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Summary

This thesis studies the application of so-called "physics-based" via models for an efficient
modeling of dense via arrays in multilayer PCBs. Physics-based via models are based on
a division of the multilayer PCB in separate cavities, and on a further division of each
cavity into different subdomains. Each subdomain is represented by a separate sub-block
in the physics-based model. The network parameters of the sub-blocks can be calculated
using analytical formulas, leading to a large reduction in simulation times in comparison
to full wave solutions. The network parameters of the sub-blocks are combined to obtain
the model of the complete multilayer PCB.

The thesis reviews different approaches that can be used to calculate sub-blocks of the
physics-based via model and evaluates them with regard to their impact on the modeling
accuracy. In particular, the application of an improved local field model is identified as
a suitable way to improve the model accuracy for the simulation of via arrays, especially
at frequencies above 20 GHz. Additionally, effects related to higher order radial waveguide
modes — which are neglected in the physics-based approach — are investigated with the
goal to find general limitations for the accuracy of the physics-based model for dense via
arrays. The applicability of the model within the observed limitations is confirmed by
comparison to full wave results and hardware measurements.

Also improvements with regard to the model efficiency are studied. Based an efficient
combination of calculation methods and network parameters for the model evaluation
and additional optimizations, a total acceleration factor of about 26 in comparison to
a previous implementation of the physics-based via model is achieved. This acceleration
makes it possible to study very large via arrays in multilayer PCBs in a reasonable time,
and to carry out fast design explorations on a single PC for smaller via arrays in multilayer
PCBs containing a few 100 vias. The efficient model is applied in the thesis to study several
physical effects related to PCB links and via arrays, including a study of crosstalk behavior
for an array consisting of 10,000 vias.

Finally, a systematic approach for the evaluation of link design alternatives is proposed.
The presented approach for a systematic design evaluation integrates the advantages of
the efficient physics-based via model in a larger concept. The approach takes into account
both signal integrity and energy efficiency, and allows a quantitative comparison between
different designs in terms of the total link input power through an application of identical
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constraints. In contrast to previous approaches for design evaluations, it takes into account
the impact of design changes on the complete system, allowing a fair comparison of different
alternatives. An application of the approach to evaluate four design alternatives resulting
from two fundamental design decisions shows differences of up to 17 % in the required link
input power due to different choices for the signal to ground via ratio.
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1 Introduction

The main goal of the work described in this thesis is the fast and accurate modeling of via
arrays on printed circuit boards (PCBs), with an application of the models to a systematic
comparison of different via array design alternatives for PCB links. This introduction shall
give a motivation for the modeling of via arrays as a crucial part of high speed digital links.
Additionally, challenges with regard to signal integrity and energy efficiency are briefly
introduced as major concerns for high speed link design. Afterwards, the contributions
made in this work are specified, and the content of the following chapters is outlined.
Finally, an overview of the publications made during the work on this thesis is provided.

1.1 High Speed Digital Links

High speed links are an essential part of modern digital systems. They provide the connec-
tion between different integrated circuits (ICs) such as central processing units (CPUs),
memory chips, and peripheral components. The schematic of a typical high-speed link setup
is shown in Fig. 1.1(a). The link consists of a transmitter (Tx) in the first chip, which pre-
pares and transmits the data, a receiver in the second chip, which receives the data and
prepares it for further processing, and the interconnect, which constitutes the physical
transmission channel. An example of an interconnect structure is shown in Fig. 1.1(b).
Two ICs acting as transmitter and receiver are connected to a PCB by packages and
sockets. Inside the PCB, arrays of vertical interconnects (vias) provide the connection to
striplines on different routing layers, which bridge the horizontal distance between the ICs.
Packages, sockets and the PCB together form the interconnect, which will typically show
a complex frequency dependent behavior for signal transmission, reflection, and crosstalk
(unwanted coupling between different lines).

Traditionally, research and development efforts for digital systems have focused on the IC
design, i.e. on the internal logic and on transmitter and receiver circuits, with interconnect
design being a minor concern. However, due to continuous improvement and downscaling
of the underlying semiconductor technology, interconnect bandwidth has become a major
bottleneck for modern digital systems [1,2]. The need for an improved interconnect de-
sign was first encountered — and is still most relevant — for large server and data center
systems, where backplane links transmit high amounts of data over comparatively long dis-
tances. In addition, high performance, multi-core systems are increasingly employed also



Chapter 1 Introduction

in small scale digital systems such as personal computers or even mobile devices. The re-
lated requirements on interconnect bandwidth — especially for the communication between
multiple CPUs and off-chip memory — extend the importance of interconnect design for
high speed links to a wide range of practical systems [3].
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Figure 1.1: (a) Schematic of a high speed digital link. The link consists of a transmitter which
prepares and transmits the data, the interconnect itself, and the receiver, which receives the
data and prepares it for further processing (Figure from [4]). (b) Examplary high speed link
structure. Two ICs acting as transmitter and receiver are mounted on a PCB. The space
transition between small IC dimensions and larger PCB dimensions is provided by packages
mounted on sockets, which can be connected to the board e.g. using ball grid arrays (BGAs).
Inside the PCB, via arrays provide the connection to the striplines routed on different signal
layers (Figure from [5]).
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1.2 Via Arrays as a Part of High Speed Links

Via arrays constitute an important part of high speed links. As described in the previous
section, signal vias provide the connection between components mounted on top of the
PCB and striplines routed on the inner signal layers of the PCB. Typically, the vias under
an IC are arranged in a regular pattern to form an array. In addition to signal vias, via
arrays contain power vias and ground vias. Power vias are connected to the corresponding
power planes in the PCB stackup, and provide the supply voltages for the ICs. Ground vias
are connected to all ground planes in the stackup. They provide a return path for signal
currents, and can mitigate crosstalk between signal vias. Via arrays not only appear under
ICs, but also as connector footprints where daughtercards are connected to a backplane.
This means that for the communication between two ICs on different daughtercards, six
via array transitions occur in a single link.

Practical via arrays can consist of up to several thousand regularly arranged vias. A top
view of a large via array is shown in Fig. 1.2(a). The cross section of four vias in Fig. 1.2(b)
shows how the ground vias are connected to the reference planes, while the signal vias
traverse the ground planes through antipads. The reference planes of the PCB form cavities
which support the propagation of radial waveguide modes excited by the via currents. The
wave propagation, which will be treated in more detail in Section 3.1, can lead to crosstalk
between vias even for large via separations [6]. While the methods described in this thesis
allow the modeling of the PCB as a whole — including vias, striplines, and power and
ground planes in different configurations — the focus of the work is on the modeling of via
arrays. This focus is chosen for two reasons: From a modeling point of view, via arrays
constitute the most challenging part of the link. The simulation of several thousand vias
requires the application of very efficient modeling approaches, while a high model accuracy
is required to accurately take into account the interaction between the closely spaced vias
provided by radial waveguide modes. From an application point of view, via arrays are of
high interest since they provide a large design space. Design decisions for via arrays include
the via pitch, the arrangement of signal, power and ground vias, the signal to ground via
ratio, and the assignment of signals to different routing layers. The impact of all these
decisions can only be fully evaluated in a global context, which takes into account the
resulting changes for all channels in a link. For this reason, efficient models, which allow
to accurately model complete links including large via arrays, can be an important tool to
explore different designs in order to find improved solutions.
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Figure 1.2: Pictures of a large land grid array footprint (Figures adapted from [7,8]). (a) Top
view of the via array consisting of about 3000 vias with 40 mil pitch. (b) Cross section of four
vias inside the array. Signal vias are traversing the ground planes through antipads (circular
cutouts), while ground vias are connected to the planes.

1.3 Signal Integrity and Energy Efficiency Challenges

Typically, signal integrity is the main concern during the design of high speed links. In
simple terms, signal integrity ensures that every signal arrives at the receiver in a state that
allows it to be further processed in the intended way—mnormally meaning that logical ones
and zeros are detected correctly. Several effects of the physical interconnect are detrimental
to signal integrity: For the stripline part of the link, lossy dielectric substrates can lead
to a severe signal attenuation. At the via transitions, impedance mismatches between vias
and striplines lead to reflections, and stub resonances are caused by the via portions below
the connected striplines. Additionally, the crosstalk between vias due to the propagation of
radial waveguide modes further impairs the signals. Guaranteeing signal integrity for high
speed links remains a challenging task due to the steady increase of the targeted data rates,
which is shown for two exemplary standards in Fig. 1.3. The spectral content of signals in-
creases with the data rate, which typically leads to higher losses and an increased crosstalk.
A solution that is currently followed to reduce the detrimental impact of stripline losses lies
in the development and application of low loss dielectric materials [9]. As indicated in the
previous section, the via array parts of the link offer a large additional design space. They
require considerable analysis effort, but also offer the potential for design improvements in

4
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Figure 1.3: Example for the increase of data rates over recent years: Data rates specified
by the Peripheral Component Interconnect Express (PCI Express or PCle) standard [10,11],
and by the Optical Internetworking Forum (OIF) Common Electrical I/O (CEI) electrical and
jitter interoperability agreements [12,13]. In the case of the OIF CEI, which mainly targets
high speed backplane and chip to chip interconnects, a data rate of 25 Gb/s (and even 28
Gb/s) is already part of the specification.

order to keep up with the challenges posed by increasing data rates.

A second aspect that has recently gained more attention is the energy efficiency of digital
systems. Due to the development towards an IT-based industry which relies on the pro-
cessing and storage of large amounts of data, gains in energy efficiency do not currently
keep pace with the growth of installed resources. From an economic point of view, addi-
tional efforts towards the development of energy-efficient systems gain importance since
the energy cost for the operation of servers have reached the same order of magnitude as
the initial acquisition cost [14]. Also from an environmental point of view, the development
of highly energy efficient solutions becomes more and more relevant due to the increasing
environmental impact of installed I'T systems: It is estimated that the energy consumption
of servers and data centers in the US has more than doubled in the period from 2000 to
2006 [15]. The impact of information and communication technology can be illustrated by
comparison to the aviation industry, which caused comparable global COy emissions in
2008 [16].

In the past, much effort with regard to improved energy efficiency has been spent on the IC
design, and in particular on power reduction for the internal logic. I/O links, which consume
about 20-30 % of the total system power [9], provide chances for additional energy efficiency
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improvements. Optical interconnects are currently investigated as one option to improve
energy efficiency by overcoming drawbacks related to classical copper interconnects. Opti-
cal links are state of the art for longer connections, ranging from internet backbone links
down to rack level connections in data centers. For the PCB domain, however, considerable
improvements with regard to production cost and integration have to be made before op-
tical interconnects become a viable alternative. For this reason, improvements for classical
copper interconnects provide the most direct way towards higher energy efficiency. This
changes the goal of high-speed link design, and adds complexity to the analysis: The design
target is not only to meet signal integrity requirements, but to do so in the most energy
efficient way.

1.4 Content and Organization of this Work

In this work, the application of so-called "physics-based" via models for an efficient mod-
eling of dense via arrays is proposed. Different approaches that can be used to calculate
sub-blocks of the physics-based via model are reviewed and evaluated with regard to their
impact on modeling accuracy. Additionally, effects which pose general limitations on the
accuracy of the physics-based model for dense via arrays are investigated. Based on the
findings, it is specified within which limitations with regard to the model geometry the
physics-based via model can provide accurate results. The applicability of the model within
these limitations is confirmed by comparison to full-wave results and measurements. Fur-
thermore, it is studied how different choices of calculation methods and network parameters
impact the efficiency of the physics-based via model for the simulation of large numbers
of vias. With the results, an efficient algorithm for the model evaluation is proposed, and
possible trade-offs between modeling accuracy and model efficiency are pointed out. The
model is applied to study several physical effects related to PCB links and via arrays,
including a study of crosstalk behavior for an array consisting of 10,000 vias. Finally, a
systematic approach for the evaluation of link design alternatives is proposed. The ap-
proach combines the efficient physics-based via model with a time domain evaluation. The
approach takes into account both signal integrity and energy efficiency, and allows a quan-
titative comparison between different designs in terms of the total link input power under
identical constraints. The remaining chapters of this thesis are organized as follows:

Chapter 2 gives a short overview of the existing approaches to via modeling. The ap-
proaches are grouped into four categories, and compared in terms of their advantages and
disadvantages. Based on the comparison, the application of physics-based via models for
the modeling of dense via arrays is motivated.

Chapter 3 treats the physics-based via model in more detail. Starting from the physical
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background, the construction of the model from sub-blocks is described. For each sub-
block, different calculation methods are described, which are evaluated with regard to
their accuracy and efficiency in later chapters.

In Chapter 4, it is analyzed how different calculation methods for the sub-blocks of the
physics-based via model change the modeling accuracy. Additionally, the impact of effects
not included in the physics-based model is studied to determine the general limitations of
the modeling approach for via arrays. The study is carried out using alternative modeling
approaches including full-wave simulations. Together with the following efficiency study,
the findings allow to choose an appropriate version of the physics-based via model for the
modeling task.

Chapter 5 studies the numerical efficiency of the modeling approach. The efficiency is
determined by the choice of calculation methods for the sub-blocks and by the choice
of network parameters for the sub-block combination. Based on the findings, an efficient
algorithm for the model evaluation is proposed, and trade-offs between modeling accuracy
and modeling efficiency are pointed out. Together with the previous accuracy study, the
results allow an adequate choice of the via model depending on the model geometry, the
required accuracy, and the required simulation speed.

In Chapter 6, modeling results are compared to measurements. The comparison demon-
strates that within the limitations found during the accuracy study, results obtained with
the physics-based via model show a good agreement not only to other simulation results
but also to measuremed results for practical via array structures.

In Chapter 7, the model is applied to study specific aspects related to signal integrity on
PCBs. The chapter demonstrates the application of the physics-based model with several
examples and at the same time provides insights about important design aspects, leading
the way to the systematic analysis in the following chapter.

Chapter 8 presents a general approach for the design of PCB links that is based on the
physics-based via model in combination with a time domain evaluation. The approach
takes into account both signal integrity and energy efficiency and allows a quantitative
comparison of different design alternatives.

1.5 Project Report, Conference and Journal Contributions

The main part of the work described in this thesis has been carried out during the project
"Via Array Design in Multilayer Substrates for Application in Fast, Energy and Mate-
rial Efficient Digital Systems" (original title: "Via-Arrays in Mehrlagensubstraten fiir den
Einsatz in schnellen, energie- und ressourcensparenden digitalen Systemen"), which was

7
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funded by the German Research Foundation (DFG) for three years. The most important
results of the project are summarized in the report to the German Research Foundation.

During the course of the project, preliminary results were presented at conferences [4,17—
24]. An erratum to [4] was published in [25]). Journal papers have been published [7,26]
or submitted [5] on three major aspects of the work: the accuracy of physics-based via
models for dense via arrays [7], the efficiency of physics-based via models for large via
constellations [26], and the application of the models in a systematic study of energy
efficiency for PCB links [5]. A correction to [26] was provided in [27]. Some contributions
to conference publications on related topics have been made in [8,9,28-34]. The results
presented in the listed publications constitute a major part of this thesis. Additionally,
results from students’ theses [35-38| have contributed to this work as indicated at the
corresponding points throughout this thesis.



2 Approaches to Via Modeling

For the modeling of vias in PCBs, several different approaches can be found in the litera-
ture. The model complexities range from simple static equivalent circuits for the analysis of
a via transition through a single reference plane to numerical full-wave solutions that allow
for the analysis of arbitrary geometries. Different modeling approaches differ in their accu-
racy, in the range of geometries that can be simulated, and in the involved computational
effort. Typically, higher capabilities with regard to the first two aspects are related to a
higher computational effort in terms of computation time and memory requirement. In this
chapter, a short overview of different via modeling scenarios is given, and the main terms
and definitions with regard to the via geometry are introduced. Subsequently, the existing
approaches for via modeling are described and grouped into four categories. At the end of
the chapter, a separate section deals with the applicability of the different model categories
to the simulation of via arrays based on the respective advantages and disadvantages.

2.1 Via Modeling Scenarios

Via modeling approaches can be applied to different scenarios. A very simple scenario is
shown in Fig. 2.1(a): a single via is crossing a single reference plane of a PCB. In this
scenario, the via model has to predict the impact of the via on the signal transmission and
reflection. In more complex cases, vias are crossing a PCB cavity formed by two reference
planes (see Fig. 2.1(b)), or multiple cavities of a multilayer PCB (see Fig. 2.1(c)). In these
cases, radial waveguide modes inside the cavity have an impact on the signal transmission
as well as on the interaction between vias. In this thesis, scenarios with multiple cavities are
studied, as they are encountered for high speed links in multilayer PCBs. The multilayer
results are typically assembled from the simulation results for single cavities. In this sense,
the scenario of vias crossing a single cavity constitutes the main building block of the
simulation.

