and are built by periodically arranged
metallic via-holes and via-slots. Thus the structures take advantage of the well-known
characteristics of conventional rectangular waveguides, namely, its high Q-factor, excellent
crosstalk and electromagnetic interference immunity, high power capacity and low losses. A
variety of devices have been realized based on SIW structures, including wireless network,

automotive radars, imaging sensors and biomedical devices, which allow sophisticated packaging
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and the integration of complex beam-forming networks and antennas on the same board. These
highly integrated circuits result in challenges to modern electronic sub-system package modeling
and optimization for real engineering solutions.

The high speed 3D integrated (3DI) system and SIW based structures are the key technologies
to satisfy current and future high-frequency electronics and photonics. It is expected that high-
density integration techniques, combined with a low-cost fabrication process, should be able to
offer widespread solutions. High performance computing systems for 3DI in which the electrical
I/0 bandwidth and density have been the bottleneck at different packaging levels (PCB, package,
interposer, 3D chip stack, etc).

Vias structures can cause serious concerns on signal integrity (SI), power integrity (PI) as well
as electromagnetic interference (EMI). As a discontinuity, it can cause mismatch in a signal trace.
Furthermore, a high-speed vertical current flowing on a via excites propagating parallel plate
modes of a power/ground pair. As a result, strong cross-talk or voltage fluctuation may occur in
adjacent signal vias or power distribution network (PDN). In addition, the propagating modes may
excite the resonant modes of the power/ground pair and cause strong radiation from the edges.
Therefore, simulation and modeling of vias in a plate pair are crucial for practical designs of high-
speed PCBs or packages. Global optimization and detailed trade-off analysis require fast and
accurate simulation tools of massively coupled vertical interconnects for both 3D heterogeneous

high speed chip-package-board system and SIW based devices.
1.2 RELATED RESEARCH METHODOLOGY AND LITERATURE

The vias structures are essential elements for parallel-plate waveguide and are used
extensively in high—speed electronic system. In order to efficiently model the coupling among
vias and waveguide or cavity, classes of methods have been developed such as building up
equivalent circuits model through hybrid field-circuit method [15, 26-29], semi-analytical full
wave methods [14, 30, 31] and numerical full wave methods [32, 33].

For numerical full wave methods, electromagnetic field solvers can be used for simulations
frequency response. These solvers are generally based on two kinds of numerical full wave
methods: integral equation (IE) methods and partial differential equation (PDE) methods. The IE
methods include method of moment (MoM) and partial element equivalent circuit (PEEC) method.
The PDE methods include finite element method (FEM) and finite difference method (FDM).
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These general purpose electromagnetic solvers can be used to make the simulations for simple
interconnect system. However, as modern high-speed electronic systems often include hundreds
or even thousands of off-chip interconnects to interface heterogeneous components, the task then
is challenging for complicated structures. More accurate modeling requires full wave numerical
methods, which induces large computational cost.

For the circuit model method in [15, 26-28], lumped elements circuit method is used to express
equivalent RLGC network for via-trace transitions and parallel plate impedance for
rectangular/circular cavity based on cavity model theory. All the RLGC parameters need to be pre
studied or extracted analytically or numerically. For example for a lossless substrate and planes
with perfect electric conductor (PEC), these RLGC parameters include C (capacitance) and
inductance (L), they are via-plane capacitance, via self-inductance, plane-plane impedance and
via-via mutual inductances and capacitances. If the substrate is with lossy material and the planes
are good conductors instead of PEC, then the R (resistance) and G (conductance) parameters have
to be also extracted and included. Generally speaking, there is no analytical solution for their
extraction, hence the numerical methods are needed to extract the corresponding values. One of
the drawback of the RLGC lumped model is that most of the calculation methods are based on the
assumption of TEM mode, since the concept of RLGC is within the region of TEM mode. Then
for high frequency modeling and simulation, the RLGC lumped model sometimes is not accurate,
since higher order mode effects are necessary to be considered. Another drawback of the RLGC
lumped model is that when the elements which need to be modeled are too many, for example, if
there are 102 vias inside a PDN, then the number of RLGC units are huge, that can lead to cost a
lot of computation resources. Some paper, for example in [29], RLGC parameters are extracted
for irregular shape plane effects and they are investigated and incorporated into circuit model by
applying boundary integral equations method. However, the circuit parameters are still extracted
based on rigorous electromagnetic analysis, but not with TEM mode assumption any more.

For semi-analytical method, for example in [14, 30], a hybrid method is used for rigorous
electromagnetic analysis of multiple scattering among vias and irregular shape cavity. It is
worthwhile to note that the multiple scattering equations method used in [14, 30] are actually forms
of generalized Foldy-Lax equations. In [31], a hybrid method is used to model the case of large
number of vias. For full wave numerical methods, a combination of 2D integral equation method

and 2D finite element method [32] is used to model vias and traces in arbitrarily shaped cavity
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with multivias of arbitrary shapes and inhomogeneous media in substrate, up to 2GHz. However,
all these investigations focus on common via case in which only one via goes through one circular
antipad, or relative low frequency range (compared with 50GHz in this paper). The irregular shape
antipads are common in practical PCB and packaging designs, e.g. cases of eccentric vias and
multiple vias sharing one antipad. A differential vias structure in rectangular cavity is investigated
for local vias region in [33] based on full wave method by using 3D rectangular Green’s function.
For other semi-analytical methods, Frequency-dependent cylinder layer (FDCL) method [24] is
hard to exactly be modeled as Neumann boundary condition, hence failed to efficiently modeling
the coupling between vias and cavity which has PMC walls. Contour integral method (CIM) [48]
assumes that no higher order waveguide modes can be excited, which leads to inaccuracy when
vias are closely placed and the thickness of the cavity is not electrically small compared with
wavelength in high frequency range.

1.3  PREVIOUS RESEARCH ON FOLDY-LAX MULTIPLE SCATTERING EQUATIONS

FOR VIAS MODELING

In our previous research, we used a mostly analytical technique of Foldy-Lax equations to
compute the full wave solution of Maxwell equations that includes multiple scattering among
cylindrical vias in both infinite large planar waveguides and finite circular cavity [4, 16].

The vias structure problem can be decomposed into exterior problem and interior problem
[42], as shown in Fig. 1.1. The exterior problem is antenna problem and short circuit problem, the
interior problem is problem of multiple vias scattering inside waveguide.

For interior problem, Foldy-Lax scattering equations was adopted to model multiple cylinders
in planar waveguides [4]. The Foldy-Lax multiple scattering equations state that the final exciting
field of certain cylinder is equal to the incident field plus the scattering fields from all the other
cylinders. The Foldy-Lax equations were initially used to model multiple scattering by particles
in volume scattering by discrete random media [50] and have been extensively used in microwave
remote sensing [34]. It has been successfully adapted to model multiple scattering among vias in
waveguide environment by using dyadic green’s function, waveguide modal expansions [37] and

cylindrical wave expansions [4].
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Figure 1.1. Via structure and its interior and exterior problems decomposition.

Based upon the magnetic Green’s functions, this parallel waveguide structure is excited by
using a voltage source at the port, which is equivalent to a magnetic current ring source at antipad.
The surface currents on the cylinders are then calculated from the magnetic field.

The Foldy-Lax approach has been validated with measurements [5]. The efficiency
comparisons with commercial software ANSYS HFSS were made for a BGA application [19]. It
is worth noting that HFSS cannot handle vias size >256 in conventional computer. Foldy-Lax
method take seconds per frequency point and provide accurate results.

The sparse-matrix canonical-grid (SMCG) method was invented based on wave translations
and fast Fourier transforms to solve rough surface problems [34]. The pre-conditioned SMCG

method was incorporated into Foldy Lax equations for problems with large number of vias [9].
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The Foldy-Lax approach was extended to model the case of vias with irregular antipad [23]
by using FDM to calculate the equivalent magnetic surface current, and the case of vias in substrate
of layered dielectrics, and compared with HFSS. The fast all mode method (FAM) and numerical
modified steepest descent path method (NMSP) were used to calculate the layered medium
Green’s function [11] and TSV structure [6]. The combination of these methods reduce the O(N?)
memory and time requirement to O(rN logN). The layered medium Green’s function reduces the
number of unknowns by avoiding intensive discretization on reference planes and planar
boundaries.

However, all above extensions are for infinite large waveguide. For finite large cavity, Foldy-
Lax equations method was applied for a circular cavity in [35].

The exterior layer problem is solved by using the method of moments (MoM) with the layered
media Green’s functions [42]. The exterior layer and interior layer problems are combined to
obtain the S-parameters of the trace and through-hole via. A fast approach for the layered-medium
Green’s functions using the numerical modified steepest descent path method is utilized [52]. The
Green’s functions require milliseconds to compute per point. Schemes for efficiently computing
image contributions for the static portion of the mixed potential Green’s function are also

implemented to solve neighboring or self-RWG (basis function) interaction.
1.4  TABLES AND FIGURES NEW CONTRIBUTIONS IN THIS THESIS

In this dissertation, | continuously apply and extend this mostly analytical approach of Foldy-
Lax multiple scattering equation method with recent major improvements, such as 1D technology,
group T matrix and geometry decomposition method, to fast and efficiently model and solve
physical/electromagnetics properties of a variety of complicated 3D structures, for current
millimeter wave, submillimeter wave and terahertz wave application. The structures include chip-
package-board system (figure 1.2) [1], and SIW based devices (figure 1.3) [2] [3]. These structures
have massive coupled vertical interconnects with heterogeneous substrate. The
physical/electromagnetics properties to be solved are network parameters, current and voltage
distributions, field patterns, signal integrity, power integrity and electromagnetic emissions of
sensitive electronic devices of the structures.

My contributions are:
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1. Implement new approach of making 1D MoM and group T matrix for modeling structures
with multiple vias sharing same antipad and different groups of vias in different antipad.

2. Propose and develop method to model multiple vias scattering in arbitrarily shaped cavity
for vias sharing one antipad, by using 1D MoM and generalized Foldy-Lax equations method.

3. Propose and develop method to model structure of horizontal striplines connecting with
vertical vias in irregular cavity by applying geometry decomposition method and generalized
Foldy-Lax equations method.

4. Propose rigorous TE/TM modes coupling effects for multiple scattering among mixed
PEC/dielectric cylinders in parallel plates waveguide, develop T matrix for dielectric cylinder and

new form of Foldy-Lax equations using scattered field coefficients.
1.5 ORGANIZATION OF THE DISSERTATION

In chapter 2, the full-wave mostly-analytical approach, based on Foldy—-Lax multiple
scattering equations and modal expansions, is extended for modeling of vias sharing the same
antipad in infinite large planar waveguide with boundary integral equation and group T matrix
method. In order to accurately calculate all the effects of high order waveguide modes and
azimuthal modes for complete signal integrity analysis of multiple closely spaced vias, we make
use of transformation that converts the surface integration of magnetic surface currents into 1-
dimensional line integration of surface charges on the vias and on the ground plane. We also use
group T matrix to represent a group of vias to account for the scattering among different groups of
vias, to accelerate the computation process. The new method has great accuracy and efficiency
for modeling multiple closely spaced vertical vias.

In chapter 3, modeling method for multiple vias with irregular antipad in arbitrarily shaped
3D IC and packaging system is proposed, based on hybrid generalized Foldy-Lax equations
method, boundary integral equation method and generalized T matrix. In modeling detail, the
impedance matrix for finite cavity is first obtained, which includes the reflection features of the
cavity boundaries. Then the scattered field from a single via and a generalized T matrix including
the wall effects are derived. The Foldy-Lax multiple scattering equations are generalized to
include the wall effects by using impedance matrix and the generalized T matrix. To obtain the
incident field for the case of vias in the arbitrarily shaped antipad, the exciting and scattering field

coefficients are calculated, based on the transformation which converts surface integration of
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magnetic surface currents in antipad into 1D line integration of surface charges on the vias and on
the ground plane, as discussed in chapter 2. The coupling among vertical vias are solved by
applying Foldy-Lax multiple scattering equations.

In chapter 4, a novel hybridization of full wave method based on Foldy-Lax multiple scattering
equations, 1D technology and modal decomposition are used to model the electromagnetic
scattering effects for the irregular power/ground planes, multiple vias and striplines, for analysis
of link level simulation on multilayer electronic structures. For the modeling details, instead of
being analyzed separately, vias and irregular power/ground planes are treated as a whole which is
solved by Foldy-Lax multiple scattering equations method, to obtain the coupling effects among
vias and cavities. Then the modal effects of striplines can be decoupled and recombined with the
modal solution of vias and cavities effects.

In chapter 5, T matrix for dielectric cylinders in infinite parallel plates waveguide is derived
under consideration of TE/TM modes coupling effects. The new form of Foldy-Lax multiple
scattering equations method which applies scattered field coefficients as unknowns are also
derived and be further used to solve SIW structures and 3D IC signal/power integrity analysis.
The results agree well with HFSS simulation benchmark results up to 50GHz.

Figure 1.2. Cross-sections of C4 bumps on package (left) and via escabé area on printed
circuit board (right). [1]



Figure 1.3. Synthetic waveguides: putting vias connecting upper and lower metal plates of
substrate (left) [2] and a monopulse antenna for 94+GHz (right) [3].

For all chapters, numerical results and comparisons are made with HFSSv12 for various test
scenarios. In all cases of illustrations, unless given special explanation, all single-ended S-
parameters provided are referenced to 50 Q, and all mixed-mode S-parameters are referenced to
100 Q for differential mode and 25 € for common mode. The configurations of PC used in the
simulations are: Intel(R) Core(TM)2 Duo E7300 2.66GHz processor, 3GB RAM and Windows
Vista 32-bit operating system.
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Chapter 2. NEW APPROACH OF MAKING 1D MOM AND GROUP
T-MATRIX FOR MODELING VIAS SHARING
SAME ANTIPAD

2.1 SUMMARY

This chapter considers multiple scattering among different groups of vias with each group
of vias sharing one antipad in planar waveguide. A transformation is used that converts the 2D
discretization and 2D surface integration of the product of Green’s functions and magnetic surface
currents into 1-dimensional discretization and 1D integration of surface charges on the vias and on
the ground plane. This is used to calculate the incident fields onto the vias. Based on the incident
fields, the Foldy-Lax equations can be solved to calculate the circuit parameters for the problem.
We show that the results are superior to the previously used finite difference method. In addition,
the group T matrix method is used to represent a group of vias to account for the scattering among
different groups of vias. Results are illustrated for various cases of multiple vias up to 20 GHz.
Results show the accuracy of the method even to very closely spaced vias when they are separated
by merely 1 mil. Numerical results are in excellent agreements with ANSOFT HFSS.

2.2 INTRODUCTION

The switching noise of currents on the power/ground plane can interfere with other
components and give rise to serious edge radiation. In order to significantly improve the
performance of the signal transition, the structure of “differential via pair” is used, in current high-
speed circuit designs. Similarly, the structures of multiple vias in one antipad can also be present.
Due to its advantage and wide usage in current microelectronic system, an accurate, fast and
efficient method of modeling scattering among multiple vias sharing one antipad is useful.

A number of classes of methods have been developed to model the crosstalk or coupling
mechanism, such as methods developed in references [12] to [15]. Most of these models make
simplifying assumptions such as assuming circularly shaped antipads, considering only the TEM
mode and neglecting the axially-anisotropic modes etc. In the structure of multiple vias sharing

the same anipad, vias can be placed very close to each other. Hence, the simplifying assumptions
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are not valid for modeling the coupling among vias. Full wave numerical techniques such as finite
element method (FEM) and finite difference time domain (FDTD) method require large
computational time and memory overheads. To model multiple cylinders in planar waveguides,
in my research, | have developed and have been using a mostly-analytic 3D full-wave approach,
based on Foldy-Lax multiple scattering equations and cylindrical wave mode expansions [5, 11,
16-20]. The results were also validated using experimental data from hardware measurements [11]
and ANSOFT HFSS [8].

In the initial work on the Foldy Lax approach, the antipad is assumed to be circular and the
via is concentric with the antipad [16-19]. For the case of antipad of arbitrary shape, and arbitrary
number of vias sharing the same antipad, we previously used the finite difference approach with
nonuniform grids [11, 20] to calculate the magnetic surface currents on the antipad. After the
magnetic surface currents are calculated, the incident fields on the vias are calculated by 2D surface
integrations of the product of Green’s functions and the magnetic surface currents.

The approach of finite difference of 2D antipad discretization [11, 20, 21] is inconvenient
when there are two or more vias in the same antipad. The results also become inaccurate when
the vias in the same antipad are close to each other. For such cases, one needs fine discretization
of the finite difference grid, 2D interpolation of magnetic surface current and 2D surface
integration of the product of Green’s functions and magnetic surface currents. In this chapter, |
made two improvements in the problem of groups of vias sharing the same antipad. The first
improvement is that | show that the incident fields on the vias can be calculated by 1-dimensional
line integrals of the product of surface charges on the vias and the Green’s functions, that replaces
the previous 2-dimensional surface integrations of the product of magnetic surface currents and
Green’s functions. This avoids the complication of 2D surface integration that needs to be accurate
particularly for closely spaced vias. Furthermore, the surface charges on the line contours on the
surfaces are derived readily by a 1-dimensional surface integral equation of the method of moments
(MoM). Thus the previous 2D problems of 2D discretization and 2D integration were reduced to
1D discretization and 1D integrals. The second improvement is for the case of a group of vias
sharing the same antipad, in which I use the Foldy-Lax equations to derive the group T-matrix to
characterize the scattering by the group of vias. The group T matrix methodology follows that of

reference [22] but is adapted to waveguide modes and cylindrical wave expansions in Foldy-Lax
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method. This facilitates the calculations of multiple scattering of groups of vias belonging to
different antipads.

| illustrate results for various numbers of vias sharing the same antipad. They show that the
present approach is superior to the previous approach of finite difference solution of the antipad in
terms of both accuracy and computational efficiency. They also show that results of this present
approach are in good agreement with HFSS even for the case of closely spaced vias of as small as
1 mil in spacing between adjacent vias. The computational efficiency of the group T matrix is also
shown. Besides comparing with HFSS, | also made independent checks by comparing the results
with those based entirely on the 2D MoM approach [24]. Brief summary of 2DMoM for these

problems are given in the Appendix A.1. The results are in good agreement with HFSS simulations.

2.3 INCIDENT FIELDS FROM MAGNETIC SURFACE CURRENTS TRANSFORMED TO

1D INTEGRAL

Consider the problem of N number of vias sharing the same antipad (Fig. 2.1). In equivalence
principle, the 2D magnetic currents M¢(p") in the antipad are the excitations for the waveguide

structure. Let the via line boundaries be S;, S,, ... ... Sy and the ground plane line boundary be S,;.

The “aperture” area is the antipad. Consider via g centered at p,. In the Foldy-Lax integral

equations, the incident field coefficients alTM(q) for via g are given by the 2D surface integral

k 1 n+l _ _ _
az;iv[(q) ;d( ) fl ff dX dy m—n(kplr kzl' pq) ’ Ms(p ) (2-1)

where A is the area of antipad, and the integration is a 2D surface integration over the antipad
where M¢(p") is nonzero.
In [4], the Green’s function, m_n(kpl, kzl,ﬁ) is in terms of nt" order Hankel function with

the argument that of waveguide mode k,,;

(ko ke, P) = |92 HE) (ki) = Bl (i) | /4 (22)

Other notations are as defined in reference [4]. For the case of arbitrary number of vias and
arbitrary shape of vias and antipad, M(p") is derived from solution of the Laplace equation. Let
the voltage on the via i be V;, i = 1,2, ... N and the voltage on the ground plane be zero. Then the

2D Laplace equation in the antipad is V21, (x,y) = 0, where V, is the 2D Laplace operator. After
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the Laplace equation is solved, then M¢(x,y) = 2 X V., (x, y). Inour previous work, we solved

the 2D Laplace equation using finite difference method [23].