For a single via crossing a single cavity, important terms are given in Fig. 2.2. The via
itself consists of the via barrel and — potentially — pads on the signal or reference layers.
The via traverses the reference planes through antipads, which are circular cutouts in the
metal planes. Fig. 2.2 also introduces the main parameters that are used to describe the
via geometry and defines the coordinate system employed in this thesis.
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Figure 2.1: Different scenarios for via modeling. (a) Single via crossing a single reference
plane. The excitation is typically provided by microstrip lines connected to the via. In this
scenario, the goal is an accurate modeling of the signal transmission. (b) Vias crossing a
single cavity formed by two reference planes. The excitation can be provided by microstrip
lines or by components mounted on top of the PCB (not shown in the figure). The parallel-
plate modes inside the cavity have an impact on the signal transmission as well as on the
interaction (the crosstalk) between different vias. (c¢) Vias crossing multiple cavities. This is
the scenario relevant for modeling via arrays in multilayer PCBs. In each cavity, an impact
of parallel-plate modes on the signal transmission and on the interaction between vias exists.
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Figure 2.2: Schematic of a via crossing a single cavity with definitions of the different
geometry parameters: via radius ry, pad radius r},, antipad radius 7, plane thickness ¢, and
dielectric thickness h. The shown coordinate system is common for via modeling problems, and
is employed throughout this thesis. It should be noted that most of the numerical examples
studied in this thesis do not include pads in the simulation. Pads at the top and bottom via
ends are, however, contained in the measured test structures.

2.2 Overview of Existing Approaches

Different via modeling approaches exist which can handle one or more of the modeling
scenarios described in Section 2.1. This section gives an overview of the main approaches,
grouping them into four categories and describing their applicability to the different mod-
eling scenarios. The section is building upon previous overviews and categorizations which
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have been given in [39-41].

2.2.1 Quasi-Static Equivalent Circuit Models

Simple equivalent circuit models for via transitions can be found in the literature that are
composed of lumped elements calculated under a quasi-static assumption. Typically, the
models use a pi-equivalent circuit as shown in Fig. 2.3(a). Early investigations have focused
on the modeling of a via transition through a single reference plane (see Fig. 2.1(a)). In
this scenario, the via barrel is represented by its partial inductance and by its capacitance
against the reference plane, which is split into an upper and a lower part. In some cases,
an additional element for the via barrel resistance is included. Numerical approaches have
been used in [42| to calculate capacitance and inductance values, in [43,44| to calculate
capacitance values only, and in [45] to calculate inductance values only. It should be noted
that the equivalent circuit has also been applied to other configurations such as a via
connecting two signal layers between two reference planes [46| or above a reference plane
[47] (omitting one of the two capacitances in the latter case). In [48], the capacitance
calculation in [43] was extended to a via crossing a cavity formed by two reference planes.
In this case, the pi-equivalent circuit represents the via behavior inside the cavity, with
the via barrel capacitances against bottom side of the upper plane and top side of the
lower plane. In [49], capacitance and inductance values for a cavity were calculated, and
the concatenation of single cavity models was used to obtain a model for a multilayer via
setup as shown in Fig. 2.1(c). In [50], mutual capacitances and inductances between vias
were added to the approach in [49] to simulate multiple vias inside a multilayer PCB. Tt
shall be mentioned that in addition to the described numerical evaluations, also analytical
formulas for capacitance and inductance values (including mutual via inductances) exist
in the literature (see [51, ch. 5.5]). However, the analytical formulas only give approximate
values, which are less accurate than the solutions obtained numerically.

Simple quasi-static equivalent circuit models exhibit two main limitations. First, the models
typically represent only a single via. A coupling to other vias is not taken into account.
This limitation is to some extent overcome by the inclusion of mutual capacitances and
inductances in [50], which in this sense represents a step towards the physics-based via
models discussed in the following section. Second, the quasi-static elements provide an
acceptable approximation only up to a certain frequency limit. This is especially true for
vias crossing one or several cavities formed by the reference planes of the PCB, since the
quasi-static elements cannot represent the waveguide behavior of the parallel planes. The
validity of quasi-static models up to a few GHz has been demonstrated in [49,50] for a well
defined return current path through adjacent vias. If the impact of the parallel planes is
increased (e.g. if a larger portion of the return current is flowing as a displacement current
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Figure 2.3: Different approaches to via modeling. (a) Quasi-static equivalent circuit for
a via transition through a single reference plane or for a via crossing a cavity formed by
two reference planes. (b) Physics-based via model, taking into account the impact of the
reference planes on the return current path through the parallel-plate impedance ZPP. (c)
Multiple scattering approach. The via modeling problem is formulated in terms of multiple
scattering of cylindrical waves, with the via barrels acting as scatterers. (d) Simulation with
a general purpose full-wave solver, requiring a discretization of the simulated structure. The
discretization obtained with a commercial tool [52] is shown for two vias in a single cavity.

between the planes), the frequency range for which quasi-static models are valid is further
reduced.

2.2.2 Physics-Based Via Models

In a second category of models, the two critical limitations of the quasi-static equivalent
circuit models for vias that cross a PCB cavity are resolved by replacing the via induc-
tance with the parallel-plate impedance ZPP see Fig. 2.3(b). In this work, this category
of models will be referred to as "physics-based" via models. The term "physics-based"
was used in several papers [40,53-57| which suggested the integration of the parallel-plate
impedance into an equivalent circuit to obtain a model that accurately represents the phys-
ical via behavior. The frequency dependent parallel-plate impedance takes into account the
waveguide behavior of the complete cavity crossed by the via. In Fig. 2.3(b), it is placed
in the right branch of the equivalent circuit to represent the fact that it describes the
return current path rather than the partial inductance of the via barrel. The via barrel
itself is often represented by a short circuit in the model, since its resistance and par-
tial inductance are several orders of magnitude smaller than the parallel-plate impedance.
Coupling between vias inside a cavity can be included in the physics-based via model by
extending the parallel-plate impedance to an impedance matrix which includes self and
coupling impedances of the via locations in the cavity. Although the physics-based model
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for multiple vias is sometimes also represented in an equivalent circuit fashion, calculations
are more conveniently carried out based on network parameter matrices [58-61].

The parallel-plate impedance required for physics-based via models can be calculated from
analytical formulas for infinite reference planes [62,63] and rectangular [63—65] or triangular
[64, 66] cavities. For more complex geometries, special numerical approaches for planar
structures can be employed. These approaches include the contour integral method (CIM)
[64], which has been applied to PCB modeling e.g. in [41,67,68], or the transmission line
matrix method (TLM) [69], which has been employed e.g. in [70]. For the capacitances
between via barrel and reference planes, static solutions obtained from numerical solvers
were used in early publications. Later, analytical formulas were derived |71,72| that take
into account the frequency dependent behavior of the capacitances. The capacitances can
also be replaced by more complex models for the local field behavior |73]. A modeling of
this type was applied to via problems already in [74,75|. A combination of a more complex
local field model with the parallel-plate impedance was suggested in [76]|. Physics-based
via models are typically set up for vias crossing a single cavity. Models for multilayer PCBs
can be obtained through a combination of single cavity results, which can e.g. be carried
out using segmentation methods |77].

2.2.3 Multiple Scattering Approaches

As a third category of methods, multiple scattering approaches can be applied to via
modeling problems. The general form of multiple scattering solutions is given by the so-
called Foldy-Lax equations for multiple scattering of waves [78-80]. In general terms, the
Foldy-Lax equations state that for scattering problems, the total wave quantity at each
point in space is a superposition of the incident wave and all scattered waves. With a
known incident wave and known scattering behavior at all scattering bodies, the Foldy-
Lax equations allow setting up systems of linear equations to calculate the wave quantities
at the positions of the scatterers. When applied to the modeling of vias in a PCB cavity
in [81,82], the Foldy-Lax equations are formulated in terms of cylindrical waves, which are
the eigenmodes of the radial waveguide formed by the cavity. The incident waves result
from the fields in the via antipads, which are related to a certain excitation voltage. The
via barrels are acting as scatterers, as indicated in Fig. 2.3(c). The solution of the multiple
scattering equations results in the field coefficients at the via locations, from which the via
currents can be calculated. In a final step, the admittance parameter matrix for the cavity
can be obtained from the ratios between via currents and excitation voltages. A detailed
description of a multiple scattering approach for via modeling is given in Appendix A.

In theory, multiple scattering approaches can provide an exact full-wave solution for the
simulation of multiple vias inside a PCB cavity with infinite planes. In practice, the ac-
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curacy is limited since only a finite number of radial waveguide modes can be taken into
account. Nevertheless, since the applied scattering formulation is well adapted to the spe-
cial geometry of the via modeling problem, it can provide an accuracy comparable to
general purpose full-wave solvers with reduced computational effort. In recent years, mul-
tiple scattering approaches have been extended for several practical application scenarios.
The simulation of layered dielectric substrates has been treated in [83]. Through numerical
calculation of the exciting fields, arbitrary shapes of pads and antipads [84] and shared
antipads [85] can be taken into account. Furthermore, multiple scattering approaches for
finite reference planes have been formulated in [86,87|. Like the physics-based via model,
multiple scattering approaches provide the solution for a single cavity. For multilayer PCBs,
a combination of single cavity results has to be carried out, for which the same methods
as for the physics-based model can be used.

2.2.4 General Purpose Full-Wave Approaches

Obviously, general purpose full-wave approaches can also be applied to via modeling prob-
lems. In contrast to the previously described methods, general purpose full-wave approaches
work with a discretization of the structure, as shown in Fig. 2.3(d) for the discretization of
two vias in a single cavity obtained with a commercial tool [52]. A main advantage of full-
wave solvers lies in their high flexibility with regard to the modeled structures. Arbitrary
shapes of vias, pads and ground pads can be taken into account as well as arbitrarily shaped
splits and gaps in reference planes. Very accurate simulation results can be obtained as long
as a sufficiently fine discretization of the modeled geometry is used. Due to the confined
geometry of PCB modeling problems, volume based methods such as the finite element
method (FEM) [88], the finite-difference time-domain (FDTD) method [89,90], or the finite
integration technique (FIT) [91] are well suited if only the internal structures of the PCB
have to be modeled. Surface based methods such as the method of moments (MoM) [92]
are useful if also radiation and interaction with external structures have to be taken into
account. A combination of CIM and MoM to handle both internal and external structures
efficiently has been proposed in [93]. To exploit the layered structure of PCBs, also adapted
full-wave approaches such as the multilayered finite difference method (M-FDM) [94] and
the multilayered finite element method (M-FEM) [95] have been developed.

2.3 Applicability to Via Array Modeling

Due to their different advantages and disadvantages described in the previous section, not
all via modeling approaches are applicable to via arrays in the context of high-speed digital
links. Quasi-static equivalent circuit models are typically not suited for the analysis of via
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arrays due to their limitation to a single via and one or two reference planes. Even if the
approach is extended to multiple vias in a multilayer PCB as described in [49, 50], the
approach is inherently limited with regard to the coupling between distant vias and with
regard to the covered frequency range due to the omission of the parallel-plate impedance.
For this reason, quasi-static models are not applied in this thesis.

General purpose full-wave methods, in contrast, can provide very accurate results. Fur-
thermore, they can be applied to all geometries occurring in single- or multilayer PCBs.
However, as previously indicated, this accuracy and flexibility come at a high computa-
tional cost. The simulation of large via arrays with 1000 or more vias is not possible with
general purpose full-wave methods due to their high memory demand. Even for compar-
atively small structures with less than 100 vias, the simulation of a few 100 frequency
points takes several days, which is too long for practical design processes. For this reason,
full-wave methods are not promising for via array simulations even in light of an expected
further development of the methods and of the available computational resources. Never-
theless, general purpose full-wave solvers are a valuable tool for model validation. In this
thesis, commercial full-wave solvers are used to validate modeling results for structures
consisting of up to 64 vias.

With the previous considerations, physics-based via models and multiple scattering meth-
ods remain as candidates for the modeling of PCBs containing large via arrays. In general,
both methods are well suited for this modeling task. Typically, multiple scattering ap-
proaches provide higher accuracy, with the specific accuracy and efficiency depending on
the number of radial waveguide modes that are taken into account in the calculation. On
the other hand, physics-based via models, which take into account only one mode for the
calculation of the parallel-plate impedance (see Section 3.2.1), provide a higher modeling
efficiency. In this thesis, the focus is on the application of physics-based via models to via
array modeling. An argument for the selection of the more efficient modeling approach
may be made in light of previous investigations: even with the physics-based model, a
calculation time of more than two hours was observed for the simulation of 1000 vias in
a single cavity with 100 frequency points in [1], p. 105. Considering the demand for short
simulation times in practical design processes, it makes sense to choose the most efficient
model and investigate possible further improvements with regard to accuracy and efficiency.
However, this decision means that some general limitations with regard to the modeling
accuracy have to be expected. Multiple scattering methods are applied in this thesis for
model validation. Additionally, they are used for the study of some physical effects, since
they provide a way to study the relevance of different radial waveguide modes separately.
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2.4 Summary and Discussion

An overview of via modeling approaches falling into four main categories has been given in
this chapter. Models in the category of quasi-static equivalent circuits are not suitable for
the simulation of via arrays due to their limited accuracy. General purpose full-wave solvers
provide a high accuracy, but can be applied only to a limited number of vias due to their
high computational cost. Two model categories are in general well suited for the modeling
of via arrays: physics-based via models and multiple scattering approaches. In this thesis,
physics-based via models are applied to the simulation of large via arrays. In comparison to
multiple scattering approaches, physics-based models provide a higher modeling efficiency,
which is important for practical design processes. At the same time, the higher efficiency
means that some limitations with regard to the modeling accuracy have to be expected.
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As a foundation for the following studies, a more detailed description of the physics-based
model is provided in this chapter. In the first part of the chapter, a general description of
the physical behavior of vias inside a PCB cavity is given, and the connection to the block
diagram of the physics-based model is pointed out. In the second part, the sub-blocks of the
physics-based model are explained. For each sub-block, at least two alternative approaches
to calculate the corresponding network parameters are described as a basis for the following
studies of model accuracy in Chapter 4 and model efficiency in Chapter 5. In the third part
of the chapter, the combination of the model sub-blocks to form the cavity models and
then to form the complete multilayer PCB model is described. Finally, a short summary
of a modal decomposition approach is given that allows for the inclusion of traces in the
physics-based via model, which is important for the analysis of practical links.

3.1 Physical Behavior of Vias

In this section, the physical behavior of vias inside a PCB cavity is described in terms of the
eigenmodes of the radial waveguide. First, the radial waveguide modes excited in the cavity
by vertical via currents are described and classified according to their central properties
for the via model. In a second step, a subdivision of the cavity model into different field
regions based on the predominant waveguide modes is carried out, and a corresponding
circuit block diagram is presented.

3.1.1 Radial Waveguide Modes in a PCB Cavity

The basic geometry of a PCB cavity is of a comparably simple nature: cylindrical vias are
enclosed between parallel reference planes. This geometry lends itself to an analysis of the
electromagnetic fields inside the cavity in terms of radial waveguide modes. In principle, two
types of radial waveguide modes exist: Transverse Electric (TE®) and Transverse Magnetic
(TM?) modes. However, vertical via currents only excite TM* modes, which are related
to a vertical magnetic vector potential. A general description of TM* modes in the radial
waveguide is given in [96, ch. 9.4|. Here, only the z-component of the electric field (the
component orthogonal to the reference planes) is shown, which is sufficient to illustrate
the main properties of the TM* modes. The E* component of the TM* mode in cylindrical
coordinates is given as 96, ch. 9.4]
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Figure 3.1: Radial waveguide modes inside a PCB cavity. (a) Classification of modes with
different mode numbers according to their properties. (b) Plot showing the attenuation due
to the Hankel function in (3.1) with increasing distance r to the via barrel for {{ = 0,1, 2},
h =12mil, p = pp and € = 3.8 - ¢ at f = 50 GHz (Figure adapted from [7]).

k2 lm
E? = —jBj,—L H?) (L, - 3.1
ln(ra ¥, Z) JDi whE n ( 17“) COS(”@) COS h Z 0, ( )
with the radial wavenumber
ky = \/w2pe — (Im/h)2. (3.2)

In (3.1) and (3.2), w = 2xf is the angular frequency, € and p are the permittivity and
permeability of the dielectric medium, h is the thickness of the dielectric substrate (equal
to the separation between upper and lower reference plane) and [ and n give the mode
order with respect to variations in z-direction and in p-direction (angular direction). In
(3.1), H? is the Hankel function of second kind and order n, and By, is the constant weight
factor of the corresponding mode. For n > 0, the TM;, modes become anisotropic due to
the cos(nyp) factor. For [ > 0 (which introduces a field variation in z-direction), the TMj,
modes have a cutoff frequency which can be calculated by setting the radial wavenumber
given in (3.2) equal to zero. For dielectric thicknesses and material parameters encountered
in typical PCBs, all modes with [ > 1 are cut off in the frequency range of interest for
signal integrity investigations. In the case of [ = 1, h = 20mil, u = po and € = 3.8 - &g,
for example, the cutoff frequency is about 150 GHz. This leads to the classification of
TM?* modes shown in Fig. 3.1(a). The fundamental mode of the radial waveguide is the
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TMg, mode, which is isotropic and propagating. For n > 1, the modes are anisotropic,
whereas for [ > 1, they do not propagate. The attenuation of the propagating and the first
two non-propagating modes with an increasing distance to the via barrel is illustrated in
Fig. 3.1(b).

3.1.2 Subdivision of the Cavity

As already mentioned in Chapter 2, the physics-based via model is based on the simulation
of coupled vias in a single cavity. Starting from the relevant types of waveguide modes, the
cavity can be partitioned into different domains. To illustrate these domains, a vector plot
of the electric field is shown in Fig. 3.2(a) for the cross section through two vias in a single
cavity. At Port 1, the structure is excited by the transverse electromagnetic (TEM) mode
of the short coaxial waveguide formed by the via and the reference plane. The excitation
can originate either from an external source - such as a connected microstrip line - or
from an adjacent cavity. Inside the cavity, a mode conversion between coaxial waveguide
mode and radial waveguide modes occurs. In the vicinity of the via, both propagating and
non-propagating radial waveguide modes exist. The superposition leads to the observed
field pattern with field lines starting on the via barrel and ending on the reference planes.
In some distance from the via barrels, all non-propagating modes are attenuated so far
that only the propagating modes are relevant. The propagating modes are characterized
by electric field vectors which are orthogonal to the reference planes and independent of
the z-coordinate. The observed field behavior leads to a partitioning of the cavity into
three different domains as shown in Fig. 3.2(b): coaxial waveguide regions formed by vias
and antipads, local field regions around the vias inside the cavity, and the propagating
field region between the local field regions.

The "physical" partitioning of the cavity can directly be translated into an equivalent
circuit block diagram as shown in Fig. 3.2(c) for the case of two vias. Each domain in
the physical cavity is represented by an equivalent circuit or a network parameter block.
The propagating field model provides the interaction between different vias, while each
via is represented by a local field model with connected antipad models. The equivalent
circuit is modular in the sense that the calculation methods for different blocks can be
chosen independently of each other. In the following section, at least two approaches for
the calculation of each network parameter block are presented in detail.
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Figure 3.2: Partitioning of the PCB cavity. (a) Vector plot of the electric field in the cross
section of a cavity with two vias for excitation with the coaxial TEM mode at port 1, ob-
tained with a full-wave solver [97]. Close to the vias, the electric field distribution results
from a superposition of the fundamental mode and non-propagating modes. In a larger dis-
tance to the vias, the fundamental mode is predominant, leading to a constant electric field
oriented in z-direction. (b) Based on the predominant waveguide modes, the cavity can be
partitioned into local via field regions and the propagating field region. Additionally, short
coaxial waveguide regions exist in the via antipads (Figure adapted from [26]). (¢) Equivalent
circuit block diagram corresponding to the physical partitioning of the cavity. Fach block
can be represented by a network parameter description, so that the calculation methods for
different blocks can be selected independently (Figure adapted from [26]).
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3.2 Subdomain Modeling Approaches

In this section, different modeling approaches for the calculation of the sub-blocks of the
physics-based via model in Fig. 3.2(c) are described. The description is based on the
comprehensive overview of calculation methods for the physics-based model given in [1,59].
Additional approaches which can be found in the literature are included in the discussion,
so that for each sub-block, at least two alternative approaches are discussed. The additional
approaches take into account effects that were neglected in earlier implementations of the
physics-based model, potentially providing more accurate modeling results.

3.2.1 Propagating Field Model

In this thesis, the propagating field model is typically calculated assuming infinite refer-
ence planes—which is equivalent to a perfectly matched layer (PML) boundary condition.
Infinite reference planes are a good approximation for real PCB structures if reflections
from the board edges can be neglected. This is the case for large PCBs with lossy dielectric
substrates, or if signal vias are sufficiently shielded from the edges by ground vias [98]. For
design studies of a general type, the assumption of infinite reference planes has the advan-
tage that the fundamental behavior of structures can be studied, without an additional
impact of the cavity resonances. A calculation of the propagating field model in case of
infinite planes can be carried out using the radial waveguide method (RWM) as described
in [1] based on [62,63]. The formulation is derived for the fundamental radial waveguide
mode and gives the following values for the self and transfer impedances:

jnh 2)
Zf-pf = ——————— Hy"/(kry;), 3.3
J ( ) 27T7’VH1(2)(/€TV) 0 ( J) ( )

where 1 = \/,u_/e is the wave impedance and k = w,/ue is the wavenumber, r, is the radius
of via ¢, and r;; is the center to center via separation (with r;; = r, for the evaluation of
the self impedance). To take into account conductor and dielectric losses in the calculation
of the propagating field model, a complex radial wavenumber can be used as described
e.g. in [1,59] based on [64, ch. 2.2.1]. It should be noted that the formulation in (3.3) is
extended by an additional Bessel function in the transfer impedance term in [98,99] to
include the radius of the second via. However, the results of the extended formulation are
very similar to the results of the original formulation for typical PCB geometries [1].

An alternative formulation to calculate the parallel-plate impedance for infinite planes was
derived in |8] based on the CIM with circular ports for isotropic excitations [99]. In the CIM
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based formulation, the parallel-plate impedance matrix is calculated from two matrices U
and H as [8]

7' -7 1 (3.4)
where
0, = {Jo(km,i)Jl(kTv,j)HéQ)(kw)y (i # ) 55
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with the Bessel functions Jy and J; of order 0 and 1. In contrast to the radial waveguide
method, which neglects the presence of other vias in the calculation of self- and transfer
impedances, the CIM based formulation takes into account backscattering from all vias
inside the analyzed cavity, which may lead to more accurate modeling results. It shall
however be pointed out that neither of the described propagating field models takes into
account the impact of non-propagating modes or anisotropic modes on the interaction
between vias. For this reason, the accuracy study carried out in Chapter 4 addresses three
points with respect to the propagating field model: a comparison of the two described
models, an evaluation of the impact of neglected non-propagating modes, and an evaluation
of the impact of neglected anisotropic modes.

As mentioned in Section 2.2.2, approaches exist that take into account the impact of finite
planes. A short overview of references related to these approaches is given here, since
evaluations for finite planes are included in Chapter 5 and Chapter 7 of this thesis. In
the case of finite reference planes, the edges of the cavity act in good approximation as
perfect magnetic conductor (PMC) or "open" boundaries, which lead to a reflection of the
radial waveguide modes. In case of a rectangular cavity, the parallel-plate impedance can
be obtained in two ways. In the radial waveguide method, reflections from the edges of
the cavity can be taken into account using image layers [63,100]. Alternatively, the cavity
resonator method (CRM) [64, 65| directly takes into account the boundary conditions at
the cavity edges in the solution of the 2D Helmholtz equation, which leads to a double
infinite sum of cavity modes for the parallel-plate impedance. Several works have proposed
ways to reduce the numerical effort for the CRM, see e.g. [101,102|. In [100], a hybrid
method combining RWM with image layers and CRM was proposed to further reduce the
numerical effort. For more complicated plane shapes, segmentation methods [103,104] or
numerical methods for planar structures [41,67,68,70] as mentioned in Section 2.2.2 may
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3.2 Subdomain Modeling Approaches

be applied to calculate the parallel-plate impedance at the cost of a higher numerical effort.

3.2.2 Local Field Model

To model the impact of higher order modes (more specifically non-propagating, isotropic
modes) at the via locations, the via barrel-to-plane capacitance is used in the physics-based
via model as described in [1,59|. The formula for the barrel-to-plane capacitance is given
in [71] as

Cb = L i H(gg)(kﬂrap) — HSZ)(krlrv) (3 7)
he-In(rap /1) 1=1.3.5,.. k%Hég)(krva) ' '

In comparison to the parallel-plate impedance, (3.7) additionally depends on the antipad
radius r,p. The utilization of the barrel-to-plane capacitance corresponds to physical in-
tuition, and its inclusion in the physics-based model has provided accurate results e.g.
in [58,59] for the simulation of distributed vias. However, the capacitance model does not
fully include the effects of mode conversion between coaxial waveguide modes and radial
waveguide modes taking place in the vicinity of the via. Equivalent circuit models that
contain more elements for a more accurate representation of the mode conversion can be
found in the literature. In [73|, the equivalent circuit in Fig. 3.3(a) was derived for the
coaxial waveguide to radial waveguide junction. Although the work was carried out in an
antenna context, it can readily be applied to via modeling, as already pointed out in [59].
In [76], the model shown in Fig. 3.3(b) was derived specifically in a via modeling context.

Here, the model in Fig. 3.3(a) is analyzed in more detail. In the following, the model will
be referred to as "Williamson model" after the author of [73]. In the following, the different
model elements are evaluated for typical geometry and material parameters: r, = 5mil,
Tap = 15mil, h = 10mil, and ¢, = 3.8. The Williamson model contains two elements -
jB, and jB. - in parallel to the via ports (Port 1 and Port 2). These elements behave
like capacitances. Their values are close to the via barrel-to-plane capacitances calculated
according to (3.7). However, with increasing frequency, some deviation becomes notable
as shown in Fig. 3.4(a). Furthermore, the formulations used in (3.7) and in |73| show a
different convergence behavior. While the evaluation of the via barrel-to-plane capacitance
requires about 50 modes (see convergence behavior for the first modes in Fig. 3.4(b)), the
values for jB, and jB. converge after less than 5 modes. A more important difference to
the simple capacitance model lies in the three additional elements which are present in the
Williamson model: an ideal transformer with ratio R, and the admittances jB,, and jBj3,
which behave like a positive and a negative inductance, respectively. For frequencies up
to about 10 GHz, the transformer ratio R is close to 1, and jB,, and jB3; have magnitudes
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Figure 3.3: Alternative local field models with additional elements for a more accurate
representation of the mode conversion taking place in the vicinity of the via. (a) Model
for a coaxial to radial waveguide junction suggested in [73] - in the following referred to
as "Williamson model" (Figure from [7]). (b) So-called intrinsic via model suggested in |76]
(Figure from [7]). In comparison to the Williamson model, a different topology with frequency
dependent capacitances and inductances is chosen. C} takes negative values. In the numerical
evaluation, the two models lead to very similar (but not identical) results.

similar to each other, so that they cancel out, which explains why the simple capacitances
used in earlier implementations of the physics-based model are a very good approximation
in this frequency range. With higher frequencies, the transformer ratio increases as shown
in Fig. 3.5(a). At 50 GHz, the transformer modifies the parallel-plate impedance by a few
percent. The magnitudes of jBy, and jBs/R? become different at about 30 GHz, as shown
in Fig. 3.5(b). The elements lead to an impedance ZP*" in parallel to the parallel-plate
impedance. Since the value of ZP*" decreases with frequency (see Fig. 3.5(c)) while the
value of ZPP increases (see Fig. 3.5(d)), ZP*" leads to an increasing modification of the
parallel-plate impedance as seen from the via ports. At 40 GHz, ZP* modifies the value
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Figure 3.4: (a) Comparison of the frequency dependent admittance jB, in the Williamson
model (see Fig. 3.3(a)) and the admittance jwC® of the via barrel-to-plane capacitance in
(3.7) for ry = 5mil, ryp = 15mil, A = 10mil, and &, = 3.8. The comparison shows that
the admittance jB, in the Williamson model behaves essentially like the via barrel-to-plane
capacitance. However, an increasing deviation exists in the higher GHz range (about 6 % at
40 GHz). (b) Convergence behavior of the frequency dependent admittance jwCP calculated
from the via barrel-to-plane capacitance. About 50 modes have to be taken into account to
obtain a good approximation of the infinite sum in (3.7). In contrast, the calculation of jB,
requires less than five modes for a good approximation.

of ZP? . R? by about 15%. The impact of the Williamson model and the intrinsic via
model with their additional elements on the simulation results in comparison to the simple
capacitance model will be investigated in detail for several via structures in the accuracy
study in Chapter 4.

3.2.3 Coaxial Field Model

The previously presented propagating field models and local field models assume an exci-
tation by the TEM mode of the coaxial waveguide. The coaxial field region itself can be
modeled using either only a coaxial capacitance or a short transmission line (TL) segment.
The coaxial capacitance, which is employed in the model in [59], can be calculated from
the per unit length capacitance of the coaxial waveguide [105, ch. 3.1],

, 2me
Ocoax - 1n<rap/7ﬂv)7 (38)

by multiplication with the reference plane thickness ¢t (or ¢/2 for inner planes, if a coaxial
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Figure 3.5: Evaluation of the additional elements contained in the Williamson model for
ry = bmil, 7y, = 15mil, h = 10mil, and e, = 3.8. (a) Plot showing the square of the
transformer ratio R. The impact of the transformer in the equivalent circuit increases with
frequency. At 50 GHz, it leads to a modification of the parallel-plate impedance ZPP by about
5%. (b) In addition to the transformer, the Williamson model contains two further elements
in parallel to ZPP: By, and Bj, with the latter one placed behind the transformer. The plot
compares the resulting impedances of the two elements. (c) The parallel elements can be
summarized to a single impedance ZP%" = 1/(jBy, + jBs/R?) in parallel to ZPP. In the lower
GHz range, the similar values and opposite phases of j By, and jBs/R? lead to a high impedance
that does not considerably modify the parallel-plate impedance. In the higher GHz range, in
contrast, ZP*¥ and ZPP are in the same order of magnitude, as demonstrated by the plot of
ZPP (modified by the transformer) in (d) for a single via and infinite reference planes.
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3.3 Combination of Partial Results

field model with half the plane thickness is assigned to each of the two adjacent cavities).
The transmission line model, which correctly takes into account the phase shift of the
signal due to its propagation through the metal layers of the PCB, additionally requires
the per unit length inductance of the coaxial waveguide [105, ch. 3.1]

o =2 In(rap/mv). (3.9)

coax 27_[_

With the values for per unit length capacitance and per unit length inductance, the two-
port network parameters of the LC transmission line model can be calculated.

3.3 Combination of Partial Results

After the selected models for the different subdomains have been evaluated for the studied
structure, the obtained partial results have to be combined to obtain the overall solution.
The combination of results can be divided into two parts: the combination of the subdomain
results for a single cavity, and the combination of single cavity network parameters to obtain
the final network parameters of the complete structure.

3.3.1 Combination of Cavity Subdomains

Before the different subdomain models can be combined, the propagating field model has to
be expanded to represent upper and lower via ports as described in [59]. In Y-parameters,
the expansion is a simple matrix operation:

—Pp —Pp
Y -Y

—=PP —=bDP

-Y Y

—pbp
exp

(3.10)

After the matrix expansion, the local field models can be included to obtain the admittance
—Cav

matrix Y, which represents the via behavior inside the cavity. If the via barrel-to-plane

capacitance is used as a local field model, the inclusion is a simple addition of the cor-

responding admittances to the diagonal terms of the expanded propagating field matrix
=pb

Y e
Y 4 iwCh (i =
Y = { b (i=3). (3.11)
}/;xp,ij7 (Z 7& ])
In case of a more complex local field model, all entries of ?epfp are modified. If the

Williamson model is used as a local field model for a cavity with N vias, it can be combined
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with the expanded propagating field matrix ?Sfp in the following way:

jBa + By + RiRj(jBB‘{'Y;ei%,ij)? (i=J)
Y = ¢ jBy + RiRj(ng + Yoo i) (i=j+Nori+N=j). (3.12)
1
\R@R] }/g)?})),z_j? (else)

After the inclusion of the local field model, the coaxial field model has to be combined
with the cavity model. If simple capacitances are used as coaxial field models, they can
be added to Y similar to the addition of the via barrel-to-plane capacitances in (3.11).
If transmission line segments are used as coaxial field models, a simple addition is not
possible. Instead, segmentation 1 Iglagthods [77] have to be applied to connect the transmission

line segments to the ports of ¥ . Segmentation methods are described in detail for the
combination of single cavity results in Section 3.3.2.

3.3.2 Combination of Single Cavity Results

To combine the network parameter blocks of two adjacent cavities with connected internal
ports as shown in Fig. 3.6, methods are used which enforce a continuity of voltages and
currents at the connected ports. In general, two alternatives exist for the combination of the
network parameter blocks: a multiplication in ABCD-parameters as described in [58], or
the application of so-called segmentation methods [77] as described in [1,59], which can be
carried out in S-parameters, Y-parameters, and Z-parameters. With both approaches, two
network parameter blocks are combined, eliminating the internal ports from the matrices.
The single cavity results for a multilayer stackup can thus be combined using a stepwise

procedure. For the combination of an upper S-parameter block S, = [%’:pﬁa %’:qq] and a

Sy S
lower S-parameter block S, = [ Spb”: ;Tb:] with p® top side ports, p? bottom side ports, and
Tp

q = r connected ports, the segmentation is described by |77, ch. 3.2.1]
Sab = Spp+5pq'(] - Srrsqq)_l ) (Sv‘p + STTqu)"‘SpT'(I - Sqqsrr)_l ’ (qu + SggSrp) » (3.13)

Wlth Spp = [Spgpa Sp(:pbi|7 Spq - (Spoaq)7 Sp’r — (S;?br>’ qu - (Spq>T7 S’rp - (SPT)TJ and

the identity matrix /. For the combination of two Y-parameter blocks Y, and Y}, the
segmentation is described by |77, ch. 3.2.3]

Y;lb = szp - (qu + szr) ’ (Yzzq + Y;‘r)il ' (Y;“p + Yép) ) (3-14)
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Figure 3.6: Combination of single cavity results for a multilayer PCB. (a) Combination of
the first two cavities. The internal ports (which are shared by the two cavities) are connected,
so that the lower ports of the second cavity become the lower ports of the combined structure.
Further cavities are added in subsequent steps. (b) Combination shown in the form of network
parameter blocks. At the internal ports, voltage and current continuity is enforced during the
calculation of the combined network parameter block (Figure adapted from [26]).
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Figure 3.7: Modal decomposition approach for the inclusion of striplines in the physics-based
via model. (a) Schematic representation of the stripline mode indicating the electric field lines
between trace and reference planes. (b) Schematic representation of the parallel-plate mode
indicating the electric field lines between upper and lower reference plane. (¢) Definition of
h, and h; for the calculation of the factor k.

with submatrix definitions similar to the S-parameter case. The formulation for a segmen-
tation in Z-parameters, which is also possible, can be found in [77, ch. 3.2.2].