.Via 1

via3z  Antipad

Figure 2.1. N number of vias sharing the same antipad.

Next the incident field is calculated by a 2D surface integral of m_, (k,y, ki, p' — pg)Ms (D).
The approach is computationally intensive; as the nonzero My(p") region is irregular and the 2D
surface integration is inconvenient when the vias are closely spaced as fine discretizations are
required.

Let the nt" order Green’s function be in terms of nt™ order Hankel function

9in(@) = Hy? (kpup)e m? (23)
Then
—n(kpl» kzl' pq) =—-ZX vt gdi- n)(p ) (2-4)
The Foldy-Lax incident field coefficients become
—jk (-1 — i —/
apt@ = T 1 ' dy Vg (P~ Pa) Ve () (2.5)

Using the 2D Green’s theorem, I then have

™) _ —JK (-1 L e
in 2d k2 fil= || @x'dy’[gi-m)(P" = Pg) VL]
pl i

- £ dl'gi—my (P’ — Pg)A’ - V',

(2.6)



14

where 7’ points into the antipad on the via and ground plane line boundaries, and S = Y., S; + S,

are the line boundaries of vias and the ground plane. Since V2, = 0, we have

k n+l
a'lrrivl(Q) ;d( ,2 fl [¢ dl’ gdi(- n)(p _pq)n vt IIJL] (2.7)

Note that —efi - Vi, = a4(p) is the surface charge density on the via and the ground plane.
Thus

1)+l - -
g @ = ";;"( ) —fidy dl'gin (P~ Pa)os(P) (2.8)

where 1 =% is the wave impedance. Equation (2.8) is the new result as the previous 2D

integration in (1) becomes a 1D integration in (2.8). We note that a,(p) obey the 1D surface (line)

integral equation

, _ _~os() Vi pisonsS;
g, dlaupp) == {0 o (29)
where g, is Green’s function for Laplace equation and is
9.(0,0) = = InJGx =) + oy —y')? (2.10)

Thus I have converted the incident wave problem to 1) first solve the surface charge on the
via boundaries in the line integral equation of Laplace Green’s function of equation (2.9) by using
MoM. 2) Next the incident field coefficients in Foldy-Lax equations are obtained by line integrals

of the product of surface charge and nth order Green’s function of g;(_n) (ﬁ' - m)
2.4  GROUP T-MATRIX

Next I introduce Group T matrix to accelerate the calculation of multiple scattering among
different groups of vias. Each group of vias share the same antipad as shown in figure 2.2.

| can treat the group of vias as a single object and calculate the group T matrix. In structures
such as in Fig. 2.2, often we are only interested in the final S parameters for certain vias or ports,
and not the entire network. Then the other groups of vias can be treated as single objects with one
object for each group of vias. Simplified network can be obtained and the speed of computation
can be greatly improved.

Next | derive the group T matrix of multiple vias through Foldy-Lax equations. Let there be

N, vias in one antipad. Then these vias are of the same group. Let the group of N, vias sharing
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the antipad be centered at py, py, ..., PN, The center of the antipad be at Gg. Then for each via in

this group, Foldy-Lax equations can be written as

@ "=

Antiid 1

Antipad G

Figure 2.2. G groups of vias with each group of vias sharing the same antipad.

co

Ng
™ ™ 2 0o — pa|)e! "™ %Prg i
Wy, @ a,, @ 4 Z Z Hr(l—)m(kpllpp —pq|)e’(n ™ PrPaT, Py ®

P=lm=-o
pP¥+q
q=12..N,
(2.11)
where
® _ _ Jm(kpa)
T ) @12
The scattered field coefficient is
af:M(Q) — TéQ)Wl'I;lM(Q) (213)

Let the incident wave on the group from other antipads and from other sources, for the [t"
mode, be

QU

Hinc(p_r Z) = z Wl’I‘I"LMRgHT’Il‘M (kpl! kzl:ﬁ - 6g;Z + E) = Rglﬁt(p_ - 6g) : WTM

n=—oo

(2.14)
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where ¢(p) is the row matrix representing .M (kpl,kzl,ﬁ,z i-g), and w™ is the column
vector representing w; M.

Let the scattered wave from via p, centered at p,, in the group be Hs(p) (P, 2)

o)

(). _ o d N
Hs(p)(P, z) = Z afZM(p)HrTZM (kpl: ko, 0 — Pp,Z + E) = l/}t(p - pp) ) agp)

n=—oo
(2.15)
Then, the total magnetic field is
Ng Ng
=5, 2)+ ) AP (5,2) = RgD' (5= 0g) - 0™ + > §'(5 - p,) -2’
p=1 p=1
(2.16)

where ¢*(p — p,) is the row vector matrix representing ;" (kpl, Ky, p— Py z g) and

( STM(p)

P) is the column vector that represents a;, . Then the exciting field on via q is, summing

scattered fields from the other vias except g,
j— _ — _ —_ _ N —_ _ _ _
A (p,2) = Rght(p— 0,) - w™ + 2,2, %¢(5 = pp) - @ (2.17)
p#q
From the vector addition theorem

V(= pp) = RgV (P — hq) " Tgp (2.18)
Rgt(p — pp) = Rg¥ (P — Pq) * B (2.19)
where @, and Eqp are matrices with
a =H® (k,|p e/ "™ %prg (2.20)
avlym ptlPp = Pq
[Baw] . = 12 (ol — pg| )@ 0P0Pa (2.21)

Then the exciting field in equation (2.17) becomes

AP (5,2) = Rgpt(p — pg) - ﬁqog AL I Y (2.22)
P¥*q E

The scattered field from via q is, using the T matrix 7@

Y (p,2) = §'(p ~ )T ﬁqog W+ Byl By - (223)
p#q -

The Foldy Lax equation becomes, on equating (2.23) to (2.15),
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A =T@ B W™ + 5,2, &gy - AP (2.24)
p#q
In matrix form, equation (2.24) becomes,
[ I TW.g, - —T<1)-a1,\,g]|[a§1)]|
~T@ . g, I o —T® @y | aéf) |
_T(Ng.)"' 671vg1 _T(Ng.)"' 51\/92 I lC_lgN‘g)J

T 'Ewg . T™
_| T® 'Ezog - wT™

|

T(Ng) . p .

lT g ﬁNgog w
(2.25)

Let Q be the inverse of the matrix of the left hand side of equation (2.25), and let it be

decomposed as follows

B T
Q =i Q21 Q2 Q2n, |=| ~T® - @y I . —T®. a21vg|
l(jNg1 5Ng2 5NgNgJ [_T( 2% Ay g1 ~TWo - @y , J
(2.26)
Then
a? =30 Qgp T - By, - W™ (2.27)
The total field, from equations (2.16) and (2.27), is
g )
A(p,2) = Rgp (5= 0g)- ™ + > (5= 5g) - ) Qg T - By, - ™
q=1 p=1
(2.28)
Using vector addition theorem
P8P~ Pg) = ¥ (P~ 0g) * Boyq (2.29)
then the field in the group of N, vias become
—_ — _ — _ N —_ _ _ = _
H(p,z) = Rgll)t(p - Og) W™+ Zqil djt(p - pq) "Tng w™ (3.30)

In equation (3.30), Ty is the group T matrix of N, vias, and is
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= N, N, = = = =
Tng = Zqil Zpil Bogq : qu -T®. .Bpog (3.31)
The solution of the problem consists of calculating the inverse in (2.26) to get (=2qp, and then

use (2.31) to obtain group T matrix Ty.
2.5 SOLVING FOLDY-LAX EQUATIONS WITH GROUP T-MATRIX

Let there be N4 antipads. The antipads are labeled asi = 1,2, ... N, and their centers are at

01,05, ... ... Oy,. For each antipad, the vias are labeled as q; = 1,2, ... N; vias. Thus the total

"
number of vias is N = ¥4 N;.

Let the magnetic current source be at antipad i, as shown in Fig. 2.3. The shadow antipad
means that antipad is excited, while the other antipads, j # i, have idle vias. Then I use 0 to
represent the group T-matrix of the vias in antipad j. For the source antipad i, | do not use the T

matrix as the source arises from the space in between the vias at the antipad i.

Antipadi

Antipad 2

Antipad 1

Figure 2.3. N vias distributed in N, antipad with only antipad i excited.

For Foldy-Lax equation in such case, the exciting field coefficients at antipad j will then be

at 0; and not at individual via. Thus I use W;M(Oj). The incident filed coefficients are denoted as
T™(0))

n . Then in matrix notation, for the exciting field of via q; in the source antipad i,
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wi =gl + Zpl-lpliql Agp; T@IFPi 4 Z] 1j# Xq:0 T w0 (2.32)
Then for the group of vias in antipad j
w% =a% + Zp —1,p;2q; %0 p; TPopPri 4+ Zj, 1,jr2j %0,0 TUDw O (2.33)

In equations (2.32) and (2.33), | can see there are a total of (N, — 1 + N;) X M equations,
where M = 2N, + 1, and N,,,,, is the truncation number of the axially anisotropic modes.
After solving the exciting field coefficients, | next only post process the port parameters that

we are interested in.
Hence 1 only need (99, the surface current coefficients on the via in the source antipad. The

relation between the surface current coefficients and the exciting field coefficients w)M is [4]

Wln BTM] (2.34)

_ _2/(ma)

where B/M = Z5——
" H122)(kpla)

For the magnetic surface current source at z' = %, the surface current density on the via p is

M@ — 3 M@ 5 cos (kzl (z + g)) e~ Jme (2.35)
The currents are obtained by the integration
@ = [*ad pJI"® - 2 (2.36)

In the integration, only the zeroth harmonic of m = 0 contributes.

2 d
@ — znaz wh @) Mcos <kz ( )) = 2ma Z]TM(”) cos ( <Z + E))
1 Hm (kpla)

(2.37)
where the + sign corresponds to the magnetic current source at % and the — sign corresponds to

the magnetic current source at —%. The Y parameters of single-ended case for N vias sharing

same antipad can be obtained according to section 5 and 6 in [4]. One can also get S parameters

for interior problem by transforming Y parameters.
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2.6 COMBINED INTERIOR AND EXTERIOR PROBLEM

2.6.1  The Combined Interior and Exterior Problem and Scattering Matrix for Single-Ended

Case

The exterior problem for N vias sharing same antipad is a transmission line with N conductors
in which only TEM mode is excited. The TEM modal solution is computed by solving the same
Laplace equation as (2.3). As stated in section 6 in [4], the exterior problem has magnetic current
opposite to that of interior problem, but with the same voltage enforced and the same electric field
in the aperture.

Following the same notations in [4], for single-ended case, a matrix equation is used to

characterize the exterior structure as follows:
Bl _
7|

where B, I, A and V are N x 1 vectors, [y, Tant, Isc and Y,,.are N x N matrices. The

[

gl o

N

~~

surface current for the i via can be obtained by performing the line integral on the it" via
I=-¢, dl%ﬁ -V (2.39)
where 7 is wave impedance.

After solving both the exterior and interior problems, I relate the admittance matrix ¥ found

in the interior problem and the parameters of the exterior-problem, Iy, Tone, Isc and Y,,,.. Then

the 2N X 2N scattering matrix is:

- = = - - - - 1= =
s I Oy —Tane  On Y"™ + Yone yub I Oy
Ssingle—eneded == =3 +| = = X =hu =yp  Sb = =
ON rsc ON Tant -Y ol e Yant 0N Isc

(2.40)

2.6.2  References Generalized Mixed-Mode S-Parameters for N vias sharing same antipad

Consider the general n-ports network. In order to get n-ports mixed-mode scattering
matrices, the overall number of n-ports is split into two different sets: the mixed-mode port set

composed by the even number of p-ports requiring the differential and common mode description,
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and the one given by the remaining single-ended (n — p) ports. One can transform the

conventional single-ended scattering matrix to generalized mixed-mode scattering matrix by using

1 -1 0 0

=_1/10 0 1 -1
M = %1 1 0 0 (2.41)

0 0 1 1
§mixed_mode = ]\7=single—ended]‘7[_1 (2-42)

2.7 NUMERICAL RESULTS AND DISCUSSIONS

The Foldy-Lax multiple scattering equation method is a mostly analytical method based on
modal expansion of the scattering of cylindrical waves. The truncation of the numbers of modes
and the truncation of the number of harmonics are large enough to guarantee good accuracy. On
the other hand, it is advisable not to overestimate these truncations indices as it leads to an
unnecessary increase in the computational cost of the method. The convergence studies and the
rules of choosing the truncation were discussed in references [8] and [14].

| first illustrate the case of a single antipad with multiple vias, in order to verify the accuracy
and efficiency of the proposed method. | compare the results with the previous Foldy-Lax finite
difference method with non-uniform grid (Foldy-Lax/nuFDM2D). 1| then discuss the high order
modes effects for three cases. Next | illustrate results when the group T matrix is incorporated. |
illustrate the cases of multiple antipads with multiple vias in each antipad by applying Foldy-
Lax/GT/MoM1D and the group T matrix (GT) for the group of vias sharing the same antipad. By
MoM 1D, | refer to the results of reducing to 1D discretization of MoM solution of Laplace
equation and 1D integration of the product of the charge and the Green’s functions.

For discussion of modes effects, the indices [ and n stand for the mode order for waveguide
modes and azimuthal modes for vertical vias respectively. L., and Np,,, are the truncation
mode order numbers of [ and n respectively. For excitation in the antipad, only TEM or TM
mode is considered, hence only TM, modes are excited in the waveguide. Then the modes can be
classified as

TEM or TM,,, mode, with [ = n = 0, it is propagating and isotropic.

TM,,,, modes, with Il = 0 and n # 0, they are propagating and anisotropic.

TM,,; modes, with I > 0 and n = 0, they are nonpropagating and isotropic.
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TM,,,; modes, with [ > 0 and n # 0, they are nonpropagating and anisotropic.

In the setup of HFSS, the boundary condition is set as radiation boundary. In order to keep
enough distance between the port and boundary (at least one wavelength of the lowest interested
frequency point), we set the plane size at 1 inch X 1 inch.

I calculate the single-ended case first and then transform the conventional S parameters into
mixed-mode form using (2.41) and (2.42).

2.7.1  A. Case of Single Antipad with Two Vias (Fig. 2.4) and Comparison with Finite
Difference Approach (FDM)

I first compare the present method with the previous method that uses finite difference. In
using finite difference, the method is fast if non uniform grid is used. | label this as Foldy-
Lax/nuFDM2D. On the other hand, when the vias are closely spaced, fine uniform grids need to
be used. | label this approach as Foldy-Lax/FDM2D. It then has the accuracy with significant
increase of CPU as shown later.

Fig. 2.4(a) and (b) show the top view and the cross-sectional view of structure about 2 vias
sharing one antipad which is called differential vias. In the specifications, h stands for waveguide
thickness, t stands for the plane thickness and &, is the relative dielectric constant. The antipad
shape is oval. The pitch between the two centers of the vias varies from 80 mil to 31 mil, or the
closest spacing between the two vias varies from 50 mil to only 1 mil.

The average CPU times per frequency for simulation of single-ended S parameters by using
the method of Foldy-Lax/MoM1D, Foldy-Lax/nuFDM2D, Foldy-Lax/FDM2D and HFSS for

cases 1 to 4 are compared in Table 2.1.

Figure 2.4. Geometry under investigation for cases 1, 2 and 3. (a) (left) top view of 2 vias
sharing one antipad, and (b) (right) cross-sectional view of 2 vias sharing one antipad.
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Specifications for case 1 are: &, = 4.4, Ry;; = 15 mil, Ryntipaa = 30 mil, pitch = 80 mil,
h = 50mil, t = 1.3 mil.

In this case, the pitch between the two centers of the vias is quite far apart at 80 mil, so that
the closest spacing between the two vias is 50 mil. Fig. 2.5 shows the comparisons of the three
methods of both insertion loss and return loss for differential mode. There are greater losses in
general at high frequencies because of radiation losses. Good agreements are found for the three
methods. We can see that for differential signaling, since the signal propagating along the vias are

equal and opposite, the radiated EMI is reduced. The insertion loss is less than 3dB even up to
20 GHz.

Differential Case for 2 Vias
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Figure 2.5. Insertion loss (top) and return loss (bottom) of differential mode for case 1.

This comparison shows that the method of Foldy Lax/MoM1D is slightly faster than Foldy-
Lax/nuFDM2D for this case of via separation. However, if the two vias are much closer, Foldy-
Lax/nuFDM2D is not accurate and finer uniform gridding for FDM need to be used. These are
illustrated in cases 2 to 4.

Specifications for case 2 are: &, = 4.4, Ry;; = 15 mil, Rypntipaa = 30 mil, pitch = 50 mil,

h = 50mil, t = 1.3 mil.
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In this case, the pitch between the two centers of the vias is 50 mil so that the closest spacing

between the two vias is 20 mil. Fig. 6 shows both insertion loss and return loss for differential

mode.

Table 2.1. CPU Time per Frequency for The Simulation Case 1-3 On Ansoft HFSS and The

Foldy-Lax Approach

Case CPU Run Time per Frequency

No./vias | Ansoft HFSS Foldy- Foldy- Foldy-
No. version 12 Lax/MoM1D | Lax/nuFDM2D | Lax/FDM2D
1/2 19.4s 0.18 s 0.25s -
2/2 21.2's 0.30s 0.43s 131s
3/2 24.7 s 0.35s - 246 s
4/5 100.3 s 5.36 s - 375s

Fig. 2.6 shows that the results of Foldy-Lax/nuFDM 2D are different from the results of all

the other three methods which agree well with each other. This is due to the application of non-

uniform meshing mechanism built in cylindrical coordinates.

The non-uniform meshing

mechanism is shown in the left figure in Fig. 2.7, in which we consider an example of an oval

antipad with a differential via pair going through it.

Figure 2.6. Insertion loss (top) and return loss (bottom) of differential mode for case 2
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We can see that for this non-uniform grid, as the aperture size becomes large or irregular for
the shared antipad, the artificial boundaries created by the meshing element edges will be
impractical for describing the domain of the object [23]. This is caused by the adopted fixed
cylindrical coordinate system.

In order to improve accuracy of FDM, we then apply Foldy-Lax/FDM2D method in which
very fine and uniform discretization of grid and 2D interpolation of magnetic surface currents are
used to obtain the incident wave. The meshing mechanism is shown in the right figure in Fig. 2.7.
The uniform meshing can exactly describe the whole domain of the object, but with significant

increases in CPU as shown in Table 2.1. | used 10000 uniform meshes for case 2.

[

‘h.

Figure 2.7. Meshing mechanism of non-uniform cylindrical coordinate system (left) and
rectangular coordinate system (right) applying to an oval antipad with 2 vias sharing the same

antipad.

Because the Foldy-Lax method is a mostly analytical method based on modal expansion, the
number of unknowns is small and matrix inversion is used to solve the system of matrix equations.
However, the number of unknowns does not depend merely on the number of vias especially when
the vias are very close to each other. In such a case, the number of unknowns in the Foldy-Lax
equations depends also on the modes truncation number and the truncation of azimuthal
harmonics.

For example, in table 2.1, consider the case when the number of vias increases from 2 to 5,
and the antipad structure has changed. For Foldy-Lax/1D MoM, the total number of unknowns
increases from 270 for case 3 to 675 for case 4 in Foldy-Lax equation part and 150 for case 3 to

400 for case 4 in 1D MoM part. Because the total number of unknowns for Foldy-Lax/1D MoM
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is much less than HFSS, the CPU of Foldy-Lax/1D MoM is much less than HFSS. For Foldy-
Lax/FDM2D, in order to obtain accurate results, 10000 uniform meshes are used to calculate
surface magnetic current and incident field for case 3. Because most CPU are used to calculate
2D surface integrals, the CPU of Foldy-Lax/FDM2D does not change significantly though the
vias number increases from 2 for case 3 to 5 for case 4. This shows that Foldy-Lax/1D MoM is
more convenient and efficient than Foldy-Lax/FDM2D.

For the case of large number of vias, we previously have used fast matrix solvers that can be
applied to more general dense matrices such as matrices that result from Foldy-Lax equations.
These include the SMCG method [9] and the multilevel UV method [25].

The CPU run time per frequency of the method of Foldy-Lax/MoM 1D is just 0.3 second.
This comparison shows that the method of Foldy Lax/MoM1D is accurate and greatly improves
the computational speed.

In the rest of cases, | only show comparisons of simulation results generated by this improved
method of Foldy Lax/MoM1D and HFSS.

2.7.2  B. Cases of Differential Mode and Common Mode for Very Closely Spaced Vias

Differential Case for 2 Vias - Diff Mode
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Figure 2.8. Insertion loss (top) and return loss (bottom) of differential mode for case 3.
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| next compare differential mode and common mode for very closely spaced vias. The
specifications for case 3 are: &, = 4.4, Ry, = 15 mil, Rgpntipaa = 30 mil, pitch = 31 mil, h =
50 mil, t = 1.3 mil.

Note that the closest spacing between the 2 vias is merely 1 mil. In order to calculate the
strong coupling between the two vias, we truncate the waveguide mode up to [,,,, = 8 and
azimuthal harmonics up to N,,,q, = 7.

Fig. 2.8 and 2.9 show the insertion loss and return loss for both differential mode and common
mode. Good agreements are obtained between the simulation results and HFSS for differential
mode. For common mode, the simulation results of HFSS fluctuate at high frequencies. This is
due to the fact that common mode waves radiate along the waveguide. | used HFSS version 12
and we set in HFSS the cross sectional plane size of the computation region as 10000 mil by 10000
mil. If I increase the distance of the radiation boundary of HFSS, then results of HFSS improve,
but with much higher CPU resources. On the other hand, the results given by Foldy-Lax/MoM1D
method are stable.

Differential Case for 2 Vias - Comm Mode
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Figure 2.9. Insertion loss (top) and return loss (bottom) of common mode for case 3.
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I also note that the insertion loss of the differential mode has more loss than the common mode
for frequency above 3.5GHz. This is due to the port impedance mismatching (as we treat all mixed-
mode S-parameters referenced to 100 Q for differential mode and 25 Q for common mode). It
does not mean that the electrical performance for common mode is better than the differential

mode.
2.7.3  C. Case of Losses and Cross Talk of 5 Vias Sharing 1 Antipad

Case 4 Fig. 2.10 shows a top view of symmetric structure about 5 vias sharing one antipad.
The specifications are: &, = 4, Ry, = 7 mil, Rantipaa = 30 mil, pitchl = 15 mil, pitch2 =
20 mil, h = 40 mil, t = 1 mil. The orders of the vias in figure 11 are via 1 (center), via 2
(above), via 3 (right), via 4 (below) and via 5 (left).

In this case, four side signal vias are placed around one center signal. | calculate the couplings

among the five vias and study the electrical performance of each via.

Figure 2.10. Case 4: top view of 5 vias sharing one antipad.

Fig. 2.11-2.14 show the S parameters of these 5 vias, respectively for insertion loss, return
loss, near end cross talk (NEXT) and far end cross talk (FEXT), all for single-ended case. Good
agreements are obtained with simulation results of HFSS.
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Figure 2.11. Insertion loss for 5 vias sharing one antipad for case 4.
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Sigle-ended Case for 5 Vias
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Figure 2.13. Near end cross talk among 5 vias sharing one antipad for case 4.

Fig. 2.11 and 2.12 show the insertion loss and return loss for the 5 vias. The figures show that
the two horizontal side signal vias have good electrical performance for insertion loss, while the
center via has the worst one. This is because the two horizontal side signal vias are the ones which
are the closest to ground plane. Thus they can find current return path better than the other 3 vias.
But via 1 is surrounded by four idle signal vias and is furthest from the ground plane. Thus, the
electrical performance is worse than the other vias.

Fig. 2.13 and 2.14 show the cross talk among signal via 1 and other idle signal vias when via
1 is excited with unit sinusoidal voltage. Due to the coupling between via 1 and via 2 is the same
as coupling between via 1 and via 4, and coupling between via 1 and via 3 is the same as coupling
between via 1 and via 5. For NEXT, which is capacitance dominated, coupling between via 1 and
via 2 is stronger than the coupling between via 1 and via 3 (5dB difference at 20GHz), due to the
smaller impedance. But for FEXT, which is inductively dominated, there is an interesting
phenomenon for frequency larger than about 7.5GHz. The coupling between via 1 and via 2 is
less than the coupling between via 1 and via 3, due to the smaller current loop area or smaller input
impedance. In Fig. 14, there is about 1dB difference between MoM/Foldy-Lax method and HFSS
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at 20GHz for coupling between via 1 and via 3 (also via 1 and via 5). However, note that the

magnitude of the cross talk is below —22dB. Thus, the 1dB difference for such small magnitudes

is negligible.
Sigle-ended Case for 5 Vias
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Figure 2.14. Far end cross talk among 5 vias sharing one antipad for case 4.

2.74

D. Modes Effects of Near Field Interactions for Closely Spaced Vias

Case 5 Eight close vias for each via going through one antipad. Figure 2.15 shows top view

of structure about 8 close vias geometry with 6 signal vias and 2 ground vias. Each signal via goes

through one antiapd. The specifications are: &, = 4.4, R, = 7 mil, Rgntipaa = 15 mil, tand =

0.02, pitch = 31 mil, h = 50mil, t = 1.3mil. The 6 signal vias locate at (—6,10) mil,
(—6,60) mil, (12,35) mil, (12,130) mil, (35,—10) mil and (51,73)mil; the 2 ground vias
are at (12,85) mil and (51,25) mil.
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Figure 2.15. Top view of 8 close vias layout for case 5.
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Figure 2.16. Insertion loss comparisons of via 1 for case 5.
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Note that the remaining of the antipads for via 1 and via 3 is just 1 mil. From figure 2.16 and
2.17, for insertion loss and NEXT, the high order nonpropagating isotropic mode are very
important to the accuracy of the model. The insertion loss is more sensitive than the NEXT is for
the effect of high order nonpropagating anisotropic modes.

Single Ended Case for 8 Close Vias
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Figure 2.17. NEXT comparisons of via 1 and via 3 for case 5.

Case 6 Close Vias Sharing Same Antipad (Differential Case). Top view of structure for this
case is same as shown in Figure 2.4. The specifications are: &, = 4.4, Ry,;q = 15 mil, Ryntipaa =
30 mil, pitch = 31 mil, h = 50 mil, t = 1.3 mil.

| only test the case with closest spacing between the 2 vias, in which the spacing is merely
1 mil. Inorder to correctly calculate the strong coupling between the 2 vias, | truncate the L,,,, =
8and Nyux = 7.
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Differential Case for 2 Close Vias
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Figure 2.18. Insertion loss of differential mode for case 6.

For the 2 close vias sharing the same antipad, from the comparisons shown in figure 2.18,
it is clear to observe that high order modes strongly contribute to the insertion loss for the case of
multiple vias sharing same antipad. This is because firstly the two vias are so close that the
nonpropagating modes scattered from one via to another via are still strong, and secondly the final
actual current distribution on each via is not uniform around the vertical cylinder. These two

reasons lead to the necessity of including the high order modes effects for differential signaling.
2.75  E. Cases of Group T matrix for Vias Sharing an Antipad

To study the performance of the method of Group T matrix (GT), I use cases 7, 8 and 9 to
solve for the structures of different groups of vias distributed in different antipads, with each group
of vias sharing the same antipad. | compare the method of Foldy-Lax/GT/MoM1D with the
method of Foldy Lax/MoM 1D. The average CPU run times per frequency for the simulation of
single-ended S parameters by using the method of Foldy-Lax scattering equations and HFSS for

case 7-9 are shown in Table 2.2.
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Table 2.2. CPU Time per Frequency For The Simulation Case 7-9 On Ansoft HFSS and The

Foldy-Lax Approach

Case CPU Run Time per Frequency
No./vias | Ansoft HFSS version 12 | Foldy-Lax/MoM 1D | Foldy-Lax/GT/MoM 1D
No.
714 75.2s 1.10s 1.07 s
8/6 126.4 s 541s 5.23s
9/20 368.7 s 14.45s 6.75s

Case 7 Fig. 2.19 shows a top view of symmetric structure about 2 vias sharing one antipad.

The specifications are: &, = 4.4, Ry,jq = 15 mil, Rantipaq = 30 mil, pitchl = 31 mil, pitch2 =

80 mil, h = 50 mil, t = 1.3 mil.

For this case, 4 vias are distributed in 2 antipads. Due to the symmetric geometry, | only

calculate the differential signaling parameters of the left pair. | then treat the right pair of vias as

one object, and then the 4 vias are treated as 3 objects.

Figure 2.19. Geometry under investigation for case 7: top view of 2 groups of vias with each

2 vias sharing one antipad.
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Differential Case for 4 Vias - Diff Mode
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Figure 2.20. Insertion loss of differential mode for one differential via pair for case 7.

Fig. 2.20 shows both insertion loss and return loss for the differential mode case of one of the
differential via pair. Good agreements are obtained with simulation results of HFSS. The result
shows the electrical performance for this differential pair is good as the results are not much
affected by the other pair which is only 80 mil away. This shows differential signaling is not
sensitive to SSO noise and is tolerant of its multiple “local ground” moving around. For this case,
the method of Foldy-Lax/GT/MoM1D is not much faster than the method of Foldy-Lax/MoM1D,
because it needs one more time of Foldy Lax scattering equation to obtain the group T matrix of
each group of vias. Thus the CPU is nearly the same as that of method of Foldy-Lax/MoM1D.
Nevertheless, the results validate the group T matrix method.

Case 8 Fig. 2.21 shows the top view of an asymmetrical structure about 5 vias sharing one

antipad and 1 via in another antipad. The specifications are: &, = 4, Ry, = 7 mil, Rantipaar =
30 mil , Rantipaaz = 15 mil, pitchl =15mil, pitch2 = 20mil, pitch3 =50mil , h =
40 mil, t = 1 mil. The orders of the vias in figure 2.21 are: in the right antipad, via 1 (center),
via 2 (above), via 3 (right), via 4 (below) and via 5 (left); in the left antipad, via 6.
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In this case, | treat all the 5 vias in one antipad as one object. Then there are 2 objects in the
structure. | use Foldy-Lax scattering equation to obtain the group T matrix for the 5 vias sharing
one antipad, and then apply Foldy-Lax scattering equation method again to solve for the multiple
scattering between the 2 objects.

Fig. 2.22 shows both insertion loss and return loss for single-ended mode of via 1. Good
agreements are obtained with simulation results of HFSS. The simulation results of case 5 and 6
show that the method of Fold-Lax/GT/MoM1D is accurate. Thus, | only show comparisons
between method of Foldy-Lax/GT/MoM1D and HFSS in the next case.

Figure 2.21. Geometry under investigation for case 8: top view of 2 groups of vias with 5

vias sharing one antipad and 1 via in another antipad.
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Sigle-ended Case for 6 Vias
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Figure 2.22. Insertion loss (top) and return loss (bottom) of single-ended mode for via 1 for

case 8.

Case 9 Fig. 2.23 shows the top view of a symmetric structure about each 5 vias sharing one
antipad. The specifications are: &, = 4, Ryjq = 7 mil, Rantipaar = 30 mil, Rantipaaz = 15 mil,
pitchl = 15 mil, pitch2 = 20 mil, pitch3 = 80 mil,h = 40 mil, t = 1 mil. The orders of the
vias in figure 13 that we are interested in are: in the left above antipad, via 1 (center), via 2 (above),
via 3 (right), via 4 (below), via 5 (left), via 6 (right above antipad center), via 11 (left below antipad
center) and via 16 (right below antipad center).

In this case, | treat each 5 vias in one antipad as one object. If we are only interested in the
vias in one antipad, there are a total of 8 objects in the structure. Hence the problem of multiple
scattering among 20 vias becomes a problem of multiple scattering among only 8 objects.



Figure 2.23. Geometry under investigation for case 9: top view of 4 groups of vias with each

5 vias sharing one antipad.

Fig. 2.24 and 2.25 respectively show the insertion loss and the return loss for single-ended
mode of all the centered vias in each antipad. The figures show that, the centered via in each
antipad has nearly the same insertion loss and return loss, due to the same local symmetric structure
of 4 surrounding vias. The crosstalk among these 4 centered vias, whether near end cross talk or
far end cross talk, are weak due to the same reason. Note that for the crosstalk between via 1 and
via 11, there is about 7dB difference between the results and HFSS. The maximum difference of
7dB happens at 20GHz. However, the disagreement starts to happen below the magnitude of
—38dB which is just 0.0125. Thus, the 7dB difference can be negligible. Also, in the HFSS
simulation, the maximum magnitude of AS calculated is 0.0143 after 6 iterations. The accuracy

of the simulation results of HFSS are comparable.



40

Sigle-ended Case for 20 Vias
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Figure 2.24. Insertion loss of single-ended mode for four center vias for case 9.

Fig. 2.26 and 2.27 show respectively the near end and far end crosstalk among vias sharing
one antipad. The figures show that all the near end crosstalk among the 5 vias sharing the same
antipad preserve the same performances as in Fig. 2.13. However, the far end crosstalk between
via 1 and via 5 is impacted due to the effects from other antipads.

The use of Group T matrix is not an approximation. It makes use of the fact that one object
can be composed of many or several other objects. Thus the T matrix of a group can be derived
from the T matrices of objects in the group. For the group of vias in the source antipad, the vias

cannot be treated as a single object because the excitation arises from sources among the vias.
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Sigle-ended Case for 20 Vias
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Figure 2.26. Near end cross talk of single-ended mode for four center vias for case 9.
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Sigle-ended Case for 20 Vias
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Figure 2.27. Far end cross talk of single-ended mode for four center vias for case 9.

2.8 CONCLUSIONS

For the problem of vias sharing one antipad in planar waveguide, the finite difference method,
which was previously used to calculate magnetic surface current with non-uniform grid, are
restricted in accuracy and efficiency. By converting the surface integration of magnetic surface
currents into 1-dimensional line integration of surface charges, and applying group T matrix to
speed up the calculation of multiple scattering among different groups of vias, one can accurately
make simulations of complicated designs with multiple vias sharing antipad. The two
improvements in this paper enable early design, optimization and practical modeling of PCBs or
packaged systems.
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Chapter 3. MODELING VIAS WITH ARBITRARILY SHAPED
POWER/GROUND PLANES

3.1 SUMMARY

In this chapter, | model multiple vias with irregular antipad in arbitrarily shaped 3D IC and
packaging system based on generalized Foldy-Lax equations method, boundary integral equation
method and generalized T matrix. | first obtain the impedance matrix for finite cavity, which
includes the reflection features of the cavity boundaries. Then the scattered field from a single via
and a generalized T matrix including the wall effects are derived. The Foldy-Lax multiple
scattering equations are generalized to include the wall effects by using impedance matrix and the
generalized T matrix. To obtain the incident field for the case of vias in the arbitrarily shaped
antipad, I calculate the exciting and scattering field coefficients based on the transformation which
converts surface integration of magnetic surface currents in antipad into 1D line integration of
surface charges on the vias and on the ground plane. The coupling among vertical vias are solved
by applying Foldy-Lax multiple scattering equations. The scattering matrix of coupling among
vias is calculated to make corresponding signal/power integrity analysis. Numerical results for the

method are in good agreement with a commercial full wave numerical tool up to 50 GHz.
3.2 INTRODUCTION

In chapter 2, | discussed the modeling method for multiple vias scattering in infinite large
waveguide. In this chapter, I model multiple vias with irregular antipad in arbitrarily shaped 3D
IC and packaging system based on generalized Foldy-Lax equations method, boundary integral
equation method and generalized T matrix.

The three-dimensional integrated circuit (3D IC) in electronics is a chip in which two or more
layers of active electronic components are integrated both vertically and horizontally into a single
circuit. With the increasing of the clock rate, complex interconnects system result in that timings
now are interconnects driven. Also, with the increase of high density 3D integrations, via size is

decreasing while the number of vias is increasing, which leads to strong interactions among vias


http://en.wikipedia.org/wiki/Integrated_circuit
http://en.wikipedia.org/wiki/Electronic_component
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for high speed circuit usage. Higher order modes effects and wave harmonics effects have to be
considered for accurate modeling and practical design.

The results of this present approach are shown to be in good agreement with HFSS even for
the case of closely spaced vias of as small as 1 mil in spacing between adjacent vias. In the
Appendix A.2, | use a simplified derivation, based on operator formalism of the T matrix in the
presence of cavity wall, i.e. the t matrix. | then derive the Foldy Lax multiple scattering equations
using the 7 matrices of the vias.

The main contributions of this chapter are as follows.

1) Unlike reference [30] which uses the single via T in the absence of the cavity wall, the T-
matrix of the via in the presence of the cavity wall, z, is derived in this thesis. Then the generalized
Foldy-Lax equations are derived based on this T matrix.

2) The combination of generalized Foldy-Lax equations method and boundary integral
equations method are used to solve eccentric vias structures and multiple vias sharing same antipad
structures in arbitrarily shaped cavity. The proposed method is fast and can be used for broadband
simulations.

3) The TM modes excitations for irregular shaped antipad in the presence of arbitrary cavity

shapes are derived. Convergence of results are also shown for closely spaced vias.

3.3 MoM IMPEDANCE MATRIX Z FOR FINITE CAVITY PROBLEM

In this section, | briefly describe the boundary integral equation method for the problem of
finite cavity of irregular shape. The walls of the cavity will be treated as perfect magnetic
conductors and will cause reflections. In the multiple scattering using Foldy-Lax equations, we
treat the TM modes with

ko = 25 k3 = k2 — K (3.1)
where [ = 0,1,2....., d is the separation between the two plates, and k is the wavenumber.
Consider an irregular shape cavity as shown in figure 3.1. Different from [30], since kd « 1,
where the modes with [ > 1 are evanescent and will not propagate to the wall and have little
reflection from the boundary walls. To treat the finite boundary effect, we consider only the [ = 0
mode so that k,; = 0. Higher order waveguide modes [ > 1 are evanescent and decay within short

distance of the order of the thickness of the waveguide. Unless the vias are placed within such
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short distance from the cavity walls, the reflections of these waveguides form the cavity walls are
negligible. I assume that distances of vias from the walls are more than 50 mils which are the
thicknesses of the waveguide used in the simulations.