3.4 Inclusion of Striplines into Via Modeling Approaches

So far, the described models are concerned only with the calculation of via models. For
a modeling of realistic link structures as described in Section 1.1, also striplines that
provide the connection between signal vias in the different arrays have to be included in the
modeling. An efficient approach for the inclusion of striplines has been presented in [106].
Based on the assumption that the stripline mode indicated in Fig. 3.7(a) and the parallel-
plate mode indicated in Fig. 3.7(b) are coupled only at the via locations, the stripline
models can first be calculated separately and then be included via a model decomposition
approach [107, ch. 7.2.1]. The approach is suitable for methods which explicitly calculate
the parallel-plate admittance matrix for the via structure, as it is the case for both physics-
based via models and multiple scattering approaches. Given the expanded parallel-plate

—t
admittance matrix, the admittance parameters Y of the striplines can be included as [59]

—tl

kY (—k2 — k)
—tl
(k2 =BT (k2 + 2k +

?pp _?pp

=pp =Ppp
Y Y

=l
|

(3.15)

—tl
Y
—tl
- 1Y
—pp —tl
Besides the two matrices Y, and Y , the combination only requires the factor &, which de-
scribes the ratio between stripline return current in the upper reference plane and stripline
return current in the lower reference plane. Assuming an infinitely thin trace, k can be cal-
culated from upper and lower dielectric thickness as specified in Fig. 3.7(c): k = h/(h+hy).
Numerical investigations show that the formula gives accurate values for practical trace ge-
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ometries [108, ch. 7]. In the modal decomposition approach, the inclusion of striplines does
not lead to additional ports, but rather to a modification of entries in the parallel-plate
admittance matrix. Further steps, such as the addition of local field models, can be carried
out in the same manner as before (it should be mentioned, however, that the accuracy of
the local field model may be reduced at the point of the stripline connection, since the
presence of a stripline is not taken into account in the local field model derivation). The
network parameters of the stripline required for the combined model can be obtained from
suitable simulations or measurements. In this work, network parameters for striplines are
obtained from analytical formulas [109] for single-ended lines and from numerical simula-
tions based on a 2D-MoM formulation [107, ch. 6.3.1] for differential and coupled lines.
Since the inclusion of striplines does not fundamentally change the via model calculation,
the accuracy of via and stripline models can largely be studied independently of each other.
For this reason, the accuracy study in Chapter 4 first focuses on vias without striplines.
Effects that may impact the accuracy of combined via and stripline models are investigated
in Section 4.5.

3.5 Summary and Discussion

The physics-based via model can be applied to simulate vias and striplines in multilayer
PCBs. The model can be represented in form of a block diagram which corresponds to
the different field regions inside a PCB cavity. For all sub-blocks of the model, network
parameters can be calculated from analytical formulas. The sub-blocks are then combined
to obtain network parameter descriptions of all cavities. Subsequently, the single cavity
results are combined to obtain the solution for the complete multilayer PCB. Stripline
models can be included in the calculation through a modal decomposition approach.

For each sub-block of the physics-based via model, a simpler calculation method and a
more complex method which takes into account additional effects have been described in
this chapter. The impact of the different calculation methods and of neglected aspects on
the modeling accuracy is studied in Chapter 4, where also effects that limit the accuracy
of the modal decomposition approach for the combination of via and stripline models are
investigated. The impact of the different calculation methods on the modeling efficiency is
studied in Chapter 5.
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4 Accuracy of the Modeling Approach

In this chapter, the accuracy of physics-based via and stripline models is analyzed. The
impact of the alternative calculation methods for the model sub-blocks on the model ac-
curacy is investigated, in particular with regard to modeling of dense via arrays on PCBs.
The goal of this investigation is to find improvements to the model that increase the accu-
racy for relevant cases as far as possible without suffering loss of efficiency. Additionally,
limitations of the modeling accuracy due to effects that are not taken into account by
the physics-based model are studied. Here, the aim is to determine which cases cannot be
handled with sufficient accuracy and therefore need to be addressed by multiple scattering
approaches or full-wave methods, which provide accurate results for a larger range of sce-
narios at the cost of an increased computational effort. The accuracy study starts with an
analysis of simple cases. Afterwards, the studied structures are extended first to via arrays
in a single cavity and then to via arrays in a multilayer PCB. Finally, effects related to the
inclusion of striplines are investigated. The study of the modeling accuracy is not only an
end to itself, but also a preparation for the application of the physics-based models to the
study of PCB designs carried out in Chapters 7 and 8 - ensuring that the studied design
scenarios can be handled with a sufficient accuracy.

4.1 Simulation of a Single Via

While the main focus of this work is on the modeling of large via arrays, the accuracy study
first looks at simple cases, beginning in this section with the simplest possible case of a
single via. The advantage of the study of very simple cases is that it allows to distinguish
the impact of different effects on the model accuracy more clearly. Effects that play a role
for very simple geometries can be expected to have an impact also in the case of more
complex structures. First, the impact of the different propagating field models and local
field models on the accuracy of the calculated transmission and reflection is studied for a
single via in a single cavity. Subsequently, the impact of an anisotropic excitation on the
transmission along a single via is studied.

4.1.1 Accuracy of the Propagating Field Model

A comparison of the parallel plate impedance formulations in (3.3) and (3.4) shows that for
the case of a single via, both lead to the same result. This is plausible, since the difference

33



Chapter 4 Accuracy of the Modeling Approach

Antipad (r,p= 15mil) Port 1 Via (PEC, ry— 5mil)

t = 1mil — PML boundary;
h = 10mil I Cavity er =3.8,tan(d) =0  Simulated plane size
t = 1mil > (full-wave simulation):
Reference planes (PEC) Port 2 400 mil x 400 mil

Figure 4.1: Test structure to study the accuracy of different local field models for the
single via case. Simulations have been carried out with the specified material and geometry
parameters, varying a single geometry parameter at a time to determine its impact on the
local field model accuracy (Figure from [7]).

between the two formulations lies in the consideration of backscattering from other vias
in (3.4), which does not exist in the single via case. Due to the absence of further vias,
the structure is furthermore rotationally symmetric, so that no anisotropic modes will
exist unless there is an anisotropic excitation. It can be concluded that given an isotropic
excitation, both discussed propagating field models are in fact accurate for a single via
in the sense that they do not neglect any major effects. Therefore, the accuracy of the
physics-based model primarily depends on the local field model.

4.1.2 Accuracy of the Local Field Model

To determine the accuracy of different local field models for the simulation of a single via,
several simulations of the test structure depicted in Fig. 4.1 were carried out with variations
of different geometry parameters. For the dimensions and material parameters specified in
Fig. 4.1, a comparison of the results for the transmission obtained with different local
field models shows a good agreement between all modeling approaches and the reference
result obtained with a commercial full-wave solver [97] up to about 15 GHz in Fig. 4.2(a). At
higher frequencies, the result obtained with the via barrel-to-plane capacitance as local field
model shows an increasing deviation from the full-wave result. Also the results obtained
with the alternative local field models described in Section 3.2.2 - the Williamson model 73]
and the intrinsic via model [76] - start to deviate, however, the deviation is considerably
smaller. It should be mentioned that although only the results for the transmission are
shown, the stated observations apply to the results for the reflection in a similar way.

The variation of the geometry parameters shows that the agreement between physics-based
via model and full-wave solution improves if the via radius is increased or the antipad
radius is decreased. The parameter with the largest impact is the dielectric thickness h
of the cavity. With an increasing dielectric thickness, the accuracy of the via barrel-to-
plane capacitance as a local field model becomes severely deteriorated. The comparison of
results for the transmission in Fig. 4.2(b) for the case of h = 30mil (all other dimensions
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Figure 4.2: Comparison of results for the transmission along a single via in a single cavity
obtained with different local field models. Results for the intrinsic via model were provided by
Dr. Yaojiang Zhang, Missouri University of Science and Technology. (a) Results for the test
structure with standard dimensions as specified in Fig. 4.1. Up to about 15 GHz, all models
are in good agreement. At higher frequencies, the physics-based via model shows the largest
deviations from the full-wave result used as a reference (Figure from [7]). (b) Results for the
test structure in Fig. 4.1 with A = 30mil. The larger dielectric thickness leads to a more
severe deviation of the physics-based via model above 15 GHz (Figure from [7]).

as specified in Fig. 4.1), which is at the upper end of dielectric thicknesses encountered in
practical applications, shows a deviation of more than 4 dB between full-wave solution and
physics-based model at 50 GHz. For the same structure, the reflection shows a deviation
of almost 6 dB at 50 GHz. The impact of the three named parameters - via radius, antipad
radius, and cavity height - can be summarized in the observation that the via barrel-to-
plane capacitance leads to acceptable results if the local field region around the via, in
which the conversion between coaxial waveguide modes and radial waveguide modes takes
place, is sufficiently small. Even in those cases, the more complex local field models lead to
some improvement in the accuracy of the obtained results for frequencies above about 10
to 15 GHz. In case of an increased size of the region of mode conversion in radial or vertical
direction, the more complex local field models can considerably improve the agreement to
full-wave results.

4.1.3 Impact of Anisotropic Modes

Even though anisotropic modes will not be created inside the cavity in case of a single via
with infinite reference planes due to the rotational symmetry of the structure, anisotropic
modes may be excited by the external signal entering the cavity. To investigate the exci-
tation and the behavior of anisotropic modes in case of a single via, the structure shown
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Figure 4.3: Test structure to investigate the impact of anisotropic modes for a single via
(Figure adapted from [7,19]). Two microstrip lines provide the excitation of the via, leading to
a non-uniform current distribution as shown in Fig. 4.4(a). To study the impact of anisotropic
modes on the network parameters of the structure, simulation results for the three shown
microstrip connection angles are compared in Fig. 4.4(b).

in Fig. 4.3 is investigated: two microstrip lines at the top and bottom of a PCB are con-
nected by a signal via that traverses a single cavity. As shown in Fig. 4.4(a), the current
distribution is not uniform in this case. At the upper microstrip line, the larger part of the
current flows at the bottom side of the trace, which is closer to the reference plane than
the top side of the trace. When the current reaches the via, it has to redistribute to reach
the upper side of the bottom microstrip line, leading to a non-uniform current distribution
on the via barrel. To investigate the impact of the non-uniform current distribution on the
transmission through the via, the angle between the connecting microstrip lines is varied
from 0° to 180° as illustrated in Fig. 4.3. The experiment is adapted from the study carried
out in [111]|, where a large impact of the microstrip connection angle on the S-parameters
of the transmission was found for a via crossing a single metal plane. The results of simu-
lations with a commercial FEM solver [110] are plotted in Fig. 4.4(b). A notable deviation
between the different cases exists only for frequencies higher than 30 GHz. The impact
of the connection angle is much smaller than for the single reference plane setup studied
in [111]. When the stackup is extended to 3 cavities (adding 2 inner cavities to the PCB,
each of thickness hy = 12mil), only a very small deviation between the three cases exists
up to 50 GHz. The results show that the impact of anisotropic modes on the transmission
quickly decreases with an increasing number of cavities in the PCB stackup. Two effects
contribute to this behavior: First, the via length increases, offering the current a longer
distance to redistribute between upper and lower via end. Second, with a larger number
of cavities, the via traverses more reference planes through coaxial antipad sections. While
isotropic and anisotropic radial waveguide modes show the same propagation behavior in-
side the cavity, only the (isotropic) TEM mode is propagating in the coaxial waveguide at
the frequencies of interest, while all anisotropic modes are attenuated. The observed results
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Figure 4.4: Impact of an anisotropic excitation by a microstrip line. (a) Current distribution
around the via for a single-cavity stackup. The anisotropic excitation by the microstrip current
leads to a non-uniform current distribution around the via inside the cavity (Figure adapted
from [19]). (b) Comparison of full-wave (FEM [110]) results for the transmission for different
microstrip connection angles. For a single-cavity stackup, an impact of the connection angle
on the S-parameters can be observed above 30 GHz. If the stackup is extended to 3 cavities,
only a very small deviation exists up to 50 GHz (Figure adapted from [7]).

suggest that for multilayer PCBs, the physics-based via model can be used to simulate the

network parameters of the internal structure even in the case of anisotropic excitations.
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Chapter 4 Accuracy of the Modeling Approach

4.2 Simulation of Two Vias

The simulation of two vias in a single cavity is studied here as the simplest case that includes
coupling between vias. As already indicated in Section 3.1.2, three major concerns exist
with regard to the simulation of coupled vias: the impact of the applied propagating and
local field models on the modeling accuracy, the relevance of non-propagating modes, and
the relevance of anisotropic modes. The three aspects are investigated in the following.

4.2.1 Impact of Propagating and Local Field Models

To study the impact of the different propagating and local field models on the modeling
accuracy for the coupling between vias, a test structure with two vias in a single cavity
is investigated. The modeling accuracy is studied for different via separations d, while all
other geometry and material parameters have the values specified in Fig. 4.5. Note that a
very small antipad radius has been chosen, so that the vias can be brought closely together
without an antipad overlap. For a via separation of d = 40 mil, the far-end crosstalk between
the vias shows a deviation between physics-based model using the RWM and the via barrel-
to-plane capacitance and a full-wave simulation for frequencies above about 15 GHz, see
Fig. 4.6(a). Replacing the via barrel-to-plane capacitance by the Williamson model shows
that the deviation is caused by the already observed inaccuracy of the capacitance as a
local field model at higher frequencies. The CIM as a more accurate propagating field
model, in contrast, does not lead to a notable improvement of the modeling accuracy in
comparison to the RWM. In case of a very small via separation of d = 12.2mil (with only
0.2 mil of the reference plane remaining between the two antipads), a substantially larger
deviation between physics-based model using RWM and via barrel-to-plane capacitance
and full-wave result is observed. The deviation can only to a small part be decreased by

Vias (PEC, ry = 5m11

Por‘}/Antlpads rap =6m ﬁort 2

: £ —38
ie d > tan(5) = 0.02 Ih— 12 mil
T Port 3 Port 4
Reference planes (PEC, ¢t = 1mil) Boundary condition: PML

Figure 4.5: Test structure to investigate the accuracy of different modeling approaches for
the coupling between two vias depending on the via separation d. For the simulations, the
antipad radius has been chosen smaller than feasible in practical PCB structures in order to
study very small via separations without an antipad overlap (Figure from [7]).
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Figure 4.6: Comparison of results for the far-end crosstalk obtained with different local field
models. (a) Results for the test structure in Fig. 4.5 with a via separation of d = 40mil.
Already the via barrel-to-plane capacitance leads to a good agreement with the reference
solution obtained from a full-wave (FEM) solver [110]. A deviation of about 1dB occurring at
higher frequencies can be further reduced with the Williamson model (Figure from [7]). (b)
Results for the test structure in Fig. 4.5 with a via separation of d = 12.2mil, leading to a
distance of only 2.2 mil between the surfaces of the via barrels. The physics-based via model
starts to deviate from the full-wave solution already in the low GHz range. Only a small part
of the deviation is avoided with the Williamson model (Figure from [7]).

an improved local field model, and is not notably reduced by an improved propagating
field model. Two possible explanations for the larger deviation in case of a smaller via
separation exist: a coupling provided by non-propagating modes, or an increased impact
of anisotropic modes - both could be caused by the small via separation. The respective
impacts are investigated in the following two subsections.

4.2.2 Via Coupling Provided by Non-Propagating Modes

The coupling between closely spaced vias due to non-propagating modes has been investi-
gated in |23]. The analysis was carried out based on a simple implementation of a multiple
scattering approach, including isotropic modes only. Since the different isotropic modes are
decoupled (see Appendix A), the multiple scattering approach leads to a separate admit-
tance matrix for each mode. The total admittance matrix of the system is the sum of the
fundamental mode admittance matrix (which corresponds to the parallel plate admittance
in the physics-based via model) and all higher order (non-propagating) mode admittance
matrices [23]:
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[Y} = [Y]zzo + : (4-1)

>,

For a via separation of d = 40mil, the first row of the admittance matrix due to non-

propagating modes takes the following characteristic form:

Y,

=1

~[0+v) 0 -y, 0], (4.2)

1,

with the ports numbered according to Fig. 4.5. The non-propagating modes lead to a cou-
pling admittance Y. between via barrel and reference planes, as reflected in the via barrel-
to-plane capacitances C” in (3.11) or the corresponding element jB, of the Williamson
model in (3.12). Furthermore, for each via, an additional coupling admittance Y, between
upper and lower port exists. This coupling admittance can be interpreted as the combined
effect of the elements in parallel to the parallel plate admittance in the Williamson model.
It is neglected in the physics-based via model if only the via barrel-to-plane capacitance is
used to model the local fields. Entries which would indicate a coupling between vias due
to non-propagating modes are much smaller than the corresponding entries resulting from
the fundamental mode, and can be approximated as zero.

For a via separation of d = 12.2mil, the characteristic form of the first row of the admit-
tance matrix related to non-propagating modes changes:

~ [ (5;:: + Y+ Y, + Y14> Y, =Y, —Yuu |. (4.3)

> ),

The coupling between the vias due to non-propagating modes can no longer be neglected

1,

for the smaller via separation, which is reflected in to non-zero entries Y75 and Yi4. An
inspection of the two admittance values shows that the coupling can be described by
effective coupling capacitances with Y, = jwCis and Y4 = jwCy. It should be noted that
the effective coupling capacitances are not identical with the static capacitance between
the via barrels. In particular, near and far end coupling capacitances inside a cavity have
different values, as shown in Fig. 4.7(a) for a via separation of d = 12.2mil. Similar to the
via barrel-to-plane capacitance, the effective coupling capacitances show a slight frequency
dependency. It is noteworthy that if via coupling due to non-propagating modes exists, also
the capacitance between via barrel and referenc plane is changed. Fig. 4.7(b) compares the
via barrel-to-plane capacitance calculated from (3.7) for a single via to the capacitance
value calculated from Y. in (4.2) for d = 40mil. The two values are almost identical.
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Figure 4.7: Impact of non-propagating modes on the coupling between very closely spaced
vias (all Figures from [23]). (a) Frequency dependent behavior of the effective coupling capac-
itances for a via separation of d = 12.2mil. In the higher GHz range, the effective coupling ca-
pacitances show a slight frequency dependendy similar to the via barrel-to-plane capacitance.
(b) Capacitance between via barrel and reference plane. For a via separation of d = 40 mil, the
capacitance value obtained from the multiple scattering approach is in good agreement with
the value calculated based on (3.7). For a smaller via separation of d = 12.2mil, the value
obtained from the multiple scattering approach is smaller due to additional field lines ending
on the second via instead of the reference planes. (¢) Near-end crosstalk for a via separation d
= 12.2mil. The effective coupling capacitances, which are taken into account by the multiple
scattering approach, considerably improve the agreement to the full-wave solution [112] in
comparison to the results obtained with the physics-based via model without effective cou-
pling capacitances (compare Fig. 4.6(b)). (d) Comparison for the far-end crosstalk. Also here,
the effective coupling capacitances included in the multiple scattering approach lead to a good
agreement to the full-wave solution.
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Figure 4.8: Distance dependency of the coupling between vias due to non-propagating modes.
(a) Effective coupling capacitances between the two vias in Fig. 4.5 plotted over the via
separation d for a frequency of 100 MHz (Figure from [23]). (b) Contour plot showing lines of
a constant ratio between the effective coupling capacitance Cio and the via barrel to plane
capacitance C, (Figure from [23]).

For a via separation of d = 12.2mil, in contrast, the capacitance between via barrel and
reference plane calculated from Y, in (4.3) is considerably lower due to the increased portion
of electric field lines ending on the adjacent via barrel.

Taking the effective coupling capacitances into account — as it is done by the multiple
scattering solution — can considerably improve the agreement to full-wave simulations for
near-end crosstalk (Fig. 4.7(c)) and far-end crosstalk (Fig. 4.7(d)) between closely spaced
vias. However, due to the strongly distant dependent behavior of the coupling capacitances
shown in Fig. 4.8(a), a relevant impact occurs only for very small via separations. The ratio
between the effective near-end coupling capacitance Cio and the capacitance C. between
via barrel and reference plane is shown in Fig. 4.8(b) depending on via radius and via
separation (assuming an antipad radius 1 mil larger than the via radius and other geometry
and material parameters as specified in Fig. 4.5). Typically, the impact of a coupling due
to non-propagating modes on the S-parameters for near- and far-end crosstalk can be
neglected as long as the capacitance ratio is less than 1%, which is equivalent to a via
separation of less than 30 mil for the studied structure.

A structure for which coupling provided by non-propagating modes may in fact become rel-
evant is given by a differential via pair with a very small via separation. For the case of two
vias, analytical formulas for the effective coupling capacitances as well as for the modified
capacitance between via barrel and reference plane can be obtained by explicitly solving
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4.2 Simulation of Two Vias

the 2 x 2 equation system of the multiple scattering approach. The obtained admittance
values can directly be added to the corresponding entries of the parallel plane admittance.
However, it should be noted that the basic multiple scattering approach assumes separate
antipads. A multiple scattering approach using a numerical calculation of surface charges
for vias in shared antipads can be found in [85].

4.2.3 Impact of Anisotropic Modes

To study the impact of anisotropic modes in the case of two vias, the via constellation from
Fig. 4.5 is analyzed using the contour integral method with discretized circular ports. The
evaluation does not take into account non-propagating modes. For this reason, all results
are shown for a via separation of d = 40 mil, for which an analysis based on propagating
modes is sufficient as shown in Section 4.2.2. Similar to full-wave approaches, the contour
integral method allows to evaluate the fields inside the cavity. In Fig. 4.9(a), the electric
field distribution around the circumference of the first via is shown at different frequencies
for an isotropic excitation at the second via with a 1mA uniform current. Already at
10 GHz, an impact of the first anisotropic mode can be observed. At 60 GHz, the variation
of the electric field strength indicates the impact of even higher anisotropic modes. To
investigate the impact of higher order modes in a more quantitative way, the electric field
distribution is written as a Fourier series of azimuthal modes [19]:

o) N
Ep)= Y En-e~ Y E, e (4.4)
n=—N

n=—oo

A numerical approximation for the complex Fourier coefficient F,, representing the n'®
azimuthal mode on the circumference of the via can be calculated from the electric field
strengths at the N different line segments of the discretized circular ports [19]:

. 1 [ . N-L .
E,=— E_(p)e ™dop ~ E_(k) - e n2mk/N 4.5
o ), (p)e i™edy % (k) -e (4.5)

For an evaluation with N = 32 line segments, the Fourier coefficients obtained at different
frequencies are shown in Fig. 4.9(b). The results confirm that already at 10 GHz, energy is
coupled to the first anisotropic mode if a via is excited by a neighboring via. Furthermore,
the energy coupled to anisotropic modes increases with frequency. At 60 GHz, even the
second and third anisotropic mode start to play a role.

The results found here seem to be contradictory to the S-parameter comparisons in Fig. 4.6(a),
Fig. 4.7(c), and Fig. 4.7(d), which show that a simulation with only isotropic modes is suf-
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Figure 4.9: Anisotropic modes in case of two vias with isotropic excitation. (a) Magnitude
of the electric field strength observed at the circumference of via 1 (left via) for an isotropic
excitation at via 2 (right via). Already at 10 GHz, an anisotropic field distribution related to
the impact of the first higher order mode can be observed. At 60 GHz, also higher anisotropic
modes have an impact (Figure adapted from [19]). (b) Amplitude spectrum of the electric field
strength indicating the energy coupled into the different anisotropic modes. All coeflicients are
normalized to the coefficient of the fundamental (isotropic) mode (Figure adapted from [19]).

44
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ficient to obtain a good agreement with full-wave results for 40 mil and even for 12.2 mil
via separation. A possible explanation is that for structures with only two vias, the funda-
mental mode coupling is not substantially changed by the presence of anisotropic modes.
Since the network parameters in the physics-based model as well as in multiple scattering
approaches are calculated from integral voltage and current definitions which take into
account isotropic modes only, the impact of existing anisotropic modes cannot be seen di-
rectly in the network parameters. However, the existence of anisotropic modes already for
two vias indicates that their impact should be studied thoroughly in the following accuracy
study for via arrays.

4.3 Single Cavity Simulation of Via Arrays

After basic limitations of the physics-based via model with regard to reflection, transmis-
sion and coupling have already been discussed in the preceding sections, the accuracy of
the physics-based model is now studied for the application to via arrays. Due to the dense
arrangement of multiple vias in close proximity, additional effects may impact the accuracy
for the simulation of via arrays that do not occur or are not relevant in the case of one
or a few vias. In this section, detailed investigations on the modeling accuracy are carried
out for an 8 x 8 via array with the via arrangement, geometry and material parameters,
and port numbering as shown in Fig. 4.10. Investigations are carried out for via pitches of
80mil and 40 mil, which can be encountered in practical PCB designs. For each via pitch,
two aspects are investigated: the impact of different propagating and local field models
on the accuracy of the physics-based via model and the impact of anisotropic modes on
the simulation results. To study the impact of anisotropic modes, results from a multiple
scattering approach are used.

4.3.1 Detailed Study for 80 mil Pitch

To determine the impact of the different propagating and local field models on the accuracy
of the physics-based via model, three combinations of sub-models are compared: the RWM
together with the via barrel-to-plane capacitance, the RWM with the Williamson model as
an improved local field model, and the CIM with the Williamson model as a combination
of improved propagating and local field models. A Comparison of the three models to a
reference full-wave solution is shown in Fig. 4.11(a) for the transmission between via ports
5 and 2 as defined in Fig. 4.10(a). Already the combination of RWM and via barrel-to-
plane capacitance shows a good agreement to the full-wave solution, with somewhat larger
deviations at the resonance frequencies and in the frequency range above 40 GHz. The
improved local field model leads to an even better agreement with the full-wave solution.
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Figure 4.10: 8x8 via array for the comparison of different modeling approaches. (a) Top
view of the via arrangement with definition of ports 1 to 6. Signal vias without ports are open
(Figure adapted from |7]). (b) Cross section of the cavity showing two signal vias with port
definitions and a ground via (Figure from [7]).

The improved propagating field model does not substantially change the agreement. To
further study the impact of anisotropic modes, the most accurate version of the physics-
based via model (CIM + Williamson model), which takes into account only isotropic
modes, is compared to multiple scattering results obtained with a generalized multiple
scattering approach (GMS) [87] for M = 0 and M = 1. All GMS results used in this thesis
were provided by Dr. Yaojiang Zhang, Missouri University of Science and Technology.
The comparison in Fig. 4.11(b) shows a good agreement between all curves. The inclusion
of the first anisotropic mode in the multiple scattering approach does not improve the
agreement with the full-wave solution. Similar results are obtained for the reflection and
for the crosstalk between vias. It can be concluded that a consideration of anisotropic
modes is not necessary to obtain accurate simulation results in the case of 80 mil pitch.
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Figure 4.11: Comparison of the transmission between ports 2 and 5 in Fig. 4.10, calculated
with different modeling approaches for 80 mil pitch. (a) Comparison of different versions of
the physics-based via model to a full-wave (FEM) solution (Figure from [7]). The original
model shows the largest deviations at resonance frequencies, but may still be considered a
good approximation up to 40 GHz. The Williamson model leads to an improved agreement at
the resonances and above 40 GHz. (b) Comparison to multiple scattering solutions calculated
with n = 0 and n = 1 (Figure from [7]). For the test case with 80 mil pitch, the impact of
anisotropic modes can be neglected up to at least 50 GHz.
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4.3.2 Detailed Study for 40 mil Pitch

The comparison carried out in the previous subsection is now repeated for a via array
with 40 mil pitch. The comparison between the different versions of the physics-based via
model and the reference full-wave solution for the transmission between via ports 5 and 2
is shown in Fig. 4.12(a). Up to about 35GHz, the curves show a good agreement due to
the lack of resonances in the transmission. At higher frequencies, however, the combination
of RWG and via barrel-to-plane capacitance shows a considerable shift of the resonance
to lower frequencies in comparison to the full-wave solution. The resulting deviation is
much larger than all deviations observed in the 80 mil case. Applying the Williamson via
as the local field model gives a considerable improvement, but is not sufficient to obtain a
good agreement to the full-wave result. Applying the CIM leads to a further improvement,
showing that for 40 mil pitch, backscattering from other vias does in fact have an impact
on the propagating field behavior. As described in [8], the application of the CIM can
also resolve passivity problems that were observed for the RWM in case of 40 mil pitch.
However, a considerable deviation to full-wave results exists even for the most accurate
version of the physics-based via model. The comparison to multiple scattering results in
Fig. 4.12(b) shows that in the case of 40 mil pitch, also an impact of anisotropic modes
on the simulation results can be observed. The inclusion of the first anisotropic mode
further reduces the frequency shift in comparison to the full-wave result, although it is
not sufficient to obtain a complete agreement. Since for the transmission, the impact of
anisotropic modes can only be observed at high frequencies, additional curves are included
for reflection and crosstalk, which show deviations already at lower frequencies. For the
reflection at via port 2 in Fig. 4.13(a), the inclusion of the first anisotropic mode improves
the agreement to the full-wave result only at higher frequencies. At lower frequency, the
simulation without anisotropic modes shows a better agreement to the full-wave solution.
The reason for this behavior is uncertain, and may be related to a general sensitivity of the
reflection to small impacts that will be discussed in Section 6.2. For the near-end crosstalk
between ports 1 and 2 in Fig. 4.13(b), in contrast, the result calculated including the
first anisotropic mode provides a better agreement to the full-wave solution over the entire
frequency range. This demonstrates that at least for the crosstalk, an impact of anisotropic
modes can be observed already in the low GHz range in the case of 40 mil pitch.

4.3.3 Possible Extension to Anisotropic Modes

The preceding results demonstrate that for via arrays with a small pitch, anisotropic modes
have a considerable impact on the network parameters. For the physics-based via model,
this means that below a certain via pitch, the propagating field model has to be extended
to include anisotropic modes in order to provide accurate results. The limit with regard
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Figure 4.12: Comparison of the transmission between ports 2 and 5 in Fig. 4.10, calculated
with different modeling approaches for 40 mil pitch. (a) Comparison of the original physics-
based via model and improved versions to a full-wave (FEM) solution (Figure from [7]).
Although both the improved local field model and the improved propagating field model
lead to improvements in the modeling result, a considerable deviation to the full-wave result
remains. (b) Comparison to multiple scattering results, showing that taking the first higher
order mode into account shifts the resonant frequency further towards the full-wave result
(Figure from [7]).
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Figure 4.13: Impact of anisotropic modes on the reflection at port 2 and the near-end
crosstalk between port 2 and port 1 in Fig. 4.10 for 40 mil pitch. (a) For the reflection, the
isotropic simulation leads to a better agreement with to the full-wave solution up to the first
resonance frequency around 29 GHz. The inclusion of the first anisotropic mode improves the
agreement only at higher frequencies (Figure adapted from [7]). (b) For the near-end crosstalk,
in contrast, the inclusion of the first anisotropic mode improves the agreement to the full-wave
solution over the complete frequency range, leading to a considerable improvement already
in the low GHz range (Figure adapted from [7]).
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Figure 4.14: Comparison between results from the multiple scattering approach and from
the contour integral method with anisotropic modes on circular ports. The results from the
contour integral method with short circuited anisotropic modes for inclusion in the physics-
based via model were provided by Dr. Xiaomin Duan at the Institute of Electromagnetic
Theory, TUHH. The comparison for the near-end crosstalk between port 2 and port 1 as
defined in Fig. 4.10 shows that using the CIM with anisotropic modes as the propagating
field model, the physics-based via model can provide an accuracy similar to that of a multiple
scattering approach for a via pitch of 40 mil.

to the via pitch will be investigated more closely for multilayer via arrays in Section
4.4.3). Two options exist for the extension of the physics-based via model: As previously
described, multiple scattering approaches can take into account anisotropic modes. By
carrying out a simulation that takes into account only propagating modes (the fundamental
mode and anisotropic propagating modes up to a certain mode number), a parallel-plate
admittance matrix YPP is obtained that includes the impact of anisotropic modes and can
without further modification be employed as propagating field model in the physics-based
via model. As a second option, the CIM was recently extended to include anisotropic
modes [113]. Different than multiple scattering approaches, the contour integral method
provides an explicit impedance matrix for the interaction between all modes on all ports.
For the inclusion in the physics-based via model, the entries related to anisotropic modes
have to be eliminated from the matrix. If the elimination is carried out in Y-parameters
matrix - which corresponds to a short-circuiting of the anisotropic modes - an inclusion
of the reduced YPP matrix in the physics-based via model leads to a good agreement with
the multiple scattering solution, as shown in Fig. 4.14 for the near-end crosstalk between
ports 1 and 2 for the case of 40 mil pitch. Although further investigations are necessary
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to determine which termination of anisotropic modes is correct from a physical point of
view, it can be concluded that in principle, methods exist that can handle the impact of
anisotropic modes as long as it is confined to a single cavity.