Extensions of the formalism to [ > 1 do not present conceptual difficulty and can be done if
needed. The modes with [ > 1 follow the same treatment as that of infinite ground plane. They
contribute to the near field interactions among the vias and between the antipad source and the
vias. Such effects are included in this chatper. On the other hand, the [ = 0 mode solutions are
modified by including the wall effects. For TM, mode, the electric field only has the E,
component to represent the interactions. The "z" subscript will be suppressed. For the [ =0

mode, k,; = 0 and k,; = k. Since there is no variation withz, we use only the 2-dimensional V;
operator and the two dimensional position vector 5. | next define the MoM impedance matrix Z

and the inverse Z™1,

ut" point

\

PMC E(5) Yy

Figure 3.1. Boundary integral equation method for the problem of finite cavity of irregular
shape. The electric field in the z direction is governed by the 2D Helmholtz equation. Neumann
boundary conditions are used for the cavity wall.
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Consider an incident electric field E;,.(p) incident on the boundary wall. | use perfect
magnetic wall boundary condition, so that the normal derivative of the electric field is equal to
zero. Let E(p) be the electric field on the boundary. | use the t coordinate to describe the line
contour of the boundary. | assume the boundary is that of magnetic wall. In the MoM formulation,
1-dimensional discretization of the boundary wall is used. Let there be N, segments. | use pulse
basis functions and point matching for the t, coordinates with v = 1,2... N, and the length of
segment v is At,,.

| use the 2D scalar Helmholtz equation for the z component of the electric field. The electric
field satisfies Neumann boundary conditions on the cavity wall. By using boundary integral
equations method and MoM, 1 obtain the impedance matrix. | use 1D discretization, pulse basis
functions and point matching. The MoM 1D discretization formulated matrix equations are given
below.

S0t Zuw E(5(t)) = Eine (p(t)) 1t = 1,2... N, (32)
where ﬁ(tu) is the position of the ut" point on the boundary. The impedance matrix Z is of
dimension N, x N,. The impedance matrix elements are

Zy = A"V g(p,p )A%tv]ﬁzﬁ(tu),ﬁEﬁ(tv) z i : (3.3)

foru,v=12...N,,and g(p) = %ng) (kp). In matrix notations,

EM = 7'EM

mnc

(3.4)

where EM _and EM are N, x 1 column vectors and Z~* are the inverse of the impedance matrix.

The "M" supercript denotes MoM discretization so that the dimension of the column is N;. Itis
used to distinguish harmonic discretization later on. Thus, with [E}} ], = Einc (p_(t#)), [EM], =
E (ﬁ(tu)).

Using the discretized surface field, the scattered field from the wall EX (p) is

EY (D) = — Yoty V' g(p — PGy —pey (ZEN), (35)
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3.4  SCATTERED FIELD FROM A SINGLE VIA AND T-MATRIX, INCLUDING WALL

REFLECTIONS

In this section, I reformulate the Foldy-Lax equations for solving the multiple scattering
among cylinders with the presence of the cavity walls. As stated in section 3.3, only the
longitudinal components of exciting and scattering electric field E;, ,,, and E;, ., are considered.

The difference of scattering from a via for finite cavity is the additional reflection from the
wall. In this section, we derive the reflection and also derive the T matrix of the via including this
reflection. The derivation is parallel to that of the circular ground plane case in [35] but using the
MoM inverse impedance matrix to include the arbitrary shape boundary effect.

Consider the q* via centered at pq, and consider outgoing mt" wave harmonic from via q.
In general, we include harmonics of m =0, +1,....... +M. Harmonics of m # 0 give rise to

anisotropic effects. The outgoing cylindrical wave of the m‘* harmonic of the electric field is

En (P~ Pq) = Kty (k|5 — gl )e ™77 (36)
Let E9™ be of dimension N, X 1, so that
[E,‘,’,M]M = En(p(ty) — pg)ott = 1,2... N, (3.7)

The electric field is incident on the wall, and the scattered field from the wall is, using the
inverse MoM impedance matrix

ESM(p) = = Syt [ g(p — p)AL) ey (ZERT), (38)

Next | use vector addition theorem to expand E;(p) about via g. In the addition theorem as |

followed notations in reference [36], with wave functions E (p) where the column vector ) stands

for harmonics m = 0, +1,....... +M. Itis of dimension 2M + 1
[E(P)m = En(P);m=0,%+1,....... +M (3.9)
Then the field on via p can be expressed as
E(p— pp) = RGE* (P — pq) - @3y (3.10)

where superscript t stands for transpose giving a row vector, Rg stands for regular, with Bessel
functions being used.
In the above equation, @, matrix is the translation matrix for cylindrical waves and is of

dimension (2M + 1) x (2M + 1)
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[@s,] =B, (k|py — pg|)e’ ™™ Pora (3.11)
| use "+" to distinguish from
a|  =HZ (klp, —pa|)e/ ™ %prq (3.12)
avl,m D q

with the difference of sign in the exponent between [@7,]  and [@g,] .
Then

9 =P = 1 S RGEw (P~ )35 (3.13)

n/0
Then the wave from via q to via q through wall reflection for the m** harmonic is E:"qqm(ﬁ)

and

N¢
1 = = 15
Y S (L S )
v=1

(3.14)
| define the ¥ @) matrix which has dimension (2M + 1) x N, where W stands for wall. The

elements of 7@") are

=(qW) _ _L N M-
[]/ w ]nv T 4jk [Tl Vi [a;ﬁ']nOAtv]ﬁ'=ﬁ(tv) (3.15)

The 7% matrix is of mixed dimension as it represents discretized MoM points coupled to

wave harmonics, m = 0, +1,....... +M. Then
ES1™ () = RgE*(p — pg )7 ™ Z'E,," (3.16)
where RgEt(p — p,) is of dimension 1 x (2M + 1), and E}." of dimension N, x 1.
To further put above in matrix form to account for the m index of harmonics, we let E:qu (p)
be of dimension of (2M + 1) x 1, so that
[E9(2)] = E "™ (p) (3.17)
Next, | define a mixed dimension electric field Q™4 with dimension N, x (2M + 1). It

represents coupling from harmonic to discretized point on the boundary. The elements of QW®

are

[é(Wq)]

Then the scattered field from via g to via q through wall reflection, is, in matrix form,

= [Ea", = keHi? (k|5 (t,) — pg )™ *7ew)Pa (3.18)

um

[E¥9(5)]" = RgE*(p — pg) 7@ 21 QW (3.19)
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The complete scattered field from via q, EZ7(p), of dimension (2M + 1) X 1 needs to
include E;"9%(p) as well as E(p — p,)
EJ" = E(p—pg) + ES (p) (3.20)
Next | determine the T-matrix of via g in the presence of the wall.
Let the exciting field on via q be EZ.(p) and the scattered field be EZ(p)
El, = RgE'(p — pg)w? (3.21)
and
EY? = [E2(p)] A4 (3.22)

where w9 and A9, are of dimensions (2M + 1) x 1, and contain exciting field coefficients,

Then the total field is,

EL(D) + EJ(p) = RgE*(p — py )W + [E(p — py) + RGEL(p — pg )7 I Z QWD) Ad

(3.23)
Let the via be circular and with radius a. The electric field is zero at |p — p,| = a.
Thus
W) (ka) + ALH (ka) + [ (ka) [ OVZ1QWOA1] =0 (3.24)

The form of the above equation is analogous to equation (9) of the case of circular cavity of
[34].

The T-matrix coefficient is

k@) o = 0,41, ..., +M (3.25)

™ HD (ka)’ -

The T matrix 79, is a (2M + 1) x (2M + 1) diagonal matrix, with diagonal element equal
T,,. Then
A1 — Tag@W)Z-1Wa) ga = T4 (3.26)
Thus
Al = T @Dpa (3.27)
where T(? is the T-matrix in the presence of the wall and is

7@ = [T - 7q7<qw)z=-1§(wq)]‘1fq (3.28)
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The form of the equations above are analogous to equations (9) and (10) of the case of circular
cavity of [34].

3.5 FoLDY-LAX MULTIPLE SCATTERING EQUATIONS

Using the scattered field coefficients A7 of the scattered field that includes wall reflection, and
the 79, T matrix including the wall effects, | derive Foldy-Lax multiple scattering equations in
this section.

Consider multiple vias, g = 1,2,3,.... N (Figure 3.2 a). The derivations are as follows. The
exciting field on via g has three contributions: (i) incident field from source via, (ii) incident field
from source via that is reflected from the wall, and (iii) field from other vias p # g which is the
sum of the direct and the reflection from the wall.

Then the field from via p to via q is

EFP =E(p—pp) + E T (p) (3.29)

EZ? is analogous to the previous section with the field originating from via p, reflected by the

wall and then onto via g
EJP = RgE*(p — po)7 1271 QWP (3.30)

where EVP™

< (p) is via p to via q by reflection from the wall.

Then | expand E,,(p — p,) about q
E'(p—pp) =RgE (D — pg) - @ty (3.31)
Then
[EP) = RgE' (5 — p,) - @y + RGEL(p — py ) - XWaP (3.32)
where

XWap — )7(qW)Z=—1§(WP) (3.33)



PMC

(a) Top view of N vias structures with arbitrarily shaped power/ground planes.

PMc
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Figure 3.2 (b) Top view of N vias sharing the same antipad with arbitrarily shaped

power/ground planes.
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Let the incident field onto via q be RgE*(p — p,)a®™, | shall derive @a%™ in the next

section. Then the exciting field is

E¢x () = RGE*(p — pg)W* (3.34)
Based on Foldy-Lax equations, it is the sum of incident field and scattered field from all other
vias
RE*(p — pg)W? = RGE* (P — pg)a®™ + Xp=1 E{¥ (p) (3.35)
P#q
Thus, substituting in, | obtain the Foldy-Lax equations
wi = goinc + Y[k, + qup]/Tp (3.36)
P#q
Using the T®, the T-matrix including wall effects, | have
wa = giinc + ¥ [a, + )?qu]?(p)v_vp (3.37)
P#q
where
F®) = [[— Trxwev| T (3.38)

3.6  INCIDENT FIELD FROM THE SOURCE a?/**¢, INCLUDING REFLECTION FROM

THE WALL

3.6.1  A.Single Via in An Antipad for Eccentric Case

Suppose the source magnetic current is at the antipad of via j. The shape of the antipad can
be irregular. Then, given the voltage at the via j, | solve the Laplace equation using 1D MoM for
antipad j, to determine o,;(p") which is the 1D charge density on the boundary of the via S; and
the outer boundary S, ; of the antipad. Then the incident wave from source j can be calculated by

a 1D integration over the surface of 5; and S, ;

- _ 1 ! - =/ =/
ETp) = 32 Js us,, A9 £ 05 (0) (3.39)
The incident field coefficients on the via q are
[awinc] = alJ?® 4 1w (3.40)

where, af,{d is the direct from antipad j to via q, and af,{w is the antipad j to via g by reflection

from the wall.
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The expression for aﬁ{d is obtained by expansion of g(p, ") around via q.

The expression for a;’,{W is by expansion of g,(p, p") to find incident field on the wall from

source j, and calculate reflection from the wall incident onto via q.

Then
afl = iy s, AP K| = o)™ 05(2) 34D
and
ai',{w _ an[)?(qj)]mn, [4};(18 ij+ng dl']n,(k|p_' _ p—j|)efn’¢ﬁlﬁjo'sj(ﬁ’)] (3.42)

The form of the equations above are analogous to equations (13) and (14) of the case of
circular cavity of [35].
For the special case that the antipad is a concentric cylinder with outer radius b and inner

radius a, and voltage V;, the incident field coefficients as shown in [30], simplify to

4" = Sy Uok) = o) [X¥90] (3:43)

aflt = z%zn%(fo (kb) = Jo (k) (= 1™ Hy (k|pg = pj|)e’ ™71, q % j  (3.45)

3.6.2  B. Multiple Vias Sharing Same Antipad

Consider an antipad with multiple circular vias, g = 1,2... N sharing the same antipad. The
vias are centered at p, ¢ = 1,2... N, (Figure 2b). The outer boundary of the antipad is S,. Let g,
be a convenient center of the antipad. | solve the Laplace equation subject to the boundary
conditions 1, = V; on S; which is the j** via’s boundary, j = 1,2,...N and ¢, = 0on S,. Let
S = Y., S;, the surface charge density o,;(p") obey the 1D surface integral equation

as(p’) _ {V] ﬁ is on S] (3 46)

Eﬁs+sgdlgL(‘ﬁ"ﬁ) 0 pisonS,

&

where g; is Green’s function for Laplace equation and is
9., p) = — I (x =XV + oy —)? (3.47)

After the 1D MoM equations, the asj(ﬁ’),j =1,....Nand o;, (p") on the outerboundary of

the antipad are obtained. Then the incident field coefficients on via g = 1,2.... N are
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[avine] = af +afy’ (3.48)

where a/l! % s the direct from the surface charges in the antipad vias and outer boundary, and a;;

is due to wall reflections.

af = e (Zjr Sy, AVHD (kD' = pg|)e™ 7 Pa0;(0") + [y dlHy (k|p' -
Pal)e’ P70, (5")) (3.49)

In the case of small antipad, according to previous paper [36], the above can be approximated

by Eincd = ‘;—qon the surface of via g. Then a2 simplifies to

qd _ Vq

Next consider the wall reflection term al”. The total wall reflection is, including fields from

surface o5;(p"), j = 1,2.. N and the surface charge o,,(p")

ap’ = 4jltd£ {Zj=1 [ XWY] fsj dUS (k|5 = Bj])e”™ *" %oy (5) +

mn/

Sn[X99)] L fo U (k|p' = pgl)e™ P Ps00 (2] (3.51)

mn/

3.7 V1A CURRENTS

After the Foldy-Lax equations are solved, w(q),q = 1,2... N are obained. The total field at
via q is the sum of the excited field EZ, and the scattered field £
E& (D) + EJ(9) = RGE*(p — pg)w + [E*(p — py) + RGE*(p — pg ) X" 99] A1
(3.52)
Then the magnetic field in the ¢ direction can be obtained. The surface currents J¢ is in the
z direction and is calculated from the magnetic field on the surface of the via

]s ]w‘u ZWm]m (ka)e™ Iméppg 4 z [H(Z) (ka)Aq + I (ka)(XquAq) ] ~imépp,

(3.53)
Current I] is integration over the surface of the via, so that only the m = 0 in the above

contributes. Using also A9 = T9w4
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_ —j2mak
—

2T
I=a f depgp, )2 = H®' (ka)T@ + J,' (ka) (T +)?WW%<CI))) v_vq}o
0

(3.54)
where T is (2M + 1) x (2M + 1) unit matrix and { }, represents the 0 harmonic of the
column vector. Note that in the above, | calculate the current of the [ = 0 mode. The [ > 1 modes
are also calculated but without considering the wall effects. The total current is the sum of currents
of all [. Once the currents are determined, the calculation of the scattering matrix proceed in

manners as described in previous papers [4, 35, 36].
3.8  NUMERICAL RESULTS AND DISCUSSIONS

In this section I illustrate the results and make comparisons with Ansoft’s HFSS version 12.
All single-ended S-parameters provided here are referenced to 50 Q, and all mixed-mode S-
parameters are referenced to 100 Q for differential mode. In the case specifications, h stands for

waveguide thickness, and t stands for the plane thickness in the specifications of both cases.

3.8.1  A. 10 Vias Array for Each Via Going Through One Antipad Eccentrically (Single-
Ended Signaling Case) in A Rectangular Cavity

Figure 3.3 shows top view of structure about 10 vias. The figure on the right is the zoom in
showing the detail of via-antipad region. Each signal via goes through one antipad and the via
location is eccentric. The specifications are: &, = 4.0 (silicon dioxide), Ry, = 5 mil,Rgntipaa =
10 mil, eccentric pitch e = 2mil, via pitch p, = 150 mil, p, = 100 mil,h = 50 mil, t =
1.3 mil, plane width W = 500 mil, plane length L = 800 mil. The 10 signal vias locate at
(102,200) mil , (252,200) mil , (402,200) mil , (552,200)mil , (702,200) mil ,
(102,300) mil, (252,300) mil, (402,300) mil, (552,300) mil, and (702,300) mil.

In figure 3.4 and 3.5, | compared the insertion loss and return loss between bottom corner via
and bottom center via, up to 20GHz. The simulation results obtained from the Foldy-Lax agreed
well with HFSS. From the figures, we can see that the first resonance for the left bottom corner
via happen at lower frequency than the bottom center via. This can be explained by the physical

layout of the vias.
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The resonances are due to the reflections of the multiple scattering among vias and the cavity
walls. The bottom center via locates at a wider local region than the corner one, which leads to

first resonance at lower frequency in frequency domain.

Figure 3.3. (Left) Top view of 10 eccentric vias layout for case A. (right) Zoom in for one

eccentric via in anitpad.
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Figure 3.4. Insertion loss comparisons of left corner bottom via and center bottom via for

case A.
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Figure 3.5. Return loss comparisons of left corner bottom via and center bottom via for case
A

3.8.2  B. 2 Vias Sharing Same Antipad (Differential Signaling Case) in A Square Cavity

Figure 3.6 shows top view of structure about 2 vias sharing one antipad in a differential pair
configuration. The differential pair of vias can be in common mode or differential mode. The
specifications are: &, = 4.4, tand = 0.02 (FR4_eproxy), Ry, = 15 mil, Rgntipaa = 30 mil,
h = 50 mil, t = 1.3 mil. The cavity is square and the length is L = W = 500 mil.

In order to test the convergence of the proposed method, we let pitch = 40 mil for the one
case (case B1) and pitch = 31 mil for another case (case B2). Note that in case B2, the spacing
between the two vias is just 1 mil, as the spacing is the difference between the pitch and the sum
of the radii of the two vias. For case B1, two vias are at (200,300) mil and (240,300) mil. For
case B2, two vias are at (200,300) mil and (231,300) mil.
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—— pitch

Figure 3.6. Top view of 2 vias sharing one antipad in a square cavity for case B.

Figure 3.7-3.10 show the insertion loss and return loss for both differential mode and common
mode respectively for the 2 cases, up to 50GHz. The resonances are seen in both cases with the
resonances of differential mode at much higher frequencies than common mode. Good agreements
are in the Foldy-Lax results with HFSS simulations. One can see that the differential mode usually
has less loss than the common mode for the insertion loss, due to its high immunity to the noise
and high tolerance to link path discontinuities.

It is to be noted that the insertion loss for differential mode in case B1 is better than case B2.
This is due to the port impedance mismatching (as we treat all mixed-mode S-parameters
referenced to 100 ( for differential mode and 25 Q for common mode). It does not mean that the

electrical performance for 2 vias farther apart is better than 2 vias closer together in the layout.
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3.8.3  C. 4 Vias Sharing Same Antipad in A L-Shaped Cavity

This case is for 4 vias sharing one antipad in a L-shaped cavity. The top view is shown in
Figure 3.11. The specifications are: R,;; = 15 mil, Rgntipaa = 60 mil, W = 500 mil, L, =
250 mil, W; = 100 mil, t = 1 mil, h = 20 mil, &, = 4.4, tand = 0.02, pitch = 40 mil.

Figure 3.12 shows the comparisons of the insertion loss and return loss for signal via 1. Figure
3.13 shows the near-end cross talk (NEXT) between signal via 1 and via 2 (top figure), between
via 1 and via3 (bottom figure). Good agreements are obtained between the results obtained from
Foldy-Lax and HFSS simulations.

From the results in the figures, the resonances shown in the insertion loss, return loss and
NEXT are due to the cavity resonances. One can see that such resonances effects are reduced at
high frequencies, particularly for NEXT. This is due to the fact that closely placed vias provide
relative lower impedance for the current return path than it provided by the cavity for signal via 1.