In this thesis, an extension of the physics-based via model to include anisotropic modes is
not further studied. The application examples in Chapter 7 and Chapter 8 take this into
account by using test structures with 80 mil via pitch, for which a sufficient accuracy of the
propagating field model can be obtained with the conventional RWM or CIM formulations
as previously discussed.

4.4 Multilayer Simulations of Via Arrays

The accuracy study of the physics-based via model is now extended from the simulation of
a single cavity to the simulation of multilayer PCBs. To obtain the multilayer result, the
network parameter matrices of the single cavities are combined. As described in Section
3.3.2, segmentation methods or a multiplication in ABCD parameters can be used to carry
out the combination. Since the multiplication in ABCD parameters cannot be used for
all structures (problems arise if cavities have different numbers of top and bottom ports
e.g. due to power vias), typically segmentation methods are applied. The segmentation
can be carried out in different network parameter forms (S-, Y-, and Z-parameters). For
the examples in this thesis, no notable impact of the network parameter form has been
observed. In this section, three points are addressed. First, a detailed accuracy study is
carried out for a multilayer via array with 80mil pitch. The aim is to confirm the good
accuracy of the physics-based model observed for a single cavity in case of 80 mil pitch
for a multilayer scenario—also with a view to the application examples in Chapter 7 and
Chapter 8. Subsequently, the impact of the coaxial field model on the modeling accuracy
in a multilayer scenario is studied. Finally, a variation of the via pitch is carried out to
more precisely determine the lower limit for the via pitch up to which the physics-based
via model can provide sufficiently accurate results.

4.4.1 Validation of Multilayer Results for 80 mil pitch

To study the accuracy of the physics-based via model in a multilayer PCB scenario, the
stackup of the via array in Fig. 4.10(a) with 80 mil pitch is extended from a single cavity
to the multilayer configuration illustrated in Fig. 4.15. Simulation results obtained with
the physics-based via model are compared to results obtained with a commercial full-wave
solver. Results for the transmission between via ports 2 and 5 are shown in Fig. 4.16(a).
Although the behavior of the transmission in the multilayer case becomes more complex
than in the single-cavity case due to additional resonances, the physics-based via model

52



4.4

Multilayer Simulations of Via Arrays

Signal via Ground via Stackup [mils]
2.4
3.8
1.46 . .
9.92 Figure 4.15:  Multilayer PCB
984 1.42 stackup for the via array structure
- 1.24 shown in Fig. 4.10(a) to study the
9.84 1.36 agreement between physics-based
6.58 . via model and full-wave results in
7 86 1.54 the multilayer case. Thicknesses
1.36 of metal and dielectric layers are
6.64 14 specified in mil. All reference planes
9.34 13 are assigned to ground (i.e., ground
9.36 ' vias are connected to all reference
9.64 1.4 planes), and no striplines exist in
14 the test structure (Figure adapted

shows a good agreement to the full-wave result over the entire frequency range up to 50
GHz. All characteristics of the full-wave result are captured by the physics-based model,
and deviations between the two curves with regard to magnitude are below 2dB except
for a deviation related to a frequency shift of about 0.3 GHz around 15GHz. A good
agreement between physics-based via model and full-wave solution can also be observed
for the reflection at via port 2 shown in Fig. 4.16(b). Results for the crosstalk between vias
1 and 2 (which are separated by an intermediate ground via) are shown in Fig. 4.17(a)
for the near-end crosstalk and in Fig. 4.17(a) for the far-end crosstalk. In both cases, a
good agreement between physics-based via model and full-wave result can be observed.
For the near-end crosstalk, some larger deviations exist above 40 GHz, while the deviation
for the far-end crosstalk is small over the entire frequency range up to 50 GHz. A good
agreement between physics-based via model and full-wave simulation exists not only with
regard to the magnitude, but also with regard to the phase of the simulated S-parameters.
As an example, the results for the phase of the transmission between via ports 2 and 5 is
shown in Fig. C.1 in Appendix C. The appendix also shows additional comparisons for the
magnitude of the crosstalk between two directly adjacent vias in Fig. C.2 and two vias in
a larger distance from each other in Fig. C.3. For a larger distance between the vias, some
deviations between physics-based via model and full-wave result can be observed already
at lower frequencies. However, also in this case, the physics-based model provides a good
approximation in the frequency range up to 50 GHz in the overall view.
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Figure 4.16: Comparison between results obtained with the improved physics-based via
model and a full-wave solution for the via array in Fig. 4.10 with 80 mil pitch and the mul-
tilayer stackup in Fig. 4.15. (a) Transmission between via ports 2 and 5 (Figure adapted
from [7]). (b) Reflection at via port 2 (Figure adapted from [7]). Although differences in
magnitude exist at the resonance frequencies, the physics-based via model provides a good
approximation of the full-wave result for both transmission and reflection up to 50 GHz.
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Figure 4.17: Comparison between results obtained with the improved physics-based via
model and a full-wave solution for the via array in Fig. 4.10 with 80 mil pitch and the multi-
layer stackup in Fig. 4.15. (a) Near-end crosstalk between via ports 1 and 2 (Figure adapted
from [7]). (b) Far-end crosstalk between via ports 1 and 5 (Figure adapted from [7]). A good
agreement between physics-based via model and full-wave result can be obtained for both
near- and far-end crosstalk. In the near-end crosstalk, some larger deviations can be observed
for frequencies above 40 GHz.
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4.4.2 TImpact of the Coaxial Field Model

As described in Section 3.2.3, two alternatives exist for the modeling of the coaxial field
regions between vias and antipads: a representation using only the coaxial capacitance, or
a more accurate representation using a short LC transmission line model. The previously
shown results have been obtained with the more accurate transmission line model. Here, the
impact of a change to the simpler capacitance model on the accuracy of the physics-based
via model is studied. For this purpose, the plots of the transmission between via ports 2
and 5 and the reflection at via port 2 from Fig. 4.16 are extended with an additional curve
calculated with the coaxial capacitance as coaxial field model. For the transmission in
Fig. 4.18(a), the coaxial capacitance increases the deviation to the full-wave result at some
resonances. A more systematic deviation can be observed in the phase of the transmission,
which is shown in Fig. C.4(a) in Appendix C. At frequencies above 30 GHz, the capacitance
model leads to a deviation of about 15° in comparison to the TL model. An evaluation of
the phase of the transmission between via ports 2 and 5 for a reduced stackup containing
only the three center cavities of the original 11 cavity stackup shows a phase deviation
between capacitance model and TL model of less than 5°, see Fig. C.4(b). The results
can be explained with the phase shift due to the signal transmission through the coaxial
antipad regions, which is not correctly taken into account by the capacitance model. The
impact of this inaccurate modeling increases with an increasing cumulated thickness of the
reference layers in the stackup. Nevertheless, even if the capacitance is used as a coaxial field
model, the physics-based via model provides a good approximation for the transmission
with regard to magnitude and phase. Similar observations can be made with regard to
the crosstalk. The strongest impact of the antipad model can be seen for the reflection in
Fig. 4.18(b). Since, in comparison to the TL model, the capacitance model changes the
input impedance of the via as seen from the port, it leads to deviations in the reflection,
especially in the lower frequency range up to 10 GHz. Nevertheless, the characteristics of
the full-wave result are still captured. All in all, the obtained results show that also with
the capacitance as a coaxial field model, the physics-based via model provides a good
approximation of full-wave results. The TL model improves the modeling accuracy mostly
with regard to the reflection - especially at lower frequencies - and with regard to the phase
of the transmission - especially for a large cumulated thickness of the reference layers.

4.4.3 Impact of the Via Pitch

As observed in Section 4.3.2 for a single cavity, the accuracy of the physics-based via
model is not sufficient for the simulation of via arrays with 40 mil pitch. The reason is that
the physics-based model neglects anisotropic modes, which play a role for the interaction
between vias in very dense arrays. Through a variation of the via pitch, the lower limit up
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Figure 4.18: Comparison of reflection and transmission for a via inside the multilayer via
array with the top view in Fig. 4.10(a) and the cross section in Fig. 4.15, calculated using
either capacitances only or coaxial transmission lines as antipad models. (a) Comparison for
the transmission. While the transmission line model generally leads to an improved agreement,
the improvements are comparatively small, and exist only at some frequency ranges (Figure
adapted from [7]). (b) Comparison for the reflection, showing the strongest impact of the
antipad model. In the frequency range up to 10 GHz, the transmission line model clearly
improves the agreement to full-wave results (Figure adapted from [7]).
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Figure 4.19: Impact of the via pitch on the accuracy of the physics-based via model for the
simulation of the transmission between via ports 2 and 5 for the via array in Fig. 4.10 with
the multilayer stackup in Fig. 4.15. (a) Simulation results for 60 mil via pitch. A considerable
frequency deviation of 0.6 GHz can be observed already at the first resonance of the trans-
mission. Nevertheless, the physics-based via model provides a good overall approximation
of the full-wave solution. (b) Simulation results for 40 mil pitch. The frequency shift at the
first resonance is increased to 0.8 GHz. Above 35 GHz, the physics-based via model does not
capture the characteristic features of the transmission.
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to which the physics-based via model can still provide accurate results is investigated here
more closely for the multilayer scenario. The transmission between via ports 2 and 5 is
shown in Fig. 4.19 for the two cases of 60 mil pitch and 40 mil pitch. The results for 60 mil in
Fig. 4.19(a) show that although a frequency shift of 0.6 GHz exists for the first resonance,
the physics-based via model still provides a good overall approximation of the full-wave
result in the frequency range up to 50 GHz. This is confirmed by the result for the near-
end crosstalk between via ports 1 and 2, which are shown in Fig. C.5(a) in Appendix C.
Also for 50 mil pitch, a fair overall agreement can still be observed, although the deviations
increase in comparison to the case of 60 mil pitch (as an example, the transmission is shown
in Fig. C.6(a) in Appendix C). For 40 mil pitch, the frequency shift of the first resonance
of the transmission in Fig. 4.19(a) is 0.8 GHz, and the physics-based via model captures
the characteristic features of the full-wave result only up to about 35 GHz. The results for
the near-end crosstalk between ports 1 and 2 in (see Fig. C.5(b) in Appendix C) show
deviations between physics-based via model and full-wave result over the entire frequency
range - similar to the single cavity evaluation in Fig. 4.13(b). In conclusion, the results
indicate that a limit for the accuracy of the physics-based via model lies between 60 mil
and 40 mil pitch. Accurate results can be expected for pitch sizes of 60 mil or more. It shall
be mentioned in this context that for the simulation of power vias, additional challenges
have been observed in comparison to the simulation of signal vias. A brief description of
the modeling accuracy for power vias is given in Appendix D. However, also in presence of
power vias, no reduction in the accuracy of the physics-based via model for the interaction
between signal vias has been observed.

4.5 Accuracy of Combined Via and Stripline Models

So far, the accuracy study has focused on via arrays without striplines. As described in
Section 3.4, stripline models can be included in the physics-based via model through a
modal decomposition approach. This approach assumes that a coupling between stripline
mode and parallel plane mode occurs only at the via location. In this case, the cavity
model - including all vias but no striplines - and the stripline model can be calculated
independently from each other. A combination of the two models is then carried out by
combining the Y-parameter matrices as described in (3.15). If this modal decomposition
approach is used for the inclusion of striplines, two possible sources for inaccuracies exist:
First, inaccurate stripline models (e.g. resulting from approximations made in a numeri-
cal calculation) will necessarily lead to inaccuracies in the combined model. Second, the
approach cannot lead to accurate results if a direct interaction between striplines and ad-
jacent vias occurs. The analysis in this section will focus on the second aspect, assuming
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that it is generally possible to obtain sufficiently accurate models for striplines. Accuracy
studies for stripline model calculations with the 2D-solver employed in the context of this
work can be found in [37,108].

A direct interaction between striplines and adjacent vias has to be expected in case of small
separations. So far, the interaction has been mostly studied with regard to guard via rows
in the literature [114-118]. Guard vias are ground vias that are used with the purpose of
shielding neighboring traces from each other. As shown in [114-116], if traces are placed
too close to guard via fences, the vias can provide a coupling that increases the crosstalk
between the traces rather than reducing it. The goal of the following analysis is to study
the nature of the interaction for signal vias, and to determine an approximate limit for the
separation between stripline and via above which direct interaction can be neglected. Two
main effects leading to interaction can be distinguished for signal vias: On the one hand, a
local field coupling between via barrel and the signal conductor of the stripline will occur.
On the other hand, the antipads of the via will act as discontinuities in the return current
path of the stripline [119]. To investigate these effects, different full-wave simulations have
been carried out for a simple configuration with only one via and one trace as shown in
Fig. 4.20. The cross section in Fig. 4.20(a) and the top view in Fig. 4.20(b) show the
general setup of the structure, including the material parameters. The port numbering is
included in the full-wave setup in Fig. 4.20(c). The standard geometry parameters, which
were used for all simulations unless otherwise specified, are defined in Table 4.1.

First, the coupling between via and stripline has been investigated for different via trace
separations d. The coupling is shown in Fig. 4.21(a) in terms of S-parameters for the
crosstalk between via port 1 and stripline port 3. A time domain evaluation shows that the
coupling is of capacitive nature. This corresponds to physical intuition, since no inductive
coupling is expected due to the orthogonality of the conductors. It is shown in [36] that
an equivalent circuit model using a simple lumped capacitance between via barrel and
stripline conductor is sufficient to reproduce the observed crosstalk behavior. The values of
the lumped capacitance for different via trace separations can be extracted from the full-
wave results. Results are shown in Fig. 4.21(a) for two different relative permittivities of the
dielectric substrate. The stripline widths w have been adjusted, so that the characteristic
impedance of the stripline is approximately 50 €2 in both cases. An empirical formula for
the coupling capacitance was proposed based on extracted capacitance values in [36]:

Ceonp(d) = A - In(B/d). (4.6)

In addition to the via trace separation d, the formula contains the constants A and B, which
depend on the material and geometry parameters of the structure. A least squares fit of
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Figure 4.20: Test structure to investigate the proximity effects between vias and striplines
(all Figures from [34]). (a) Cross section of the investigated structure including geometry and
material parameter definitions. (b) Top view of the investigated structure. (¢) Model setup in
a commercial FIT solver [97], including the port definitions.

(4.6) to the extracted capacitance values gives values of A; = 17.0fF and B; = 14.0 mil for
e = 4.3, and Ay = 14.2fF and By = 13.9mil for ¢, = 3.5. The fitted curves are plotted in
Fig. 4.21(b) together with the static capacitance between via barrel and stripline conductor
obtained with a commercial solver [120]. Apart from via trace separations smaller than
2mil, which will not be encountered in practical structures, the static capacitance values
show a good agreement to values extracted from full-wave simulations, which indicates
that the static capacitance is suitable do describe the observed coupling effect.

The capacitance between a stripline and a via in close proximity does not only imply a
coupling, but also leads to a local change of the characteristic impedance of the stripline.
As mentioned before, an additional impact results from the antipads of the via, which
constitute a discontinuity in the return path of the stripline current. Together, the two

Table 4.1
Standard parameter definitions for the test structure in Fig. 4.20

Parameter hry 1 w te | d
Dimension [mil] 10 5 15 4 1 20 2.5

61



Chapter 4 Accuracy of the Modeling Approach

0 T T T T T T T
_10_ .
_20_ _——————--------—
E‘ __.—l—‘-'-'-'-'-'-
S, - =
— -30r .
U) \\I\‘||\\|II|IIIIIIIIIIIIII
40 ) ——d=1mil |
\\\‘\\\l\I ---d=2m|l
-50 ' v d=5mil ]
Trrrnnd d=10m|l
_60 1 1 1 1 1 T T
0 5 10 15 20 25 30 35 40
Frequency [GHZ]
(a)
60 T T T T T T T T T
X capacitance based on equivalent circuit
L' 501 — fitted capacitance formula .
'"é' — — capacitance extracted with commercial tool
§ 40 .
‘0
S
g 30r .
o
3
g 201 e =4.3;w=33mi 1
& 4
©
S 10f A
€ = 3.5;w=4.1mil
0 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Via-trace separatioth[mil]
(b)

Figure 4.21: Study of capacitive coupling between via and stripline. (a) Crosstalk between
via and stripline port depending on the via to trace separation. The results show the increasing
coupling between via and stripline for a decreasing separation (Figure from [34]). (b) Values
for the coupling capacitance extracted from full-wave simulations with an equivalent circuit
compared to static capacitance values extracted with a commercial tool [120]. Except for very
small via separations below 2mil, the values show a good agreement. This indicates that the
coupling between vias and striplines in close proximity can in good approximation be modeled
by the static capacitance (Figure from [34]).

62



4.5 Accuracy of Combined Via and Stripline Models

0 T T T T T T T
s Stripline without via
& : Regay
-0.2¢ NS .
\\~l~;:l’l—llul;lll‘—l\‘—l-l-,
- _l.’,"’l;l
o -0.4f S~ e :
E L] - - -
N —0.6F
—d =1 mil
-0.8t == = =2 mil |
v d =5 mil
coveooe d =10 mil
_1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Frequency [GHZ]
(a)
O -I T T T T T T
_02k ~n Stripline without via |
N,
\/\
E' _0.4' \~\ T
= ~“--d.-'_-.':‘_'"’~,
) -~ ~,
9" 0.6} ~ Y
-0.8F Ground via i
= = = Signal via :
+= = Antipad only d=1mil
_1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Frequency [GHZz]

(b)

Figure 4.22: Impact of a via in close proximity on the stripline transmission. (a) With
decreasing separation between via and trace, an increasing detrimental impact on the stripline
transmission exists. (Figure from [34]) (b) Comparison of the different detrimental impacts of
a via in close proximity. Compared are a ground via, a signal via, and circular cutouts in the
reference planes representing antipads without a signal via. The results show that the impact
of the capacitive coupling to the ground via on the transmission is small, while the impact of
the discontinuity represented by the antipad is almost as large as the impact of the signal via

(Figure from [34]).
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effects impact the stripline transmission. Their combined impact is shown in Fig. 4.22(a)
for different via trace separations. While for small separations of 1mil or 2mil, a clear
deviation of the transmission from the behavior without a via can be observed, only a
small deviation remains for a separation of 10 mil. In Fig. 4.22(b), an attempt is made to
separate the impacts of the two effects. For a small via trace separation of 1 mil, the stripline
transmission is shown for three structures adjacent to the stripline: a signal via, a ground
via, and antipads without via. The antipads without via are modeled as cutouts with
radius r,, in the reference planes, terminated with a PMC boundary condition. The largest
deviation from the transmission without adjacent via can be observed in the signal via
scenario. However, with antipads only, the resulting deviation is almost as large. In contrast,
the ground via leads only to a small change in the stripline transmission. The results
indicate that for the stripline transmission, the impact of the discontinuities represented
by the antipad is much larger than the impact of the capacitance to signal or ground vias.
A further investigation with a stripline routed between two rows of signal vias in [34] shows
that a relevant impact on the stripline transmission typically occurs if the stripline shows
an antipad overlap, giving a clear lower limit for the separation up to which proximity
effects can be neglected. It should be mentioned that in case of a periodic arrangement
of vias, relevant effects may occur even for larger separations between vias and striplines
due to a positive interference between originally weak effects. In conclusion, the model
decomposition approach used in the physics-based via model is only valid for a sufficient
separation between vias and traces. For the routing of striplines through via arrays, a
sufficient separation will typically be given for 80 mil pitch, while striplines are already
close to the antipads in case of 40 mil pitch.

4.6 Summary and Discussion

The analysis carried out in this chapter shows that all sub-blocks of the physics-based via
model have an impact on the modeling accuracy. For the antipad region, a transmission
line model leads to more accurate modeling results, in particular for the reflection. For
the local via fields, a more complex model such as the Williamson model leads to more
accurate results than the simple capacitance model. The local field model becomes relevant
for large values of the dielectric thickness as well as for the simulation of via arrays. For the
propagating field model, the accuracy depends mainly on the via pitch. For 80 mil pitch,
simple models are sufficient. In case of 40 mil pitch, an inclusion of anisotropic modes will
be necessary to obtain accurate results. At least for the simulation of a single cavity, a
solution can be provided by multiple scattering approaches as well as by an inclusion of
the CIM with anisotropic modes in the physics-based via model. For the design studies in
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Chapter 7 and Chapter 8 of this thesis, examples with 80 mil pitch are chosen to ensure the
reliability of the employed modeling results. For this pitch size, proximity effects between
vias and striplines can be neglected, so that also the inclusion of striplines via a model

decomposition approach provides accurate results.
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5 Numerical Efficiency of the Modeling Approach

In this chapter, the numerical effort for the simulation of PCBs with the physics-based via
model is analyzed in detail. In the first part of the chapter, an analysis of calculation times
is carried out for the different parts of the algorithm, and an efficient algorithm based
on a suitable combination of calculation methods and network parameters for the model
evaluation is described. For the efficient algorithm, the overall calculation time is discussed
for different numbers of vias and for stackups related to different modeling complexities. In
the second part of the chapter, a parallelization of the code and an exploitation of structural
regularity in via arrays are described as possible additional measures for a further reduction
of calculation times. Finally, an application of the efficient algorithm to model a very large
via array is briefly compared to other simulations of large via constellations described in
the literature, and the acceleration achieved in comparison to a previous implementation
of the physics-based via model is evaluated for a test case that was documented in [1].

5.1 Analysis of Calculation Times

The computational effort for the simulation of a test structure with the physics-based
via model depends on two main factors: the specific combination of calculation methods
and network parameters for the simulation and the complexity of the investigated test
structure. The numerical efficiency of the algorithm strongly depends on the calculation
methods selected for the different sub-blocks of the physics-based model (as described in
Section 3.2, alternative approaches exist for each sub-block). Furthermore, an analysis of
the numerical efficiency has to take into account that the combination of the sub-block
models may require network parameter conversions, which are numerically expensive as
well. Possible calculation paths - resulting from specific choices of subdomain models and
the associated network parameter conversions - are described in Section 5.1.1. The different
possible paths are evaluated and compared with regard to their numerical complexity in
Section 5.1.2. For the impact of the test structure on the computational effort, the main
factor is the number of vias to be simulated. The impact of the number of vias on the
calculation time is included in the evaluation in Section 5.1.2. The number of cavities
to be simulated has a simple linear impact on calculation times. However, other factors
such as the signal-to-ground ratio — the ratio between signal vias and ground vias — or
the presence of mixed reference planes have a considerable impact on the computational
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effort. For example, the presence of mixed reference planes increases the numerical and
organizational effort for the algorithm, as shown in Section 5.1.3.

5.1.1 Overview of Alternative Calculation Paths

The alternative calculation paths shown in Fig. 5.1 arise from the different methods avail-
able to calculate the network parameters for the subdomains of the physics-based via model
and to combine the single cavity results, and from the required network parameter con-
versions. Network parameter conversions are necessary since some steps can be carried out
with a reasonable effort only in a certain network parameter form. This is for example the
case for the matrix expansion of the propagating field model, which is a very simple oper-
ation in Y-parameters, and for the following inclusion of the local field models, which only
requires additions and - possibly - scalar multiplications in Y-parameters. The numerical
effort for the individual paths - including the impact of network parameter conversions
where necessary - is evaluated in the following subsection. All evaluations are carried out
for the calculation of a single frequency point on an AMD Opteron™ 6140 processor (2.6
GHz clock frequency), using Fortran implementations of the necessary calculation steps.

5.1.2 Selection of Fast Calculation Methods

As shown in Fig. 5.1, the calculation of the propagating field model requires several steps:
the calculation of YPP or ZPP, the elimination of ground via entries from the matrix, the
conversion to Y-parameters (in the case of ZPP), and the matrix expansion to include upper
and lower ports in the calculation. In this section, three alternative methods for the ZPP
calculation are taken into account: the RWM and CIM as described in Section 3.2.1 for the
calculation for infinite planes, and the CRM in the numerically efficient single summation
formulation [101] for the calculation for rectangular finite planes. In their basic formulation,
all three methods calculate the parallel plane impedance ZPP, which requires a subsequent
conversion from Z- to Y-parameters for the following matrix expansion. Although the
matrix reduction for ground vias can be carried out in a very simple way (by eliminating
the corresponding rows and columns from the matrix) in Y-parameters, the calculation time
can be decreased by eliminating the ground vias already in Z-parameters using the Schur’s
complement as described in [58, 59|, so that the matrix size is reduced already before the
conversion to Y-parameters is carried out. An alternative calculation path arises since for
the CIM formulation, a simple rearrangement of the formula is possible to directly obtain

— ——1=

the parallel plate admittance as 7p = H U without increasing the numerical effort.
In this case, ground vias can simply be reduced from the Y-matrix, and no parameter
conversion is necessary. The calculation times of the ZPP or YPP calculation and — where
required — the subsequent parameter conversion are shown depending on the number of
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Figure 5.1: Flow diagram showing the different possible paths for the network parameter
calculation with the physics-based via model, consisting of (a) the calculations for the prop-
agating field model, (b) the inclusion of local field models and antipad models, and (c) the
combination of single-cavity results (all Figures from [26]).

vias in Fig. 5.2(a). It should be noted that, for the shown evaluation, no ground vias are
present in the test structure, which represents the worst case with regard to the numerical
effort.

To assess the impact of the number of vias on the calculation times in a more systematic
way, the obtained curves are fitted to the formula
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ttn) =a-n*+b-n? (5.1)

with the calculation time ¢, the number of vias n, and the coefficients a and b. The coefficient
a represents the portion of operations with cubic complexity, such as matrix multiplica-
tions and inversions. The coefficient b represents the portion of operations with quadratic
complexity, which is mainly determined by the matrix setup for the calculation of the
propagating field model. To illustrate the information contained in the coefficients for the
different methods included in Fig. 5.2(a), a detailed interpretation is carried out here for
the example of the propagating field model. A comparison of the coefficient a shows that
the portion of cubic operations for RWM and CRM is similar. Both methods do only re-
quire one matrix inversion, which occurs during the parameter conversion from ZP? to Y'PP,
The portion of quadratic operations described by the coefficient b, in contrast, is consid-
erably higher for the CRM. This can be attributed to the higher numerical effort for the
matrix setup, which requires the evaluation of an infinite sum (which can be truncated
only after about 100 terms depending on plane size, port location, and frequency). For the
CIM formulation (in Z-parameters or Y-parameters), the portion of quadratic operations is
- in a rough approximation - twice as large as for the RWM, since the two matrices H and
U have to be set up. For the CIM in Y-parameters, one matrix inversion and one matrix
multiplication are required, leading to a being about twice as large as for the RWM. For
the CIM in Z-parameters, an additional matrix inversion is required for the conversion to
Y-parameters, making a about three times as large as in the case of the RWG. In summary,
the RWM provides the fastest YPP calculation. If the CIM formulation has to be used due
to its higher accuracy for certain cases as described in Chapter 4, the direct calculation of
Y-parameters should be used, which will roughly double the time for the YPP calculation in
comparison to the RWM. If a finite board size has to be taken into account, an application
of the CRM will further increase the calculation time. Although the asymptotic behavior
of the CRM for increasing via numbers — as described by the coefficient a — is similar to
that of the RWM, the calculation time for the CRM is still several times larger even for
the simulation of 10,000 vias due to the numerically expensive matrix setup. Especially for
applications where a finite board size has to be taken into account, it is therefore worth-
while to investigate methods for an acceleration of the matrix setup. A possible approach
will be briefly described in the outlook in Section 5.4 at the end of this chapter.

For the calculation of the local field model, two alternative approaches as described in
Section 3.2.2 are considered here: the via barrel-to-plane capacitance, and the Williamson
model as an example for an extended local field model. The numerical effort for each local
field model is caused by the setup of the model itself, which requires the calculation of the
different model elements, and by the combination with the propagating field model. For
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test structures consisting of more than a few vias, the computational effort for the setup of
the local field model can be neglected for both the capacitance model and the Williamson
model, since it grows only linearly with the number of vias. For typical PCB designs,
the effort is reduced even further, since only one or a few different via diameters exist per
cavity. The local field model calculation has to be carried out only once per diameter, since
it does not depend on the via location. Also the numerical effort for the combination of
local field model and propagating field model can be neglected in comparison to the effort
of the propagating field calculation for large via constellations. From (3.11), it can be seen
that the capacitance model requires only one addition for each main diagonal entry of the
expanded YPP matrix, leading to complexity of O(n). The Williamson model requires a
scalar multiplication for each entry of the expanded YPP matrix and additions for each
entry on the main diagonal and two further diagonals as shown by (3.12), which leads to a
complexity of O(n?). Since both modeling approaches lead to very short calculation times,
no extra plot is shown for the local field model. In summary, the numerical effort for both
setup and inclusion of the local field models can be neglected in comparison to the effort
of the propagating field model calculation, which is of complexity O(n?®). This also means
that the Williamson model, which was found to improve the modeling accuracy in Chapter
4, can be used for all simulations without a notable increase in computation time.

For the antipad model, two alternatives are compared as described in Section 3.2.3: a model
using only the coaxial capacitance, and an LC transmission line model. For the model setup,
both approaches behave similar to the local field model: the numerical effort grows only
linearly with the number of vias, and is further reduced when only a few via diameters
exist in the modeled PCB, so that the antipad model has to be calculated only a few times.
With regard to the combination with propagating and local field model, however, the two
calculation approaches show a fundamentally different numerical complexity. If the simple
capacitance model is used, it can directly be added using only one addition for each main
diagonal entry of the expanded YPP matrix (similar to the addition of the via barrel to
plane capacitance used as a local field model), again leading to a negligible computational
effort of complexity O(n). For a simulation using transmission line models, a two-port
network parameter block is created for the antipad model that has to be combined with
the YPP matrix using segmentation methods. This leads to a cubic complexity with high
computation times as shown in Fig. 5.2(b). The choice of the antipad model therefore
constitutes a trade-off between numerical efficiency and physical accuracy. Although the
coaxial transmission line models the impact of the antipad fields more accurately, the more
efficient capacitance model may in many cases be sufficient to obtain a good approximation
of the network parameters of the test structure (see Section 4.4.2).

After the inclusion of local field model and antipad model, a model of the complete cavity
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Figure 5.2: Calculation time depending on the number of vias for the individual blocks of
the equivalent circuit model. Processor: AMD Opteron™ 6140, 2.6 GHz. (a) Calculation time
with different modeling approaches for the parallel plate admittance. The evaluation assumes
that all vias are signal vias, so that no entries can be eliminated from the ZPP matrix before
the inversion to Y'PP (Figure from [26]). (b) Calculation time for the antipad model, including
the combination with propagating field and local field model. The transmission line model
requires a segmentation for the combination with propagating field and local field model,
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Figure 5.3: Calculation time depending on the number of vias for the combination of the
network parameters of two cavities. Processor: AMD Opteron™ 6140, 2.6 GHz. Even though
the plot does not include the additional calculation times for network parameter conversions,
the most efficient combination of single cavity results is achieved in Y-parameters (Figure
from [26]).

exists in Y-parameters. To obtain the final result, the results for the single cavities have to
be combined as described in Section 3.3.2. Possible ways are a segmentation in S-parameters
or a multiplication in ABCD-parameters - both requiring a previous network parameter
conversion - or a segmentation in Y-parameters, which can be carried out directly. All
approaches contain operations with cubic complexity. However, different combinations of
these operations lead to different calculation times. The calculation times depending on the
number of vias are shown in Fig. 5.3 without the additional effort for the network parameter
conversions. Even though parameter conversions are not included, the segmentation in Y-
parameters is the most efficient approach. The segmentation in S-parameters takes about
twice as long. This can be explained directly from the segmentation formulas (3.13) and
(3.14), where the segmentation in S-parameters requires a higher number of operations with
cubic complexity, and is also reflected in the value of the coefficient a in Fig. 5.3. Even the
combination in ABCD-parameters, which requires no matrix inversion and only one matrix
multiplication, leads to a longer calculation time than the segmentation in Y-parameters,
which requires one inversion and two multiplications. The reason is that the segmentation
operates only on submatrices instead of the full matrix. Due to the cubic complexity of
the multiplication, the lower matrix size more than compensates for the higher number
of operations. In conclusion, the segmentation in Y-parameters is the preferable method
for the combination of single cavity results. It has not only the shortest calculation time
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in itself, but also fits best into the general calculation flow, without requiring additional
network parameter conversions. It should be noted that a lower numerical stability of
the segmentation in Y-parameters in comparison to the segmentation in S-parameters was
reported in [59]. However, no instability of the segmentation in Y-parameters was observed
for the examples in this thesis.

5.1.3 Overall Calculation Times with a Fast Algorithm

In this subsection, the overall calculation times for the simulations of different test struc-
tures are analyzed. For this analysis, a fast algorithm is selected from the different possible
calculation paths in Fig. 5.1 based on the previous investigations: The propagating field
model is calculated from the RWM, the Williamson model is used for the local field re-
gion, and the capacitance model for the coaxial field region. The combination of single
cavity results is carried out in Y-parameters. As previously described, the application of
the RWM for the propagating field calculation and the capacitance model for the coaxial
field will somewhat reduce the accuracy of the modeling approach as a cost for the high
model efficiency. However, as shown by the investigations in Section 4.4, the methods can
in general provide sufficiently accurate results for test structures with 80 mil pitch.