. pitch

, .Rm-
Ranti’p . .

w

Figure 3.11. Top view of 4 vias sharing one antipad in a L-shaped cavity for case C.
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3.84  D. 36 Viasin A L-shaped Cavity Embedded with A SIW Structure

I consider using coaxial ports as the excitation means. Fig. 3.14 shows a top view of a L-
shaped cavity embedded with a SIW structure which includes 36 vias, including 2 signal vias and
34 ground vias. The frequency range is broadened up to 100GHz. In this case, R,;, = 5 mil,
Rantipaa = 15 mil, W = 500 mil, L; = 250 mil, W; = 150 mil , t = 1 mil(plane thickness),
d = 50 mil(substrate thickness), for substrate material, &, = 4.4, tandé = 0.02, gap between vias
fencing the SIW is p = 20 mil.

Fig. 3.15 shows the insertion loss and return loss for signal via 1, the near end cross talk
(NEXT) and far end cross talk (FEXT) between two signal vias, which stand for the leakage from
signal via 1 to signal via 2 through the via gap of the SIW. In the modeling, M = 2,L =5, for
enough high order modes effects. From the comparisons, we can see the results of proposed
method are in good agreement with the results of HFSS simulation. The average CPU times per
frequency for simulation of single-ended S parameters by using Foldy-Lax method is about 20

seconds, compared with HFSS using around 200 seconds.

W
Figure 3.14. Top view of a L-shaped cavity embedded with a SIW structure.
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Figure 3.15. Comparisons of insertion and return loss for signal via 1, NEXT and FEXT

btween signal via 1 and 2.

3.8.5  E.5X10 Dense Vias Array for Each Via Going through One Antipad

Fig. 3.16 shows top view of structure about 5x10 dense vias geometry. Each signal via goes
through one antiapd. The specifications are: &. = 3.84, Ry;q = 7 mil, Rantipaa = 15 mil,
tand = 0.033, p = 40 mil, d = 30 mil, t = 1 mil. The cavity length is 300 mil in x (vertical)
direction and 500 mil in y (horizontal) direction. The first via which is the left top comer signal
via locate at (70,70) mil. The via order increases along y (horizontal) direction first and then
increases along x (vertical) direction. Port 1-50 are top ports for via 1-50 and ports 51-100 are

bottom ports for via 1-50.
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Figure 3.16. Top view of 5x8 dense via array for case E.
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Figure 3.17. Insertion loss for corner via for case E.
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Figure 3.19. NEXT for corner via for case E.
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Figure 3.20. FEXT for corner via for case E.
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Figure 3.21. Insertion loss for center via for case E.
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Figure 3.22. Return loss for center via for case E.
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Figure 3.23. NEXT for center via for case E.
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Fig. 3.17-3.20 show the insertion loss, return loss, NEXT and FEXT for corner via which is

the left top corner via. Fig. 3.21-3.24 show the insertion loss, return loss, NEXT and FEXT for
center via which is the left middle center via. Fig. 3.25-3.26 show the NEXT and FEXT between

the corner and center vias.

From the Fig 3.17-3.26, we can see that for dense via array in small cavity, for return loss,

when the interested frequency is above 10GHz (for corner via) or 20GHz (for center via), the high

order modes effects need to be included for accurate design and modeling. This is because the

corner via is placed closer to the cavity side walls than the center via is. For insertion loss, high

order modes effects need to be included at as low frequency as possible, as we can observe their

strong contributions for the return loss. However, the higher order modes effects make weak

contributions for the NEXT and FEXT, for both corner and center vias case. Their effects need to

be considered when the interested frequency is above 50GHz.
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3.8.6  F.3X 10 Dense Vias Array for Differential Singling Pairs

Fig. 3.27 shows top view of structure about 3x10 dense vias geometry. Each two signal via
sharing same antipad. The specifications are: &. = 4.4, R,;; = 10 mil, Rgntipaa = 20 mil,
tand = 0.02, p = 35 mil, p, = py, = 50 mil, d = 50 mil, t = 1 mil. The cavity is square with
length of 350 mil in both x (vertical) direction and y (horizontal) direction. The first via which is
the left top comer signal via locate at (75,75) mil. The differential signaling pair order increases
along y (horizontal) direction first and then increases by along x (vertical) direction. For the S

parameters, u means upper port and b stands for bottom port for a via pair.

Figure 3.27. Top view of 3x10 dense via array for case F.
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Figure 3.31. Return loss of common mode for corner pair for case F.
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Figure 3.32. Insertion loss of differential mode for center pair for case F.
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Figure 3.33. Return loss of differential mode for center pair for case F.
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Figure 3.34. Insertion loss of common mode for center pair for case F.
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Figure 3.35. Return loss of common mode for center pair for case F.
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Differential Mode - between Corner and Center Pairs
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Figure 3.36. NEXT differential mode for center/corner pairs for case F.

Common Mode - between Corner and Center Pairs

NEXT (dB)

= Q= Scc8ulu - Foldy-Lax Lmax=0 Nmax=0
=== Scc8ulu - Foldy-Lax Lmax=1 Nmax=0
== === Scc8ulu - Foldy-Lax Lmax=0 Nmax=1
oy == == Scc8ulu - Foldy-Lax Lmax=1 Nmax=1
‘ Scc8ulu - Foldy-Lax Lmax=6 Nmax=4
é. m— SCCBULU - HFSSVI2

0 10 20 30 40 50 60 70 80 90 100
Frequency (GHz)

._.-lo

L
...‘._-—I—'J
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Differential Mode - between Corner and Center Pairs
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Figure 3.38. FEXT differential mode for center/corner pairs for case F.
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Figure 3.39. FEXT common mode for center/corner pairs for case F.
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Fig. 3.28-3.31 show the insertion loss and return loss, for differential mode and common mode
respectively, for corner pair which is the left top via pair. Fig. 3.32-3.35 show the insertion loss
and return loss, for differential mode and common mode respectively, for center pair which is the
middle pair. Fig. 3.36-3.39 show the NEXT and FEXT, for differential mode and common mode
respectively, between the corner and center vias,

From the Fig 3.28-3.39, we can see that for dense via array for differential singling in small
cavity, for both insertion loss and return loss, the higher order modes effects make stronger
contributions for the corner pair than the center pair, for both differential mode and common mode.
This is due to the physical closer locations to the cavity side walls for the corner pair than the
center pair is. Also, without considering higher order modes effects may make the simulation show
the resonances at lower frequency than they should be, which then limit the real design
requirements.

For NEXT and FEXT between the corner pair and center pair, unlike the single through hole
via case as shown in case A, the higher order mode effects show up in lower frequency as 10GHz.
This means their effects are more important for the differential signaling vias than the case of
single through hole via case, due to two vias sharing same antipad and strong near field coupling
in high frequency.

Based on the simulations shown above, we suggest that the vias should be placed not close to
the cavity side walls in order to avoid the reflections from the walls. These modes reflections may
lead to resonances at undesired frequency. More vias placement also help shift the cavity modes

to higher frequency.
3.9 CPU REQUIREMENT AND DISCUSSIONS

In this section, | discuss the CPU requirement and discussions between the Foldy-Lax
approach and HFSS v12. The PC configurations used are: Intel(R) Core(TM)2 Duo E7300
2.66GHz processor, 3GB RAM and Windows Vista 32-bit operating system.

The Foldy-Lax approach is implemented using MATLAB. In the Foldy-Lax approach,
several parameters make main contributions for the CPU resources as listed in Table 3.1. There
are two MoM parts both with 1D discretization. The two parts are not coupled with each other.
The first part is to solve Laplace equation, of equations (3.46) and (3.47), in the antipad to find the
charge distributions on the boundaries of the vias and the antipad. The number of unknowns for
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this part is denoted as N.. Since Laplace equation is used, this part is independent of frequency
and needs to be solved only once for all frequencies. With the charges distribution on boundaries
of vias and antipad, I then do 1D integration to get incident field coefficients of Foldy-Lax
equations for each frequency as shown in equations (3.49) and (3.51). The second MoM
discretization part is for obtaining Z of the cavity as shown in equation (3.3). | need to do the
matrix filling and the matrix inversion for the cavity problem at each frequency in order to calculate
XWar = 5@W)7-19Wp) - The number of unknowns for this part is denoted as N, . The boundary
of the cavity is discretized using eight points per wavelength. The construction of the impedance
matrix and the inverse needs to be performed for each frequency. For the Foldy-Lax equations,
the highest harmonic M and highest waveguide mode L also impact the unknown’s numbers.
However, they are small because the vias and antipad are small. When comparing with HFSS, N, ,
M and L vary with frequency and cases. The cavity boundary wall effects are only performed for
[ = 0 mode and are not included for the higher order modes which are evanescent.

In HFSS setup, for all the cases, in the adaptive solutions, the maximum number of passes is
10 and maximum delta S is 0.02. All the boundaries of the cavity walls are set as PMC boundaries.
Since HFSS is based on FEM, which solve every frequency as static field after one time meshing,
the total CPU time for every frequency treatment in HFSS is nearly same, as can be seen from
Table 3.2, 3.4 and 3.5. Table 3.6 shows the comparisons for case E and F.

Table 3.1. Case A: Foldy-Lax Approach

Parameters 5GHz (A = 20GHz (A =
0.03m) 0.0075m)
MoM unknowns N, 100 100
MoM unknowns N¢ 20 72
Highest harmonic M 1 2
Highest mode L 4 5
Incident Field Integration for each | (average) 0.06 sec 0.06 sec
Matrix filling for Z for I=0 only 0.06 sec 0.37 sec
Matrix filling for X for each | (average) 0.12 sec 0.39 sec
Assembly and Solve Matrix of Foldy-Lax for each | 0.06 sec 0.20 sec
(average)
Total CPU 1.46 sec 4.29 sec

| compare the main CPU consumption time between Foldy-Lax approach and HFSS v12 for
case A in Table 3.1 and 3.2 at 5GHz and 20 GHz, and for case C in Table 3.3 and 3.4 at 5GHz and
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50GHz, respectively. In Table 3.5, we compared all the cases at 5GHz and 20GHz for the two
simulation methods. For the MoM setup, we use rule of 8 segments per wavelength at each
operation frequency point for numerical discretization. The circumferences of the three cavities
are 0.066 m, 0.0508 m and 0.0508 m. The number of unknowns N, are shown in the tables. Note
that N, does not change with frequency. | choose an enough number for the all the frequency
operations. From these tables, the proposed method is generally faster than HFSS, especially for
the structure which includes more vias like case A. The proposed method can be furthermore
speeded up for at least 2-3 times if programmed with C++ as the language used by HFSS, but not
Matlab, based on the authors’ experiences.
Table 3.2. Case A: HFSS v12

Parameters 5GHz 20GHz
Tetrahedra Number 33910 33910

Simulation Setup Time 2 sec 2 sec
Matrix Assembly Time 17 sec 17 sec
Solver MRS1 27 sec 27 sec
Total CPU 46 sec 46 sec

Table 3.3. Case C: Foldy-Lax Approach

Parameters 5GHz(A = | 50 GHz(A =
0.028m) 0.003m)
MoM unknowns N, 300 300
MoM unknowns N¢ 15 144
Highest harmonic M 4 5
Highest mode L 0 1
Incident Field Integration for each | (average) 0.09 sec 0.10 sec
Matrix filling for Z for I=0 only 0.05 sec 1.36 sec
Matrix filling for X for each | (average) 0.05 sec 0.25 sec
Assembly and Solve Matrix of Foldy-Lax for each | 0.03 sec 0.11 sec
(average)
Total CPU 0.33 sec 2.35 sec

Table 3.4. Case C: HFSS v12

Parameters 5GHz 50 GHz
Tetrahedra Number 3194 3194
Simulation Setup Time 0.2 sec 0.2 sec
Matrix Assembly Time 1.2 sec 1.2 sec
Solver MRS1 2.4 sec 2.4 sec

Total CPU 3.8 sec 3.8 sec
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Table 3.5. CPU Run Time at Frequency 5Ghz and 20ghz Comparisons For Case A-C

Case Foldy-Lax: Foldy-Lax: HFSS v12: | HFSS v12:
5GHz 20 GHz 5GHz 20 GHz
A 1.46 sec 4.29 sec 46 sec 46 sec
B1 0.24 sec 0.77 sec 3.2 sec 3.2 sec
B2 0.30 sec 0.9 sec 7 sec 7 sec
C 0.33 sec 0.92 sec 3.8 sec 3.8 sec

Table 3.6. CPU Run Time per Frequency Comparisons For Case E-F

Case/Method Foldy-Lax/1D MoM HFSS v12
A 25 sec 720 sec
B 10 sec 196 sec

3.10 CONCLUSIONS

In this chapter, | proposed a new fast and broadband modeling method for signal/power
integrity analysis for vias structures in electronic packages and printed circuit boards. The major
advantage of the proposed method resides in the decomposition of the complex 3-D problem into
simple mostly analytical method, at most 1D meshing and generalized T-matrix. With the
generalized Foldy-Lax multiple scattering equations method, the computation resources are
reduced for the complete signal/power integrity analysis of high speed vertical interconnects

modeling in 3D IC, with good accuracy.
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Chapter 4. MODELING TRACES IN POWER/GROUND PLANES
WITH VIAS FOR LINK LEVEL SIMULATION
ON MULTILAYER ELECTRONIC STRUCTURES

4.1 SUMMARY

In this chapter, geometry decomposition are proposed to efficiently solve the problem of
power/ground (P/G) planes with vias and traces, for analysis of link level simulation on multilayer
electronic structures. The geometry decomposition is based on the modes decoupling method and
boundary value problem definitions for cavity with vias and striplines. For the modeling details,
striplines structure can be solved according to multi-conductor transmission line (MTL) theory,
and vias and irregular power/ground planes are treated as a whole which is solved by Foldy-Lax
multiple scattering equations method, to obtain the coupling effects among vias and cavities. Then
the modal effects of striplines can be recombined with the modal solution of vias and cavities
effects. Different scenarios are analyzed to show that the proposed method can be applied to
efficiently make link level simulations. Numerical results for the method are in good agreement

with a commercial full wave numerical tool up to 40 GHz.
4.2 INTRODUCTION

In current microelectronic circuit structures, high-speed interconnects play key role for all
levels of microelectronic system, including chip, packaging, and printed circuit boards (PCB),
although the boundaries among these levels are more and more blurring. Due to the ever-rising
clock rate and edge rate of chip-package-board systems, dimensions of interconnect structures
become electrically larger as frequencies increase. The interconnects have impacts on the signal
integrity (SI) and power integrity (P1) in a power distribution network (PDN). High speed
interconnects are then increasingly becoming the major bottlenecks in the design of high
performance electronic circuits. The passive interconnects include two main types, the first is the
vertical interconnect or via, and the other is horizontal interconnect or trace. For traces, microstrip
line and stripline are two main types. Inside the cavity between different layers, striplines are the

most commonly used transmission-line structures in the microelectronic system because of its
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advantage of radiation reduction, since the power/ground (P/G) planes that shields the signal trace.
Then for a high speed interconnects system, P/G planes, vias and striplines are the three most
essential elements. Therefore, the investigation of efficient modeling and simulation method,
which can provide the coupling effects among all of elements, becomes important.

Different modeling methods have been developed to address the problem or parts of the whole
problem [14, 15, 26, 27, 29-31, 38, 39]. For example, for horizontal interconnects or traces part,
an efficient stripline model was investigated and proposed in [38], which includes the coupling
effects among traces and P/G planes. For vertical interconnects or vias part, the modeling problem
is complicated, since the modes effects of through hole via structures usually couple tightly with
P/G planes and other vias. In [26, 27], for lumped circuit model, cavity model theory has been
applied to extract parasitic captaincies and inductances due to the rectangular cavity effects with
sparse vias, to model the coupling among vias and planes. Meanwhile, a rigorous electromagnetic
full wave method is investigated for modeling the scattering effects of multiple vias and P/G planes
for circuit model extractions [29] and full wave simulations [14, 30, 39]. It is worthwhile to note
that the multiple scattering equations method used in [14, 30, 39] are actually forms of generalized
Foldy-Lax equations [35-37]. In [31], a hybrid method is used to model the case of large number
of vias. For the whole problem modeling strategies, extracted RLGC parameters for transmission
lines and through hole vias and cavity model method are used to model vias-traces-planes for
rectangular shape cavity [15, 28]. For full wave method, a combination of 2D integral equation
method and 2D finite element method in [32] is used to model vias and traces in arbitrarily shaped
cavity with multivias of arbitrary shapes and inhomogeneous media in substrate, up to 2GHz. In
[40], a modeling method of PCB and packages was proposed through a way of extended five-port
circuit model for via-stripline transition based on [39]. However, these methods have limitations
for their modeling strategies. The circuit models proposed in [15, 28, 40] depend on parasitic
elements very much. The parasitic elements include capacitance between via and P/G planes, the

parallel plate impedance Z

pp» Mutual capacitance and inductance among vias, transmission line

model for traces, etc.. These parasitic elements are geometry dependent and must be pre-studied
before being used for building up the models. For irregular geometries, e.g., for the cases of
irregular cavity, eccentric vias and multiple vias sharing one antipad, complete parasitic elements
are difficult to be extracted with good accuracy over a broadband frequency use [28], and the

elements number can be huge if the geometry includes large number of vias and traces. The hybrid
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full wave method used in [24, 32] showed examples only in relatively low frequency range
(compared with 40GHz in this chapter).

In our previous work, we decomposed the via-trace transition problem as exterior problem
and interior problem [4]. The microstrip line to via transition structure solved in [42] is exterior
problem, and the problem of multiple scattering among vias inside the cavity or waveguide solved
in[4, 19, 34-37, 42] is interior problem. For interior problem, we use a mostly analytical technique
of Foldy-Lax equations to compute the full wave solution of Maxwell equations that includes
multiple scattering among cylindrical vias in both infinite large waveguide [4, 19, 34, 42] and finite
size cavity [35-37], with arbitrarily shaped antipad for single through hole via case and multiple
vias sharing same antipad case. The methodology has good comparisons with HFSS [19, 35, 36,
42, 43] and with experiments [5]. In the recent work on the Foldy-Lax approach [36, 43], as
described in chapter 2 and 3, for the case of multiple vias in antipad of arbitrary shape in infinite
and finite planar waveguide, | utilize generalized T matrix that includes wall effects and 1D
numerical technology [37] to model the coupling effects among vertical vias and P/G planes. |
showed that the incident fields on the vias can be calculated by 1-dimensional line integrals of the
surface charges on the vias and on the ground planes [36]. In this chapter, | proposed an efficient,
fast and broadband full wave method to model the chip-package-board system for interior problem,
which includes effects of irregular P/G planes with arbitrarily shaped antipad, multiple vias
scattering and signal vias-traces transitions for multilayered electronic structures, based on the
Foldy-Lax equations method. Compared with other circuit model method in [15, 24, 28, 32, 40],
the proposed full wave method provides fast and broadband simulation results for general
geometries. It is shown that the proposed hybrid methodology is validated by full wave
commercial tool up to 40GHz. The approach shown in this paper can be considered as an extension
of chapter 3, for complete link level simulation.

For the paper organization, we first discuss modes of P/G planes and stripline, and modes
conversation at the location of via-stripline structure. We then discuss cavity, via, stripline
boundary value problem. We show that the whole structure can be decomposed into problem for
P/G planes with vias and problem for stripline structure. Then two equivalent microwave networks
for two these two problems are then parallel. The parameters of problem for stripline can be
extracted by using multi-conductor transmission line (MTL) theory. The parameters of problem

for P/G planes with vias can be calculated by using Foldy-Lax equations method. We then
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combine these two microwave parameters to calculate the parameters for the whole structure. We
also use cascaded Y-parameters method to obtain the parameters of multilayer electronic
structures.

In the numerical results, we show that the proposed full wave method can be applied to a wide
range of complicated structures, including the eccentric via structures, differential signaling
structures and dense via array structures, for the first time. Unlike all the other circuit methods in
[15, 24, 28, 32, 40], for modeling of irregular geometries, no parasitic parameters need to be
extracted. All the numerical discretizations and integrals are based on only one-dimensional
techniques if needed, which saves many computation resources.

Also, higher order cavity modes effects are thoroughly discussed for their impacts on the
modeling accuracy, for the first time. It is shown that these modes effects need to be included in
high frequency (above 20GHz in this paper) simulation for the accuracy issue of via-trace

modeling.
4.3 FORMULATION OF THE METHODOLOGY

4.3.1  A. Mode Coupling between P/G Planes and Stripline at Via-Stripline Connection

Since the structure of cavity is a close one, its modal spectrum is comprised of a infinite
number of discrete modes, and they can be classified into TE modes and TM modes. As stated in
chapter 2, for P/G planes with via-hole structure, only TM modes can be excited. These TM modes
include the TEM mode which is the fundamental propagating mode and higher order modes. For
the microstrip line, it is an open structure, its modal spectrum is comprised of a discrete number
of surface waves which correspond to a finite number of propagating modes, a continuous
spectrum of evanescent waves, and a continuous leaky modes due to eigenvalue field which
represent radiation losses. For simplicity, we only take into account the surface-wave type modes
[45]. For these surface-wave type modes, they can also be classified into TE and TM modes. As
the frequency of operation is increasing, the existence of these higher order modes is undesirable

and the use of the microstrip line is restricted to be below the lowest order TE1 mode frequency
fre1 18 [49]

Cc

frer = thie=1 (4.1)
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where c is the light speed in vacuum, h is the substrate thickness for the microstrip line and &, is
the relative dielectric constant. Below this cut off frequency, the quasi-TEM mode can be assumed
as the dominant propagating mode. Since a stripline sandwiched by the P/G planes can be split
into two microstrip lines, its cut off frequency of TE: can also be estimated with (4.1).

An efficient model of stripline between P/G planes based on modal decomposition method
was proposed in [38], under the assumption of quasi-TEM mode. As the frequency gets higher,
the quasi-TEM assumption need to be carefully considered for the model effectiveness. For the
structures investigated in this chapter, e.g., h = 20 mil, &, = 3.84, then the f;5, is about 87GHz.
Consider the design margin, in this chapter, | make model simulation up to nearly half of the first
higher order mode cutoff frequency, which is 40GHz.

For cavity structure with vias and traces, the modes of P/G planes excited by the via signal
and the modes propagating on the stripline can be coupled at the via-trace transition location. We

next discuss the modes coupling and their decoupling based on electromagnetic analysis.

4.3.2  B.Boundary Value Problem Definition of P/G Planes with Vias Connecting with
Stripline

Fig. 4.1 shows the top and cross section of the considered elementary structure, comprising
P/G planes and two vias connecting with a stripline. Since only TM mode for P/G planes cane be

excited, then let
I
k, = — k? — k2 = kﬁl 4.2)
where [ =0,1,2....., d =d;+d, is the separation between the two plates, and k is the
wavenumber. Let E, be the electric field on the z direction, then the wave equation in the whole
region is

(VE+kZ)E, =0 (4.3)
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Top View of Via Trace Connection

Antipad

Via

Ground Plane

Side View of Via Trace Connection

Figure 4.1. Top and side view of two vias inside a parallel waveguide connected with a trace.

Note that the trace we considered here is for zero thickness. All the conductors are PEC. As
the antipad radius r,,; is electrically small, the via hole region can be treated as PMC, since the
E, = 0 in the antipad region. The cavity side walls can also be treated as PMC, as its thickness
being electrically small. Let E be the electric field, A be the normal direction, then the boundary
conditions for the problem are

fix E =0,at PEC (4.4)
and
AXVXE =0,at PMC (4.5)

According to the geometry of the problem, if we make approximation that we ignore the

fringing field at the via-trace connection due to its being short, then the whole problem can be
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decomposed into two kinds of problems, the P/G planes with vias problem which is for geometry

I and the stripline problem which is for geometry Il as shown in Fig. 4.2.

Port1 Power Plane Port 3
Top View of Via Trace Connection = =
O 5 S O
i o o ! _ _
i | i i Via
i ol (I h l Via
i P‘Gﬂl: Power Plane Pe:rtg
- | | -
! 1
1 1 - _
! 1
ll II |I Port 2 Ground Plane Port 4
! Trace 1
Via } } Via
I 1
I 1
: : Power Plane
1 1
! ! Port 1 Port 3
= : : = Trace
Port 2- Ground Plane Port 4 Il
Part 2 Port 4

Side View of Via Trace Connection

Ground Plane

Figure 4.2. Geometry decomposition.

The problem of geometry | can be solved by the Foldy-Lax equations method as described in
chapter 3, for P/G planes with multiple vias. The problem of geometry Il can be solved analytically
or numerically, depending on the case, for stripline solution. Hence the geometry decomposition
is also the mode decomposition between P/G planes with vias and stripline.

Since both the vias and trace are referenced to the P/G planes, their equivalent microwave
networks are then parallel. Let Y, /¢ be the admittance matrix for problem of geometry I and Y, be
the admittance matrix for geometry Il. Then, a generalized model can be formulated for one cavity
and the total admittance matrix of the original problem Y is
Y=V +7, (4.6)
Note that for problem shown in Fig. 4.2, both ?P/G and ¥, are four ports network. We will then

discuss how to obtain them in the next sections.
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433  C.4-Ports Admittance Matrix ¥ for Stripline

We first show how to obtain admittance matrix Y, for geometry Il for stripline problem.
Usually, a transmission line including stripline is a 2 ports network, assume we can obtain the
admittance matrix for stripline with 2 ports is ¥,;, analytically or numerically. In this section, we
first show how to obtain ¥,;. We then show how to transfer the 2 ports parameter Y;; to 4 ports
parameter Y, for a stripline at every via-trace location where the modes of P/G planes with vias
and modes of stripline couple.

For a general transmission line, its 2 ports admittance matrix Y,; is [53]

1 J
s _1iz tanh(yLirace) Zosinh(¥Lerace)
T = ( ’ 4.7)

Zosinh(yLirace) jZotanh(yLirace)

where Z, is the characteristic impedance of the transmission line, y is complex propagation
constant and L;,.qc. IS the length of the transmission line.

A side view of typical stripline structure is shown in Fig. 4.3, assume its width is Wi, 4ce, itS
length is Lyqc. and the length for P/G planes is Lp ;. The Z, of the stripline structure can be
calculated analytically according to the experience formula shown in [53] or calculated by solving
Laplace equation to obtain the charge distributions on the trace and the per unit length (p.u.l.)
capacitance C,, ,,; with numerical method, for example, by using the moment method [54]. The Y,

then can be obtained.
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Power Plane

Figure 4.3. Side view of a general stripline structure.

Next, by using the skin effect approximation and modal decomposition method [38, 24, 28,
32, 40], the 4 ports admittance matrix Y;, which is related with 2 ports admittance matrix Y,; for
geometry |1, can be extracted by applying MTL theory for the three conductor problem.

Note that the MTL theory applied here is under assumption of TEM mode for both parallel
plate and stripline. As we stated in part A in this section, for stripline modes, the mode TE; for
our interested geometry size is about 80GHz, which is above our interested frequency 40GHz.
However, for parallel plate modes, the cutoff frequency of its lowest higher order TM mode (TMz01
or TMz10) can be from any frequency, depending on its geometry size. Typically for a large PCB
with size of 10 inch, the cutoff frequency of its first lowest higher order mode can be in the level
of 100MHz. Above this cutoff frequency, the higher order modes can be excited and the MTL
theory with the assumption of TEM mode is not accurate for parallel plate structure, but such
assumption is still good for stripline structure. Hence we only use MTL theory to extract Y, for
geometry Il. The ?ppTEM for parallel plate structure without vias here is just auxiliary.

A general problem of geometry Il are shown in Fig. 4.4. In Fig. 4.4, subscript [ indicates left

side, subscript r indicates right side, subscript p indicates power plane, subscript g indicates
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ground plane, subscript s indicates stripline, subscript pp indicates parallel plate mode, subscript
tl indicates transmission line mode. For both left and right side ports, with the ground plane as
the reference plane, by using MTL theory, following transformation matrices can be used to

decouple the parallel plate mode and stripline mode coupling for this problem [46]

Vl/rp - Vl/rg] _ [ 1 0] [Vl/rpp] (4 8)
Vl/rs - Vl/rg _ki 1 Vl/rtl l
Il/rp] 1 ki [Il/rpp]
= 49
Il/rs [0 1] Il/rtl ( )

The above equations show that the current through power plane is equal to the sum of the
currents from the parallel-plate mode, and those from the transmission line mode multiplied by the

factor k; [28], which is a dielectric height ratio, is

dy
dy+d;

ki:_

(4.10)

where d, and d, are the distances between the trace and bottom plane and between the top plane
and the trace, respectively. Similarly, the voltage between the trace and the lower plane is equal to
the voltage drop due to the transmission line mode subtract the drop between the planes due to the

parallel-plate mode, multiplied also by the factor k;.
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Figure 4.4. Three conductor transmission line problem and its equivalent circuit for 2 ports.

For both left and right side, define the voltages and currents of 4 ports for stripline model as
Virsg = Vigrs = Vigrgs Viprsp = Viyrs = Viprp @0d Iy s = Ijjr . For 4 ports striplne, both the
power and ground plane should be references, then I, = I;/rp + I;/rg. Since we also have
Lyret = VigretYiyrens Tirpp = VijrppYirpp, after some derivations, at every via-trace location where
the modes of P/G planes with vias and modes of stripline couple, we can obtain [46]

I:P] _ ki*Yy +=?PPTE=M (—ki* = ki)?tz:— =pZTEM l []ZSP] (4.11)
19 (—kiz - ki)ytl — YoprEM (kiz + 2k; + 1)Ytl + YoprEm Vs
where [P, 9, V5P and V59 are vectors include both left and right side ports, for example, [P =

v
)

Eliminating parallel plate mode effects which relate with =pp, then for a “pure” 4 ports

stripline model, the admittance matrix ¥ can be extracted as
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7 - ki’ Yy (—ki® — k) ¥y
(k= k)Y (kP + 2k + 1Y,

Note that the above method for 2 ports/4 ports stripline model can be used also for 2N-

(4.12)

ports/4N ports stripline model.

4.3.4 D. Admittance Matrix 1=/P/G for P/G Planes with Vias

The admittance matrix 719/0 for problem of geometry | can be calculated with hybrid Foldy-

Lax equations method and 1D MoM, as we described in chapter 3.

In this section, | briefly describe the 1D MoM for the problem of finite cavity of irregular
shape. All the notations are same as shown in chapter 3.

| use the t coordinate to describe the line contour of the caivty boundary. In the MoM
formulation, 1-dimensional discretization of the boundary wall is used. Let there be N, segments.
We use pulse basis functions and point matching for the t,, coordinates with v = 1,2... N, and the
length of segment v is At,. Then the impedance matrix Z is of dimension N, x N,. The

impedance matrix elements are

[ﬁl ' thg(P_: p_’)Atv]—’z— t ,_’=_(tv) K v
Zyw = A (33)
2 H=v

for u,v = 1,2...N,, and g(p) = %Héz)(kp).

Consider multiple vias, g = 1,2,3,.... N, the Foldy-Lax equations are

wa = a¥ine + yo_i[ar, + XWP|AP (3.36)
P#q
In general, we include harmonics of m = 0, +1,....... +M. Harmonics of m # 0 give rise to

anisotropic effects.
In the above equation, w? and A7 are of dimemsions (2M + 1) x 1, and contain exciting
field coefficients [w9],, =w,, and scattered field coefficients [49], = A} , m=

0,+1,....... +M: @c is the incident field coefficients, c?j{p matrix is the translation matrix for

cylindrical waves and is of dimension (2M + 1) X (2M + 1)

[@5,] = H2,(k|py — 5g|)e’ ™™ %7ra (3.11)
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and
XWapr — f(qw)f—lé(Wp) (3.33)
In equation (3.33), the 7" matrix which has dimension (2M + 1) x N, where W stands for
wall. Itis of mixed dimension as it represents discretized MoM points coupled to wave harmonics,
m=0,+1,....... +M. QW9 is with dimension N, x (2M + 1). It represents coupling from
harmonic to discretized point on the boundary. Z~ is the inverse of the MoM impedance matrix.
Their expressions can be found in chapter 3.

Using the 7(®, the T-matrix of single via including wall effects, we have

wl = g4nc + Z’,}Ll[c?g,‘p + )?qu]?(p)v_vp (3.37)
P#q
where
7 — [1= — Tp)?pr]_lfp (3.38)

After the Foldy-Lax equations are solved, w?,q = 1,2... N are obained. Then the magnetic
field in the ¢ direction can be obtained. The surface currents /¢ as shown in equation (3.53) is in
the z direction and is calculated from the magnetic field on the surface of the via.

Once the currents are determined, the calculation of the admittance parameter matrix of

multiple vias inside finite P/G planes ):’p/G can be obtained as

™1 _ s [pr
(o] = Tosc 179] (4.13)
where [P, 19, VP, V9 are current and voltage vector on power and ground apertures, and
= _[yrr _ypg
Yeje = _y9p 99 ] (4.14)

Note that if the stripline is in the center of cavity, due to the reflection symmetry of the
waveguide, we have the symmetry relation of the admittance matrix elements Y?? = Y99 and

Y9p = YP9. Anyway, if the stripline is not at the middle of the cavity, the symmetry relation will

be destroyed. Then the Foldy-Lax equations method need to be used twice to obtain four element
matrices in ¥p .
In this chapter, we only consider k; = —0.5 or centered trace case, for the modeling

simplicity.
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It is valuable to point out that, the 17P Jc obtained from the proposed method is not Y¢ used in
[15, 28] or Y@ used in [32]. The difference between the two is that ¥¢ (obtained from cavity model
theory) or ¥ (obtained from contour integral equation method) only reflects modes effects of P/G
planes without vias, while 1713/(; reflects modes coupling effects of P/G planes with multiple vias.
In [15, 28, 32], via barrel to plane capacitance need to be extracted to express the coupling between
single via and cavity, but scattering effects among vias are not considered. The proposed Foldy-
Lax equations method include and integrate all the coupling and scattering effects among vias and
planes. For complicated geometries, the methods in [15, 24, 28, 32, 40] can’t handle cases such
as irregular single through hole via, multiple vias sharing same antipad and dense via array, while
the proposed method use only one-dimensional discretization and integral. 1 will show more
simulation details in the numerical example section.

The ?P/G IS not exactly same as 7pp defined in [14, 39] neither. Although both of them include
scattering effects among multiple vias and planes, Y»p defined in [14, 39] does not include higher
order waveguide modes effects, while ?P/G includes these effects. When the source via gets
excited, parallel plate waveguide modes will be excited. In high frequency, higher order
waveguide modes may not decay rapidly along the radial direction, and they do contribute to the
interactions among closely spaced vias [44]. In other words, modes conversion not only occur at
the transition between the signal trace and through hole via, but also through the way of wave
propagation and scattering among vias from fundamental mode to some higher order modes. From
simulations in section 4.4, | observe that these higher order modes effects need to be considered

for the accuracy issue of modeling above 20GHz.
435 E. Model Recombination

We now combine (4.6), (4.11) and (4.14), then a generalized model can be formulated for one

cavity and the total admittance matrix of the system is finally derived as

Py _ s [vp
l=7 0] (4.15)
where
s = - kY + 7 k2 — k)T, — 7
Y'=Yp/e +¥s = , " ("= ki) (4.16)

(—k® — k) V=72 (k7 + 2k + 1)V, 72P
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The proposed method can be conveniently expanded to multiple vias and multiple striplines
case. For vias not connected with traces, the related Y is zero.
After obtaining the admittance parameter matrix, the calculation of the scattering matrix

proceed in manners as described in previous papers [4, 19, 35, 36, 42].
4.3.6  F. Model for Multilayer Electronic Structures with Different Loads

For the multilayered structures with different types of ports, e.g., the open, shorting and load,
cascaded Y parameters technique derived in [39] is used for the combination of individual network
in this paper. More details for derivation and definitions of through ports and generic load ports

can be found in [39, 40], | show the conclusions only for the paper self-consistent.

The admittance matrix of the i parallel plate pair Y is defined as

Yi i
bl 4.17
Ilbl leu Ybb] [ l ( )

Then the cascaded admittance matrix for two consecutive plate-pair networks with admittance
matrices of Y And Yi*+! Is finally given as

?l',l'-l'l — [?Ju % 5?blu :i 6:i+1 (4 18)
l+1 vitl l+1 l+1 '
QYbu Y Q

where the auxiliary matrix Q is

= =. =. -1
Q = [V + V51 (4.19)
4.4 NUMERICAL RESULTS AND DISCUSSIONS

In this section I illustrate the results and make comparisons with Ansoft’s HFSS version 12.
I mainly discuss the effectiveness of the proposed method.

The proposed method are based on Foldy-Lax multiple scattering equations method. The CPU
requirement and discussions between the Foldy-Lax approach and HFSS v12 has been thoroughly
reported and discussed in chapter 2 and 3 or in [36, 43] section VIII. The CPU requirement of
cascaded microwave Y parameters network approach has also been discussed in [40], for
multilayer structures. The proposed method use much less memory requirement and CPU

computation resources.
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44.1 A.2Common Vias Connected with 1 Trace in A Square Cavity for Higher Order

Waveguide Modes Effects Investigation

Figure 4.5 shows top and side view of structure about 2 vias connected with 1 trace. | test two
cases for very short vertical vias and long vertical vias, to investigate the higher order waveguide
modes effects. The specifications are: Ry;, = 5 mil, Rgntipaa = 15 mil,W = 1200 mil, t =
1 mil, transmission line length L;; = 600 mil, h = 12 mil for case A1 which is for short via and
h = 61 mil for case A2 which is for long via; for substrate material, &, = 3.84, tand = 0.033.

The two signal vias locate at (200, 600) mil and (800, 600) mil.
—

SV1 SV2

L

. {o0)
i

d | k. 1| |

Figure 4.5. Top and side view of 2 vias connected with 1 trace in a square cavity.
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Figure 4.7. Y parameters for upper and bottom ports comparisons for case Al.
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Figure 4.8. Y parameters for upper and upper ports comparisons for case A2.
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Figure 4.9. Y parameters for upper and upper ports comparisons for case A2.
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As stated in section 4.3 part A, | compared the )=’P/G with and without considering higher order
modes effects for short and long interconnects, respectively. Figure 4.6 and 4.7 show Y parameters
between upper and bottom ports comparisons for case Al, which is short via case. Figure 4.8 and
4.9 show Y parameters between upper and bottom ports comparisons for case A2, which is long
via case. Good agreements can be obtained between the proposed method and HFSSv12.

As we can see, for short via case, the high order modes effects are not so important, but for
long via case, in order to accurately model the self-admittance Y1ulu and through admittance
Y 1ulb, higher order modes effects are necessary for simulation above 20GHz. Cross-admittance
Y1u2u and YZ1lu2b are not impacted by higher order modes effects very much, due to the

transmission line length being 600 mil.

4.4.2  B. 2 Eccentric Vias Connected with 1 Trace in A Square Cavity for Irregular Antipad
Effects

The proposed method can be conveniently expanded to modeling cases of vias with irregular
antipad or eccentric vias. We show an example about eccentric via structure. Figure 4.10 shows
top view of structure about 2 eccentric vias connected with 1 trace. The specifications are same
as the case A2, also with the eccentric pitch e = 2 mil.

Figure 4.11 shows the comparisons of S parameters about the two signal vias. We can observe
that the insertion loss and return loss for signal via 1 to some degree behave like a transmission
line. This is reasonable since single vertical via can be treated as a coaxial cable with virtual
boundaries. The through transmission S parameters between signal via 1 and via 2 also behave as
transmission line performance. The resonances shown in the curves are due to the cavity modes

effects.

Figure 4.10. Top view for eccentric via in case B.



101

2 Vias 1 Trace h = 61mil e = 5mil

o Slulu - Foldy Lax M
T 25 | ===== Slyulu- HFSSVI2
T g0f| —® Slu2u- Foldy Lax . . . .
E 0 | === S71u2u - HFSSV12 20 25 30 35 40
o
@©
Q O P Y I Iy T | |
0p} v . -Q‘ .‘ i oLy i i
“ | “' "y
*

-10

S1lulb - Foldy Lax
20| w=mm=m S1ylb - HFSSVI2
==@== S1u2b - Foldy Lax v
PN B S1u2b - HFSSV12 i i i i
0 5 10 15 20 25 30 35 40
Frequency (GHz)

Figure 4.11. S parameters comparisons for case B.

443 C.2Common Vias Connected with 1 Trace in A L-Shaped Cavity for Irregular P/G

Planes Effects

Figure 4.12 shows top view of structure about 2 vias connected with 1 trace in a L shaped
cavity. The specifications are R,;, = 5 mil, Rgntipaa = 15 mil,W = 1200 mil, L = 1500 mil,
L; = 200 mil, W; = 800 mil, h = 31 mil, t = 1 mil, transmission line length L;; = 600 mil.
The two signal vias locate at (200, 700) mil and (800, 700) mil.

Figure 4.13 shows the comparisons of S parameters about the two signal vias in the irregular
P/G planes. The irregular effects in proposed method are modeled by Foldy-Lax equations method
hybrid with MoM, as shown in section Il part A. For the investigation of the irregular planes
effects, we can compare figure 4.11 and 4.13. One then can observe that, the shapes of the insertion
loss and return loss for signal via 1 are not impacted very much, since they mainly behave as a

transmission line performances. But the through transmission S parameters between signal via 1
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and via 2 are impacted a lot, since the cavity modes between case B and case C are very different.
From the results, it can be seen that the curves for through transmission S parameters between

signal via 1 and via 2 in case C are much smoother than case B.
444  D. 48 Vias in A L-Shaped Cavity for Multiple Vias Scattering Effects

The proposed method can accurately reflects the multiple scattering effects among vias and
P/G planes, as we also stated in the section Il part A. Figure 4.14 shows a top view of a L-shaped
cavity embedded with a SIW structure which includes 48 vias, including 6 signal vias and 42
ground vias, in order to test the structure of dense vias array. The specifications are same as the
case C, except that there are extra 4 signal vias and 42 ground vias are located in the P/G planes.
The signal via 3 is locating at (900, 540) mil.

W
Figure 4.12. Top view for 2 vias connected with 1 trace in L shaped cavity for case C.
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W
Figure 4.14. Top view of a L-shaped cavity embedded with a SIW structure for case D.
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Figure 4.15 shows the the comparisons of S parameters between signal via 1 and via 2. Figure
4.16 shows the the near end cross talk (NEXT) and far end cross talk (FEXT) between signal via
1 and via 3. From the simulation results, we can see that the insertion loss and return loss for
signal via 1 and the through transmission S parameters between signal via 1 and via 2 are impacted
by the embedded SIW structure. These impacts occur above 15GHz. The P/G planes effects are
“hidden” by the SIW structure.

The resonances shown in the curve of through transmission S1u2u is due to the modes effects
of SIW structures. There is discrepancy of the resonance between the proposed method and
HFSSv12, this may be due to the neglect of the coupling among vias and trace in the proposed
method. The NEXT and FEXT between signal via 1 and 3 are very small (below -40dB) and
nearly same, since the via cage guard any radiation from the inside of it. But these crosstalk

increase with frequency also.

445  E.3 Common Vias Connected with 2 Traces in 2 Layered L-Shaped Cavities for
Multilayered Structures

Figure 4.17. 3D view for 2 layered L shape cavities with 3 vias and 2 traces for case E.
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Figure 4.17 shows 3D view for 2 layered L shape cavities with 3 vias and 2 traces. The
specifications of each cavity are same as case C, except that the signal via 3 is locating at (800,
400) mil, Ly = 600 mil and Ly, = 300 mil.

Figure 4.18 shows the comparisons of S parameters between signal via 1 and via 3. Good
agreement can be obtained up to 40GHz. We want to point that the proposed method can be
conveniently expanded to model the ports with different loads, although we do not show the related
case. These loads can be for open, short and decoupling capacitor. These loads can be integrated

with the models in the post-processing phase [39].
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Figure 4.18. S parameters comparisons for case E.
44.6  F. 2 Pairs of Differential Signaling Connected with Coupled Traces in A Rectangular
Cavity

The last case is about differential singling structures with coupled striplines. The modeling

method is shown in section 4.3 part E. Note that the proposed method do not include any pre
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extractions for any parasitic parameters. Figure 4.19 shows top view for 2 differential signaling
pairs with coupled striplines. The differential pair of vias can be in common mode or differential
mode. The specifications are: &. = 4.4, tand = 0.02 (FR4_eproxy), L = 2000 mil, W =
1500 mil , Ryjq = 15mil, Rgntipaa = 30 mil , pitch =40mil, h = 51mil, t =1mil,

transmission line length L;; = 400 mil.

Figure 4.19. Top view for 2 differential signaling pairs with coupled striplines for case F.
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Figure 4.20 and Figure 4.21 show the insertion loss and return loss for both differential mode
and common mode respectively, also up to 40GHz. For the modeling detail, the coupled striplines
model is obtained from HFSSv12. Note that the spacing between the two coupled striplines is
only 10mil.

From the comparisons, | observe that the proposed method match well with the simulation
results obtained from HFSSv12 below 10GHz. The model shows some discrepancies (mainly are
for resonances shifts) above 10GHz. This may be due to the near filed interaction occurring
between striplines and vias at the location of via-trace transitions, or higher order transmission line
modes being excited. In such case, more accurate modeling methods need to be investigated for

high frequency simulation.
4.5 CONCLUSIONS

In this chapter, | proposed a fast and broadband modeling method for signal/power integrity
analysis for vias traces transition structures in electronic packages and printed circuit boards, for
link level and channel simulations. The major advantage of the proposed method resides in the
decomposition of the complex 3-D problem into simple analytical solution, 1D meshing and 2D
problem if necessary. With the hybridization of generalized Foldy-Lax multiple scattering
equations method and modal decomposition method, the computation resources are reduced for
the complete signal/power integrity analysis of high-speed vertical and horizontal interconnects
modeling in 3D IC, with good accuracy, up to 40GHz.
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Chapter 5. EXTEND FOLDY-LAX EQUATION METHOD TO
MODEL MIXED METAL/DIELECTRIC
CYLINDERS IN PARALLEL PLATE
WAVEGUIDE STRUCTURE

5.1 INTRODUCTION

In the recent antenna designs, many compact, high performance antenna are working at high
millimeter-wave (mm-wave) frequencies [55-56], with a high degree of repeatability and
reliability in antenna constructions. They are implemented by integrating a waveguide antenna
within multilayer structures, or a new technology named as substrate integrated waveguide (SIW).

For another side, in order to make PCB and package design be more reliable from the point
of view of power integrity (PI), the power deliver networks (PDN) becomes more and more
complicated. A typical way to suppress the simultaneous switching noise (SSN) is to add a
photonic crystal power/ground layers. The structures are also though SIW like technology.
Unwanted noise then can be eliminated/significantly suppressed in the designed stopbands. The
signal integrity aspect won’t be impacted by doing so [57].

In this chapter, | derived a new form of Foldy-Lax equations to provide an efficient solution
for modeling SIW structures, which applied scattering coefficients as unknowns, for multiple
scattering among metallic and dielectric cylinders in parallel plate waveguide structure. The
modeling techniques are based on rigorous electromagnetic analysis with consideration of TE/TM
coupling and T matrix for dielectric cylinder in parallel plate waveguide. The modeling techniques

provide fast and broadband simulation method for 3D IC and SIW based device.
5.2 T MATRIX OF DIELECTRIC CYLINDER IN PARALLEL PLATE WAVEGUIDE

| first derive the T matrix for a single dielectric cylinder in parallel plate structure. Consider a

dielectric cylinder of radius a. All the notations are same as previous chapters.
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521 TM case:

Let the exciting magnetic field of cylinder be consisting of TM modes. The parallel plates are

atz' = %and z'=— %- Then first let the exciting field is

= Y20 Yoo W, MRQHTM(kzl, kpi, P,z %2 ] (5.1)
wi, and w/ are TM and TE exciting coefficient respectively, and note that for TM modes,
1=01.2,..... For TE modes, [ = 1,2,3, ... ....
The magnetic vector wave functions in the parallel plate waveguide are [4]
RGHEE (ko1 kezt, 5, 2)
e /n® ]kplkzl
1

J' (kplp)cos(kzl(z +z )) ;l]n(kplp)cos(kzz)

k2
- pisn(ea o £ )

(5.2)

- . je= " jn ~ ,
RgHy (kpl: k21, P, Z) = n {_p F]n(kplp) - (pkpl] n(kplp)}cos(kzl(z Tz ))

(5.3)
Then
p X RGHTE (Ky1, ez, ), 2)
e_jnd)

k,
== { N l]n(kplP)COS(kzz(z +2))+ ¢ ]n(kplp)]sm(kzl(z +z ))}

(5.4)

~ — N je—ineg
p X RgHZM(kpl' kzl, p, Z) = e n

{—2kp)' ,(koip)}cos(ka(z + 21)
(5.5)
Then the electric field is
Eex = Z;X;O Z%oz—oo[wz‘#RgETTl‘M(kzl' kpl' ﬁ,Z i Z,)] (56)

where the electric field wave functions are
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TE - 1 gTE ~
RETE (kpy, kyy, p,2) = Twe V x RgHEE (kpp, ki, P, 2)

= —e /"¢ {_ﬁ];n]n(kplp) - $kpl],n(kplp)} sin(k,(z £ 2))

(5.7)
RGEM (kyu, ki, fr 2)
. ko k,
= e~ Jné {p] ok 22 g1 (kpup)jsin(ky(z £ 2)
+ ¢ ]n(kplp)]Sln(kzl(Z * Z’)) +2Z pl]n(kplp)cos(kzl(z * Z’))}
(5.8)
p X RgE,fE(kpl, ko p.z) = e "{2k,)’ (kyip)}sin(k,z)
(5.9)

.5 X RgEﬁM (kpl' kzl' ,5, Z)

. k, k2
=g /n¢ {2nk—pl]n(kplp)j5in(kzl (z+2))—¢ Tpl]n(kplp)cos(kzl(z + Z,))}

(5.10)

Then the magnetic scattered field of the dielectric cylinder can be expressed as

H = Z Z WlTl MTMHTM(kzl,kpl,p,Z + Z ) + Tl ETMHTE(kzl, kpl,p,Z + Z )]

=0 n=—c

(5.11)
where HI™ is the same as RgHI™ with Bessel function replaced by Hankel function of the second
kind. In the above equations, T,""™ and T/,Z"™ are T matrix coefficients. Note that because of
dielectric posts there are coupling between TE and TM modes with the coupling coefficient T,/F™
for I > 0 modes, or non TEM modes. TE modes and TM modes are decoupled for TEM mode in
which case [ = 0.

Similarly, the electric scattered field of the dielectric cylinder can be expressed as

Z Z M[TITYILVITME;M(ICZD kpl'ﬁfz * Z’) + Tl,TfTMEZE(kzl, kpl'ﬁrz T Z’)]

=0 n=—o

(5.12)
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Let the dielectric cylinder be with permittivity of ¢, and permeability of u, then let k, =
W[ UEY, Ny = \/g Note that due to the phase matching in the z direction, the k,; are same for

inside and outside of the dielectric cylinder.
For dielectric cylinder, the internal magnetic field vector wave functions are obtained from
equations 5.2 and 5.3, which are

Rgﬁrzl)TE(kpplr kzl: ﬁr Z)

e Jne { p]kpplkzl
Mp

J (kpplp)cos(kzl(z +z )) ;l]n(kpplp)cos(kzz)
kp

kZ
= 2= Ju(kppup)jsin(lea(z £ Z’D}
14

(5.13)
_‘pTM - je_jn¢ Ajn N 12 !
Ran (kpplr k21, P, Z) = n {_p F]n(kpplp) - (pkppl] n(kpplp)} COS(kzl(Z Tz ))
14
(5.14)
To determine the T matrix coefficients, let the internal field be
Z Z wiM[CIM™MRgHE™ (K, ki B, 2 £ 27)
=0 n=-—o0
+ CTET™MRGHE™ (kyy, ep o, B2 £ 2')]
(5.15)

Then the internal electric field is

Z Z wiM[CTMT™MRGER™ (K1, ki, B,z £ 2') + CTEMRGEE™ (ki kppr, , 2 £ 7))

=0 n=—o

(5.16)
where RgE?™ and RgEP™® can be obtained from equations 5.8 and 5.9.

Now | match boundary condition for dielectric cylinder. The tangential field which includes
both electric field and magnetic field are equal, hence, at surface of cylinder p = a, for each
waveguide mode [, we have

px (H + Hox) = p X Hipy (5.17)
px (Es+Epy) = p X Epny (5.18)
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From 5.17, we obtain
p X Rgﬁﬁ’”(kpz, ko2 2)
+ [TMTM 5 % HzM(kplf Ky, p,z%2) + TEE™p x HZE(kpl, ku,pz+2)]
= IR X RO (kyp 12 £ 7) + CTE™p
X RgHY"" (kppi, k. P2 £ 2')

(5.19)
Then

je_jn¢
n

{—2k,)' (kpa)}cos(ky(z + 21))

jo—ine
n [TW”T{—fkle,52>'(kma)}cos(kzz<z +2))

nkzl

— (2)(kpla)cos(kzl(z + 7))

e_jn¢
I

_k?
+ ¢ TPZH,(IZ) (kpla)jsin(kzl(z + z’))}l

o—ind
= ClTrIyTM]r]— {=2kpp)' ,(kppra) }cos(kn(z + 27)
p

—jn¢

+ CTETM]

{ nkZl]n(k pla)cos(kzl(z +z ))
P

ko
+ ¢ 2;;—’:]n(kppla)jsin(kzl(Z + z'))}

(5.20)

Then, by matching 2 and ¢ components, we obtain

1 (nk
-{ka/ (kpla)}+[TTMTM] kle,gz)’(kpla)}+Tl,TnETME{k—;H,(f)(kpla)}]

]n( ppla)}

nkzl

= ClTrleTM {kppl] n(kppa)} + CLTT™ — 77p {

(5.21)

TETM 1 ksl ) TETM 1 kppl2
Tl,n - THn (kpla) = Cl,n - k ]n (kppla)
U Mp U Kp
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(5.22)
From 5.18 which is tangential E continuous at the dielectric post surface p = a, we obtain
p X RGELM (kpy, ke, p, 2  2')
+ [TTMTM b ¢ ETM (e, ey, B,z + 2') + TEE™ X ETE (K, kegy, oz + 2)]
= Y™ p x RgE?TM(kppl, wpztz)+ClE™p
X RGEE™ (kppu ks 2 £ 2')

(5.23)
Then

e—ind { 5 ezt

_k?
(kpa)jsin(ieatz  23) - § 21 (kra)cos (k2 + z'))}

k
n lTTMTMe—]mP { nk;l 212 (kpla)jSin(kzl(Z + Z'))

_k?
—¢ Tle,SZ) (kpla)cos(kzl(z + Z’))}

+ TZ_T,fTMe_j"‘P{ZAkler(lZ)’(kpla)}sm(kzz(Z T Z’))l
. nkzl ..
= CZT,Q"TMB_]""& {Z“n]n(kppla)]sm(kzl(z + Z'))
P

k.
— fl’c—pl]n (kppla)cos(kzl(z + Z'))}
p

+ e M2k, ) (kppra) }sin(k,(z + 27))
(5.24)

Then by matching 2 and ¢ components, we obtain

{nkzl]n(kpla)]} [TTMTM{ ka (2)(kpla)]}+ TETM{kleT(lz)r(kpla)}]

nkzl

=Chm { ]n(kppla)]} + G, ETM{kppl]n (kppla)}

(5.25)

kﬁz’l TMTM k1 (2) TMTM kpplz
2k} + {kH ()] = et (522 1 )
p

(5.26)



116

Sort them as matrix form, we have

P ) nk, k, ]
ji{ kot P (ki) } { 1H<2)(k,,la)} —jkp{kppr), (Kpp1@)} {n l ]n(kppla)}
0 { szr(lz)(kpla)} 0 ~{kppi Tn(kppia)}
k, nk, ,
{nk lH(Z)(kpla)J} { le,SZ)’(kpla)} _{ l]n(kppla)f} _{kppl]n (kppla)}
k
{%Hﬁz)(kpla)} 0 _{kl;(—pl]n(kppla)} 0
i p
l[TTMTM-I __jk{kpl](;n(kpla)}_
TJETM nk,
X llCT’MTMJl = { l]”(kpla)]}
k
CTETM _{Tpl]n(kpla)} |

(5.27)
We can then solve the T matrix coefficients of dielectric cylinder for TM modes.

522 TEcase

Now let the exciting field be TE modes excitation. When matching tangential magnetic and
electric filed continuously at the dielectric post surface p = a, we have
p X RgHLE (kyy, ko, 2 £ 2)
+ [TIMTE b x HTM(kpl, ko, pzt2)+ THETEp x HZE(kpl, ko, pz+27)]
= M x RgHE™ (kppu, ko, prz £ 2) + CTETEp
x RgHE"" (kepp, k1, 2 £ 2')
(5.28)
p X RgE,fE(kpl, ko, p,zt2)
+ [TMTE p x EZM(kpl, ko, pz+2)+ THETEp x E,TLE(kpl, ko, pzt7)]
=CY"Ep x RgEP” (kppl, ko, pzt2)+ CIETEp
X RGEE™ (kppi ko, 2 £ 2')
(5.29)

Then, by matching 2 and ¢» components, we have
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nk,; nkzl

TleTE e H(Z)(kpla) + TMTE]kle(Z)I(kpla) CTETE ]n(kppla)
ky
—Cln' "=~ ppl] (kppla) ;l]n(kpla)
(5.30)
TEETERZ H (k@) = CTEE Ky T (kpp1@) = k2 (K pia)
(5.31)
and
Tz.TfTEklevgz)'(kpza)+TzTrA/ re; Lo a 2 HD (k@) = CHE P k), (Kpi)
CTMTE ]n(kppla) = _kpl]’n(kpla)
(5.32)
TMTE kpl () TMTE kpplz
T K H (k la) C p ]n(kppla) =0
(5.33)
Then
MKz (2) @) nkzl k ' |
ka - Hy (kplp) JkpiHy (kplp) ]n( pplp) kppL] n(kpplp) T
T,
lerEZ)(kplp) 0 _kppl ]n(kpplp) 0 [TLTJILTE]
k ' Nk x| b
kle1(12)l(kplp) jnk;l Hﬁz)(kplp) —kppd (kp1p) = k_;]n(kpplp) Clr'®
k2, kdlz CIT,I{ITE
0 TPHrSZ)(kplp) 0 ,:;]n(kpplp)
p
nk
Zl]n(kplp)
nk
= Zl]n(kplp)
PL] n(kplp)
0 |
(5.34)

We can then solve the T matrix coefficients of dielectric cylinder for TE modes.
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Note that, for [ = 0 which is TEM mode for waveguide, only TM modes are excited, and the
analytical solution for T matrix for dielectric cylinder is [34]

TTMTM _ _ kp]n(ka)]nl(kpa) - k]n’(ka)]n(kpa)
o ke, H? (ka)], (kpa) — kH (ka)], (k,pa)

(5.35)

which can also be obtained from equation 5.27.

5.3 FoLDY-LAX EQUATIONS FOR MULTIPLE SCATTERING AMONG DIELECTRIC

CYLINDERS IN PARALLEL PLATE WAVEGUIDE

| now derive the Foldy-Lax equations with multiple scattering among dielectric cylinders in
parallel plate waveguide.

The Foldy-Lax equations state that the final exciting field of particle g is equal to the incident
wave plus the scattered waves to particle g from all other particles p except q itself. For multiple
scattering problem of dielectric cylinders, there are three forms of Foldy-Lax equations as shown
in [34]. The first form is for listing final exciting field as unknowns, as we used in chapter 2-4.
However, the Foldy-Lax equations with this form cannot be solved accurately, as the matrix is
very badly conditioned for its inverse operation, as shown in chapter 2, we need to rescaled the
equations and obtain accurate results. Instead of using equations for the exciting field coefficients,
the scattered field coefficients and internal field coefficients can also be used for listing Foldy-Lax
equations. | found that the form which uses the scattered field coefficients showed more accurate
inverse operation due to its matrix having lower condition number. |adopt this form in this chapter
to solve problem.

For multiple scattering problem of dielectric cylinders with TE and TM modes decoupling
case, all the three forms have been shown in the [34]. In this chapter, | derive Foldy-Lax equations
for mixed metal/dielectric cylinders with TE and TM modes coupling case in parallel plates
waveguide structures.

| first derive form of Foldy-Lax equations that use the final exciting field coefficients as
unknowns for TE/TM modes coupling case, then | derive form of Foldy-Lax equations that use

the scattered field coefficients as unknowns for TE/TM modes coupling case.
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Consider N cylinders between the two parallel plats centered at g;, g, ... ... , Py, the cylinders
can be PEC or dielectric cylinders. Within the Foldy-Lax formulation, the final exciting field on
cylinder p is

ﬁép) Z Z [Wl M(p)RgHTM(kzl,kpl,p Pp 2zt 2')

=0 n=—-o

+w, E(p)RgHTE(kzl, ko, B— Ppz £ 2 )]

(5.36)
The final scattered field from cylinder p is
H(p) TMTM(p)HTM ko ko B—13 74 7'
( VAR plﬂp pp,Z_Z)
=0 n=—oo
TTETM(p)HTE (k k + TM(p)
+ zl pl!p pp'Z Z) W
+ I:TlTriVITE(p)HTM(kzl, kpl'p pp, Z + Z )
+ TTETE(p)HTE (ko1 kp1, p— Pprz + 2 )] WTE(p)}
(5.37)

The scattered field will be incident on cylinder q, the propagator is same as we used in chapter
2 and 3 for infinite large parallel plates waveguide, which is equation (3.11). Then the scattered

field form p onto cylinder q is

B3 3 3 ([T R b~ e 2)

=0 n=—oc0 m=—0o0

+ TTETM(p)RgHTE(kzl, ko, p—Pgztz )] WTM(p)
+ [T P RGHIM (e, epr, B = gz £ 2)
+ TTETE(p)RgHTE(kzl, kpi,p — pgzt+z )] WTE(p)} [c?f{p]nm
(5.38)
or

H® = z z z TMTM(”)WM(”MTTMTE(”) TE(p)]RgHTM(kzz,kpl,P Pgzt2)

=0 n=—o00 m=—0o

+ [TTETM(p)WTM(p) + TTETE®)y, TE(p)] RgHYE (ky,kpr B — gz £ 2 )} @3] e

In
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(5.39)
Thus we get the Foldy-Lax multiple scattering equations by balancing every coefficient for

each mode,

T™(q) _ TM(q)
Wl n al,n

n Z z [TZTMTM(”) T™M®) | TITMTE(p) TE(p)] Rg HTM(kZl’ kot — for 2

P=1, m=—o0
p#q

£ 2 ) Hn 2 (Kot [Py = )€/ %7000

(5.40)
TE(q) TE(q)
Wl,n V= al,n 1
N (o]
" z Z [Tl,TfTM(”) ™M) TTETE(p) TE(p)] RgHTE (kyu, ko, — P 2
P=1,m=—c0
pP#q
, N [ ey
Tz )Hrgz—)m(kpllpp - qu)e](n ™07p7g
(5.41)
where ajw @ and a; =@ are the incident field coefficients for TM and TE modes on cylinder g,

which will be discussed later in this chapter.
The above two equations are Foldy-Lax equations by using the final exciting field coefficients
as unknowns for TE/TM modes coupling case. | then derive Foldy-Lax equations by using the

scattered field coefficients as unknowns for TE/TM modes coupling case.

TM(p)

Let scattered field coefficients of TE and TM modes for cylinder p are Vz n P) and v, ,and

TMTM(p) _ TMTM(p) TM(p) TETE(p) _ ~TETE(p)  TE(p) TMTE(p) _ TMTE(p)  TE(p)
vl n Tl,n Wl,n y In Tl,n Wl,TL s In = T Wl n ’ and
v MTE®) = TMTE®),, TE®) - Then we can obtain
TM(p) _ TMTM(p) , TM(p) TMTE(p). TE(p) _ . TMTM(p) TMTE (p)
Vin Tl n Win + T Win = = Vin TV
(5.42)
TE(p) _ mTETM(p)  TM(p) TETE(p),, TE(p) _ _ TETM(p) TETE(p)
Vin Tln Win +T Win =Vin +v Uin
(5.43)

Then equations (5.40) and (5.41) become
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T™(q) _ _TM(q)
Wln 1 al,n 1
N oo
+ Z z vln(p)RgHTM(kzl' kpl;p pq'
p=1, m=—c0
p#q
tz )H(Z)m(kpllpp qu)e](n m™0P5rg
(5.44)
WlTrllS(q) azg(q)
N oo
+ Z z vln(p)RgHTE(kzl, ko1, B — Pgr 2
P=1, m=—c
p#q
tz )H(Z)m(kpllpp ml)ej(n_mmm
(5.45)
Let (5.44) multiplies T, *) and (5.45) multiplies T,»""*@, we get
TMTM(q) _ TMTM(q) . TM(q)
vl,n I _Tln qaln I
TMTM(q) Z z vm (p)RgHTM(kzlykpl;p Bz
P=1, m=—o0
p#q
+ 2V (k[ = Pl )/ 00
(5.46)
TMTE(q) _ TMTE(q) .TE(q)
Uln I Tln I aln I
TMTE(q) Z z vln(p)RgHTE(kzlrkpl'p Pq.
pP=1,m=—c
p#q
tz )H( )m(kpllpp pql)e](n_mmm
(5.47)

Add (5.46) and (5.47), by using (5.42), we obtain
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T™(q) _ TMTM(q)  TM(q) TMTE(q) TE(q)
vl,n - (Tl,n al,n + Tl,n al,n )

N oo
+ N [y R GBI (ke ey, — 7 £ )

TMTE TE 7 - > 1] 2 I
+T, (Q)vl,n(p)RgH,EE(kzl, ko, B—Pgztz )] H® (koit|Pp

Ln -m

_ ml)ej(n—m)ﬁm

(5.48)
Similarly, we can also obtain
TE(q) _ (7TETM(q) ,TM(q) TETE(q) ,TE(q)
Vin - (Tl,n A + Tl,n in )
N o
TETM ™™ T - -
+ Z Z [Tl,n (Q)Ul,n (p)RgHrT;lM(kzl' Koup = Pg 2 % z')
p=1,m=—co
p#q
TTETE(q) TE(p)R ﬁTE k k > 2 + ’ H(Z) k —
+ In vl,n g, ( zl» pl'p pq'Z—Z) n—m( pllpp
— Pal)e’ " PPera
(5.49)

The above two equations are Foldy-Lax equations by using the scattered field coefficients as

unknowns for TE/TM modes coupling case.
5.4  INCIDENT FIELD AND POST PROCESSING

| only consider case of coaxial ports excitation in this chapter, and the ports are on antipads

which only are gone through by PEC cylinders. Then the incident field coefficients a. @ then

n

are same as shown in equation (2.8). Since the TE modes are not excited directly by coaxial ports
excitation, then alel(q) = 0. But note that the TE modes can be excited due to TM/TE modes

coupling effects for [ > 0 waveguide modes.
Once we solve the Foldy-Lax equations, the currents for each via can be obtained as described

in chapter 2 and 3.
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5.5 NUMERICAL RESULTS AND SUMMARY

In this chapter, | make different SIW based structures for verifying my derivations. | first start
investigation of multiple PEC vias caged SIW in parallel plate waveguide; then | add one dielectric
post close to PEC signal vias, to see what is impact of the addition of the dielectric post; at last, |
added two more dielectric posts (3 total) around the signal via to observe the difference among S
parameters of three configurations. To verify the proposed method, | compare my modeling results
obtained from Foldy-Lax equations with them from HFSS simulations, up to 50GHz.

Note that since the SIWSs are caged by multiple closely spaced PEC vias, which means the
boundary reflection effects of the cavity or waveguide that the SIWs are embedded in can be
ignored, due to narrow gap between two close vias. Then both in the Foldy-Lax simulation and
HFSS simulation, the targeted SIWs are embedded in an infinite large parallel plates.

In each configuration figure, purple color stands for PEC vias, orange color stands for air (I
use vacuum in HFSS) cylinder. &, = 4.4, § = 0.02, Ry, = 5mil, Ryntipaa = 15mil, h =

50 mil, t = 1.3 mil, air cylinder radius is a = 20 mil.

55.1  A. SIW structure with one signal via inside and without any dielectric cylinders. The

first resonance happens at about 36GHz.
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Figure 5.1. Geometry for case A



-10

-15

Insertion Loss (dB)

Figure 5.2. Insertion loss comparisons between Foldy-Lax and HFSS for case A.

Return Loss (dB)
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B. SIW structure with one signal via inside and 1 closely placed dielectric cylinder. The

first resonance happens at about 37GHz.
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Figure 5.5. Insertion loss comparisons between Foldy-Lax and HFSS for case B.
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Figure 5.6. Return loss comparisons between Foldy-Lax and HFSS for case B.

5.5.3  C. SIW structure with one signal via inside and 3 closely placed dielectric cylinders.

The first resonance happened at about 41GHz.
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Figure 5.7. Geometry for case C.
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Figure 5.8. Insertion loss comparisons between Foldy-Lax and HFSS for case C.
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Figure 5.9. Return loss comparisons between Foldy-Lax and HFSS for case C.
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From the comparisons from these benchmarks, we can observe that the results obtained from
Foldy-Lax equations method match well with results from HFSS simulations up to 50GHz. Also,
the resonance frequency is increasing with more and more dielectric cylinders being placed closely
to signal via in SIW structures. The resonance/bandwidth of a SIW based device actually can be
changed by locating different metallic and dielectric cylinders. And the proposed method provides

a fast and accurate way to predict such change in pre-design phase for SIW based devices.
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APPENDIX A

A.12D METHOD OF MOMENT WITH 1D DISCRETIZATION AND INTEGRATION

| also solve the entire problem using 2D MoM based on 1D discretization and 1D integration.
In this Appendix, | briefly describe this alternative method. We have also compared the results of

this alternative method with the Foldy-Lax/MoM1D. The two results are in excellent agreement.

A.1.1 Incident Electric Field and Surfaces Currents

Consider a distribution of magnetic surface currents M¢(p") in the antipad at z = %- Then the

z component of incident electric field E.(p, z) of the TM mode onto the via is equal to sum of the
TM; modes, [ = 0,1,2, ....

BL(5,7) = T2 BLa(p) cos (I (2 +5)) (ALY)
where
Do (D! ) @) Ny R _
E; (p) = P fi || dx'dy > kot Hy™ (kpupppr) X (Rsinggg: — 9cospps) - Ms(5")

(A.1.2)

(p,z) is on the surface of via, p is the 2-dimensional position vector in the x-y plane, k,;, =

/kz — (%T)z, pp’ is the vector pointing from 5’ to 5. The weighting factors are f; = %for [=0
and f; =1forl=1,2,...
For [ = 0 (TEM) mode, the incident field becomes
Ezi,o(ﬁ) = —%ﬂ dx'dy'2 X Vg2 x V' (x',y") = %J dx'dy'Vi'go - Vi,
(A.1.3)
where g,(p,p') = —iHéz)(ka). Using Green’s theorem and using the fact that, y; obeys

Laplace equation we then have

ELo(P) = —$; dl'go(p,p)as(p) (A.1.4)
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| use equation (A.1.4) to calculate the incident field for the case that the via surface is in the
same antipad of the magnetic current source. A simplification can be made for the antipad which
is much smaller than a wavelength because we solved the Laplace equation for the magnetic

surface current. | further simplify the expression for EZi‘O, 9o(p,p") = g.(p, p") + C, where g; is

the Laplace Green’s function and C is the constant and C = —% In(k). Substituting in (A.1.4),
it can be shown that the C term does not contribute, since gﬁs dl'og(p") = 0. Then EL,(p) =

%gﬁs dl' g, (p, p")os(p") for p on the surface S;.
From the surface integral equation of Laplace equation, we then have, for p on the surface S;
Efo(p) = (AL5)
where V; is the voltage on the i* via. Equation (A.1.5) is a simple result for the incident field of
the TEM mode on the i via. Previously, the result was shown to be true for the case of a circular
via centered at the antipad [4]. In the above derivations, we show that the simple relation is true
for general situations of arbitrary shapes of vias and also for an arbitrary number of vias sharing

the antipad.
For [ = 1,2, ... mode, similar derivations apply and lead to

EL(p) = (D' =6, dl'gi(p,p)o:(p") (A.16)
where g,(p,p") = —iHéz)(kplpW). Note that in (A.1.6), in the line integral gﬁs dl’, S is the
summation over all line boundaries for the 5’ coordinates. This means S = Y.).; S; + S, over all
the vias as well as the ground plane. However, the field coordinate p for EL,(5) is only over the
via boundaries Sy;qs = YNV, S;.

Then, the surface current for the [ mode obeys the equation

jwe

—ia B = 6, A9, Ja () (A.LT)

for p on the surface S, of the via g., and [ = 0,1,2 ....
Thus the distinctions from the line integral equation of Laplace equation are that (i) the line
integrals are only over the vias, and (ii) the Green’s function is g;(p,p") = ﬁ'Héz) (kplpﬁ) l=

0,1,2 ...
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After the 1D integral equations are solved, we obtain _(q)(p') the surface current unknowns

for the I** mode on the via. Then

0 = 3,215 (p)cos (k ( (z+ g)) (A.18)

and the current on the q** via is

=34, dl 19 (p)cos (kzl (2 +§)) (A.1.9)

For vias in the same antipad, equation (A.1.6) and (A.1.7) have the same impedance matrices.
Thus it is convenient to store the impedance matrix when we get incident field from (A.1.6) and

then apply it directly to solve (A.1.7) without the need of re-calculations.
A.1.2 Group T-Matrix

The 2D MoM method has been proposed in [24]. We can also calculate the group T matrix

using MoM. Let N, be the segments number of via p after the discretization, and At; be the

length of segment j,, of via . After some derivations, we get the T matrix of the N, vias as

san za2 7y 1T W
W = [ @ g Z(Zl) 7(22) Z(zNg) B(Z)
Z(Ngl) 7(Ng2) Z(NgNg) B(Ng)

(A.1.10)

where the impedance matrix of MoM Z‘"’ is N; X Ny, and

At:
(S (sl l) 0

- At; 2 k
a  _ Jp . Vol _
Ziqu —<4—j 1_J_l”<4_Atjp>l ig=Jpl=0
At;
_ Jp yapl . _
L = l (_4e At]p) iq ]p,l %0

(A.1.11)

2
where a,, = (%”) — k2, and y = 1.78107.

In (A.1.11), W@ is a (2Npgy + 1) X N, matrix, and N, is the segments number of via g

after the discretization, and At;  is the length of segment i, of via . Then



759 =Lt iy~ )

n= —Npmaxr 10, e, N ig = 1,2, .., N

B@ is N, X (2Npqy + 1) matrix, and
A _ —_ A —jmdp
ijm =Jm (kpl |p]p - 0.9|) e Pp

M = ~Npazr 0, o, Nopas Jp = 1,2, o0, N,
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(A.1.12)

(A.1.13)

Good agreements are obtained when comparing the group T matrix calculated from Foldy-

Lax multiple scattering equation and from 2D MoM.
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A.2 T MATRIX AND FOLDY LAX MULTIPLE SCATTERING EQUATIONS IN THE

PRESENCE OF THE CAVITY WALL

| show simplified derivations, using operator formalism, of the = matrix and Foldy-Lax
multiple scattering equations in the presence of cavity wall.
Consider a single via scatterer in an infinite waveguide. Let U be the scattering potential, and
G, be the Green’s function for infinite waveguide. The Green’s function for the single via
scatterer, G, obeys the Lippman Schwinger equation [37]
Gs = Gy + GyUG (A2.1)
The T matrix of the via for infinite power/ground plane is T such that TG, = UG;. The
Lippman Schwinger equation for the T matrix is [37]
T=U+UG,T =(1—-UGy) U (A2.2)
The T matrix is assumed to be known for a single via.
Next I derive the T matrix in the presence of the wall. For the case of finite ground plane, the
Green's function, G,,,is the sum of G, and Gy,
Goo = Go + Gy, (A2.3)
where Gy, is Green’s function corresponding to the reflection from the wall.
The Green’s function for a single via G in finite ground plane then obeys the Lippman

Schwinger equation with G,

Gs = Goo + GooU G, (A2.4)
If we define the T matrix to be
UG, = tGy (A2.5)
then
T=U+ UGyt (A2.6)
Substitute in G,,, and rearranging terms gives
1=1-UG) YU+ UGyt) =T+ TGyt (A2.7)
Hence
T=(1—=TGy) T (A2.8)

Thus 7 is the T matrix in the presence of the wall with the reflection included. In matrix

notations, equation (3.28) corresponds to the operator equation of (A2.8).
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For N vias in finite power/ground plane, let U; be the scattering potential of the j" via, j =

is the T matrix of viaj, ,j =12, ... ... ,N , in the presence of the wall. The Green’s function G

for the entire problem of multiple vias in finite ground/power plane, is

G = Goo + X1 GooU;G (A2.10)
Let G; be the exciting Green’s function of via j, such that
Gj = Goo + X% GooUiG (A2.11)
Then
G = G; + GooU;G (A2.12)
It follows from (A2.12) and (A2.9) that
UG = (1= UjGoo) U;G; = 7,G; (A2.13)
Substituting (A2.13) in (A2.10) gives the Foldy-Lax equation for the exciting Green’s
function
Gj = Goo + X% GooTi Gy (A2.14)
The total Green’s function is
G = Goo + X1 GooT;G; (A2.15)

For the electric field, let Ef"t be the exciting field of the j *via. Then the Foldy-Lax equation

for the exciting field is

EjeXt = Einc + Z{V:tj GOOTlElext (A2-16)
and the total field E is
E = Einc + X3, GooT EFY (A2.17)

where the incident field E;,,. is the sum of direct, E4, from the source and reflection EY of the
direct from the wall. Thus E;,. = E% + EW. In matrix form, equation (3.37) corresponds to
(A2.16).
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