As previously mentioned, the calculation time for the simulation of a test structure does
not only depend on the number of vias, but also on the number of cavities and other
properties of the test structure which increase the numerical or organizational effort for
the algorithm. To demonstrate this, three test cases with different stackups as shown in
Fig. 5.4 are evaluated with regard to their impact on calculation times. The stackup in
Fig. 5.4(a) has 8 identical cavities, so that the cavity model has to be calculated only once.
All reference planes are assigned to ground. In contrast to the worst case evaluation in
Section 5.1.2, ground vias are included in the structure, which is a more realistic scenario.
A signal-to-ground via ratio of 1:1 is used. In the stackup in Fig. 5.4(b), four of the reference
planes are assigned to power, so that all cavities are bounded by mixed reference planes
(one power and one ground plane). Half of the ground vias are replaced by power vias,
leading to a signal:power:ground ratio of 2:1:1. In the third stackup, two power planes are
in the system, again with a signal:power:ground ratio of 2:1:1. In contrast to the previous
cases, all cavities have individual thicknesses. While the propagating field models could
still be obtained from a single calculation in the lossless case — where the entries of ZPP
are proportional to the cavity thickness — an accurate consideration of losses requires an
individual evaluation of the propagating field model for each cavity.

For the first stackup, for which the cavity model has to be calculated only once, the
evaluation in Fig. 5.5(a) shows that the segmentation requires more than 80% of the
calculation time, and that the percentage increases with the number of vias. The remaining
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Figure 5.4: Stackups to evaluate the calculation times for structures of different complexity.
(a) Simple stackup. (b) Stackup with four power planes (leading to mixed reference planes for
each cavity). (c¢) Stackup with two power planes and different cavity thicknesses (all Figures
adapted from [26]).

calculation time is mainly required for the YPP calculation. The boundary layer calculation,
which contains the calculation and addition of the antipad models, makes up only a small
part of the numerical effort. For the second stackup, this is changed due to the mixed
reference planes in the stackup. Since power and ground vias are connected only to either
the top or the bottom plane — not to both — the ground via reduction for the ZPP matrix
using the Schur’s complement cannot be carried out. Instead, short circuited ports of
ground and power vias can only be eliminated from the YPP matrix after the matrix
expansion has been carried out. The ports are eliminated individually during the boundary
layer organization, which is reflected in the high percentage of calculation time needed
for the boundary layers in Fig. 5.5(b). Also the absolute calculation time required for
the segmentation increases, since more ports have to be connected between the cavities.
Together, this leads to a considerable increase of more than a factor of 4 in the calculation
time in comparison to the first stackup. The third stackup is the most realistic scenario
(although practical stackups typically show more symmetry): only a smaller part of the
reference planes is assigned as power, but an individual calculation of each cavity model
is necessary. This leads to a larger percentage of the calculation time being required for
the YPP calculation, as shown in Fig. 5.5(c). The overall calculation time is reduced in
comparison to the second case, but still considerably higher than in the first case.
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Figure 5.5: Comparison of calculation times for the stackups shown in Fig. 5.4. Calculation
times for a single frequency point are shown for different numbers of vias and a signal-
to-ground ratio of 1:1. Processor: AMD Opteron™ 6140, 2.6 GHz (all Figures from [26])).
(a) Calculation times for the simple stackup. (b) Calculation times for the stackup with 4
power planes (mixed reference planes for each cavity). (¢) Stackup with two power planes and

different cavity thicknesses, requiring an individual YPP calculation for each cavity.
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5.2 Additional Acceleration of the Algorithm

Apart from the selection of fast calculation methods, a further acceleration of the algorithm
is desirable. In this section, two possible directions are investigated: an exploitation of the
structural regularity in via arrays, and a parallelization of the numerical code.

A square n X n via array contains only @ — 1 different distances between vias due
to the regular arrangement of vias [26, 35]. This can be exploited in the calculation of
the parallel plate impedance matrix ZPP. A prerequisite is that the entries for coupling
impedances in ZPP only depend on the via separation. This is the case if the calculation
is carried out for infinite planes, so that there is no dependence on the position relative
to board edges, and the same port geometry can be assumed for all vias. If only one
via array has to be simulated, all required coupling impedances are contained in the first
row of the ZPP matrix. The rest of the matrix can then be filled using this information,
reducing the numerical complexity of the matrix setup to O(n). Also an acceleration of
further calculation steps may be achieved e.g. by using an efficient algorithm for the matrix
inversion [121]. However, the introduction of additional vias outside the regular structure
of the array - or, as an equally relevant case, a second via array - would destroy the regular
form of the ZPP matrix, although most distances between vias would still occur several
times. In this case, additional information - or data processing linking vias to certain
arrays - is required to decide which sub-blocks of the ZPP matrix can still be set up in an
efficient way. A simpler solution can be obtained by using a lookup table that links via
separations to the corresponding ZPP entries. A lookup table can be applied to arbitrary
structures, and will accelerate the calculation if a sufficient regularity in the structure
(leading to a repetition of via separations) exists. For a 50 x 50 Via array, a lookup table

can accelerate the ZPP calculation by a factor of about 10 as described in [26, 35].

A parallelization of the Fortran implementation of the physics-based via model was carried
out in [35] using the message passing interface (MPI) [122]. Two approaches for the par-
allelization were compared. First, a parallel calculation of different frequency points was
implemented. The parallelization over frequency points can be achieved in a simple way,
since the calculations for different frequency points are independent from each other. For
a 64 x 64 via array, a computation with the implemented parallel code on 2 processors
lead to a speedup of almost 2, while a computation on 8 processors leads to a speedup
of about 6. The comparatively large speedup is achieved since the independent calcula-
tions for different frequency points do not require any communication between processors.
As a second approach, a parallelization of matrix inversions and matrix multiplications
- as critical operations with a complexity of O(n?) - was carried out for the calculation
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of individual frequency points. The parallel matrix multiplication was implemented based
on [123], while routines from the ScalLAPACK library [124] were used for the parallel ma-
trix inversion. With this approach, the implemented parallel code achieved a speedup of
about 1.8 for the simulation of a 64 x 64 via array on 2 processors , while a computation
on 8 processors leads to a speedup of about 3. Two main reasons contribute to the lower
speedup. First, with the parallelization of matrix inversions and matrix multiplications,
only a smaller part of the code is parallelized. A larger part remains that has to be carried
out sequentially, setting a limit on the achievable speedup. Second, the parallel matrix
inversion requires communication between the different processors, which increases the re-
quired calculation time. In spite of the lower speedup, the application of the code with
parallelized matrix inversions and multiplications can make sense in certain cases. For the
calculation of very large via constellations, for example, the memory may be too small to
hold the data for several frequency points at the same time. Furthermore, algorithms for
the interpolation of results in the frequency domain may require a subsequent calculation
of individual frequency points. In both cases, the parallelization of matrix inversions and
multiplications allows a parallel computation even for a single frequency point.

5.3 Application and Assessment of the Efficient Code

The efficient code for the physics-based via model has been applied to the modeling of a
very large via array consisting of 10,000 vias in a multilayer PCB with eight cavities in [26].
The obtained results for the crosstalk between vias are discussed in Section 7.3. Previous
simulations of very large via constellations that can be found in the literature are typically
restricted to a single cavity. A multiple scattering approach was applied to the modeling
of 2447 vias in [125]. An iterative solution of a multiple scattering problem for a few ports
using a preconditioned sparse-matrix canonical grid method was discussed in [126] for up
to 20,000 vias. In [61], the simulation of 3025 vias using a physics-based via model was
demonstrated. The application of a physics-based via model to simulate a larger number
of vias in a PCB with multiple cavities was demonstrated in [61] for up to 900 vias. To the
knowledge of the author, the complete simulation of several thousand vias in a multilayer
PCB was addressed in [26] for the first time.

The simulation of 10,000 vias in eight cavities in |26] took about 40 minutes per fre-
quency point with the parallelization of matrix multiplications and inversions on 16 AMD
Opteron™ 6140 processors (2.6 GHz clock frequency) and without exploitation of struc-
tural regularity. Since no reference calculation times are available for the simulation of
very large via constellations, the acceleration achieved in comparison to a previous imple-
mentation of the physics-based via model is evaluated for a smaller test structure. For the
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simulation of 100 vias and 100 frequency points in a multilayer PCB with 12 cavities, the
simulation time is reduced from 16 min 45s as reported in [1], p. 106, to about 38s on a
single processor. This corresponds to an acceleration factor of about 26, of which a factor
of about three [1] can be attributed to porting the code from Matlab to Fortran, which
was carried out as a student work. With the achieved acceleration, a simulation of very
large via constellations within a reasonable time becomes possible in the first place. For
smaller arrays consisting of a few 100 vias, simulation times are reduced so far that a fast
design exploration becomes possible.

5.4 Summary and Discussion

The evaluation of the numerical complexity of sub paths in the physics-based via model
carried out in this section shows how fast calculation methods can be combined for an
efficient model evaluation. While for the local field model, accurate methods can be used
without compromising efficiency, the parallel plate impedance and the antipad model re-
quire a trade-off between accuracy and efficiency. For these model components, it has to
be decided based on the test structure, the available simulation time and the required
accuracy if fast (but less accurate) models can be employed. In many cases, a somewhat
reduced accuracy may be acceptable. In the application of pre-layout design analysis and
optimization, for example, it may be desirable to obtain fast characterizations of several
different design scenarios. At the same time, a proper representation of changes in the net-
work parameters caused by design modifications may be sufficient for the analysis, while
there is no need for the highest possible modeling accuracy. This is even more true in
the light of manufacturing tolerances with regard to geometry and material parameters,
which introduce an uncertainty on the simulation results that may be in the same order
of magnitude as the inaccuracies introduced by the fast calculation methods (the impact
of manufacturing tolerances is to some extent investigated in Section 6.3.4).

For finite reference planes, the calculation of the parallel plate impedance takes several
times longer than for infinite reference planes due to the large matrix setup time. An
acceleration of the matrix setup may be possible with the adaptive cross approximation
(ACA) [127], which provides a low rank approximation of a matrix based on the calculation
of only a few rows and columns. The ACA should be well suited for the analysis of via
arrays due to the regularity inherent in the via array structure. An additional advantage
of the ACA is that the resulting low rank approximation can be used to accelerate further
calculation steps using e.g. an arithmetic based on hierarchical matrices (H-matrices, [128,
129]). Such an acceleration is interesting also in case of infinite reference planes. However,
future investigations have to show how far the calculation steps of the physics-based via

79



Chapter 5 Numerical Efficiency of the Modeling Approach

model can be accelerated without losing too much accuracy in the final result.
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In addition to the numerical validation in Section 4.4, the results obtained with the imple-
mented physics-based via model are compared to hardware measurements in this chapter.
The purpose of this comparison is to investigate the applicability of the modeling approach
to via arrays on real manufactured PCBs. Measurements have been carried out for via ar-
rays without and with connected striplines to confirm the validity of the modeling approach
for both scenarios. In addition to the model validation, the repeatability of measurements
and the impact of deviations between specifications and the manufactured test structure
with regard to geometry and material parameters are discussed at the end of this chapter.

6.1 Measurements on PCBs

In comparison to simulations, measurements show several disadvantages such as the need
for expensive equipment, time-consuming and costly prototype production, and a sensitiv-
ity of results to disturbances and calibration errors. Furthermore, measurements offer a low
flexibility for the evaluation of design alternatives due to the long waiting time between test
board design and actual measurements on the manufactured hardware. Nevertheless, hard-
ware measurements are a well-established step in the development and testing of PCBs.
Measurements are the only way to confirm that the network parameters of manufactured
prototypes actually conform to the intended behavior. For some cases, an additional advan-
tage of measurements is that they take into account the impact of the complete structure,
which may be too big or too complex to simulate as a whole.

The feasibility of hardware measurements for dense via arrays on PCBs using a vector
network analyzer (VNA) and microprobes is demonstrated in [130,131]. Also a comparison
of different calibration approaches is carried out in [130,131|, including the application of
custom-made calibration standards on a multilayer PCB. All measurements shown in this
chapter were carried out using a 12-port VNA (Agilent E8364C [132]), in a frequency range
of 10 MHz - 50 GHz. High frequency microprobes were connected to the VNA using mea-
surement cables [133] suitable for the frequency range up to 50 GHz. For all measurements,
microprobes with one signal tip and one ground tip with 225 pm pitch (Picoprobe model
40A-GS- and SG-225pm-DS-style [134]) were used. A Short-Open-Load-Through (SOLT)
calibration [135] up to the probe tips was carried out on calibration substrate (CS-14 [134])
obtained from the probe vendor. In comparison to calibration standards on the PCB itself,
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the use of a calibration substrate has some disadvantages. Inaccuracies in the calibration
may occur due to the deviating parasitic properties of the probe access to the calibration
substrate and the PCB, and due to the possible need for a probe reorientation between
calibration and measurement. Nevertheless, the calibration on CS-14 substrate was cho-
sen to avoid the disadvantages of custom-made calibration standards, which lie in the
high design effort and in the uncertain properties of custom-made standards due to PCB

manufacturing tolerances.

6.2 Via Array without Traces

A first series of measurements has been carried out by Dr. Miroslav Kotzev at the Institute
of Electromagnetic Theory, TUHH, for the 8 x 8 via array that was already used for the
numerical accuracy study in Section 4.4. No striplines are connected to the vias, so that the
analysis focuses on the via model alone (excluding the stripline models as a potential source
of modeling inaccuracies). Schematics were shown for the top view of the via arrangement
in Fig. 4.10(a) and for the cross section of the test board in Fig. 4.15. The measured via
array has a pitch of 80 mil; a photo of the manufactured test structure can be seen in
Fig. 6.1(a). For the measurement, the test board was placed vertically, so that vias could
be probed from top and bottom as depicted in Fig. 6.1(b). All measurements were carried
out with four ports, allowing the measurement of transmission, reflection, near- and far-end
crosstalk of two vias.

Results for the transmission and reflection of via 2 (ports 2 and 5 as defined in Fig. 4.10(a))
are shown in Fig. 6.2. For comparison, results from a more efficient version of the physics-
based model (using the Williamson model for the local fields, the RWG for the propagating
field and the capacitance model for the coaxial fields) are shown together with the results
from a more accurate version of the physics-based model (using the Williamson model
for the local fields, the CIM for the propagating field and the transmission line model for
the coaxial fields). For the transmission, the comparison of the physics-based via model
to the measured S-parameters in Fig. 6.2(a) shows larger deviations than the comparison
to full-wave results in Section 4.4.1. This can - at least in part - be explained by devia-
tions between the geometry and material parameters of simulated and measured structure.
While the full-wave simulation uses the same parameter values as the physics-based model,
the parameters of the manufactured test structure are impacted by tolerances of the pro-
duction process, which are in the range of 10 %. The possible impact of these tolerances
is further evaluated in Section 6.3.4. It should be noted that additional factors contribute
to the deviations between physics-based model and measured results. First, the test board
contains additional test structures, which were not included in the simulation. Second,
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Figure 6.1: (a) Photo of the manufactured test via array. The via pitch is 80 mil. On top and
bottom, 600 mil x 600 mil flooded planes are used for probe access, while the inner metal layers
extend over the complete board size (21.8in x 16.8in). The stackup of the test board, which
was already used for the simulations in Section 4.4, is shown in Fig. 4.15. (b) Microprobe
setup for the measurement. The device under test (DUT) was placed vertically. This allows
4-port measurements with two vias each being probed at top and bottom for a measurement
of transmission, reflection, near- and far-end crosstalk (Figure from [7]).

the calibration on substrate does not eliminate all errors from the measured results. This
becomes obvious in the comparison between measured and simulated reflection. The de-
viation between the results can be reduced by de-embedding a parasitic inductance from
the measured S-parameters. For the additional curve in Fig. 6.2(b), an inductance value of
100 pH has been chosen as an approximate value for the employed microprobe type based
on previous investigations [136]. A comparison between simulated and measured results for
the crosstalk is shown in Fig. 6.3. In contrast to the reflection, transmission and crosstalk
are not substantially changed by the de-embedded inductance, so that only the original
measured results are shown. Although the comparison to measurements shows larger de-
viations than the comparison to full-wave results, the physics-based via model provides an
acceptable approximation of the measured results in the frequency range up to 50 GHz.

It is noteworthy that due to the impact of manufacturing tolerances on the measured
S-parameters, the application of a more accurate version of the physics-based via model
- or even of computationally very expensive full-wave approaches - does not necessarily
improve the agreement to the measured results in comparison to the most efficient version
of the physics-based model. For the results compared in Fig. 6.2 and Fig. 6.3, the deviation
between the two versions of the physics-based model over wide frequency ranges is smaller
or in the same order of magnitude as the deviation to the measured results. Some exceptions
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Figure 6.2: Comparison of a more efficient (Williamson + RWG + Cap) and a more accu-
rate (Williamson + CIM + TL) version of the physics-based via model to measured results
obtained by Dr. Miroslav Kotzev, TUHH. (a) Transmission between via ports 2 and 5 as
defined in Fig. 4.10(a) (Figure adapted from [7]). (b) Reflection at via port 2 as defined in
Fig. 4.10 (Figure adapted from [7]). After de-embedding a parasitic inductance of 100 pH
from the measured reflection, both versions of the physics-based via model provide an ac-
ceptable approximation of transmission and reflection for frequencies up to 50 GHz. Larger
deviations for the more efficient version of the physics-based model exist for some resonances
and antiresonances in the transmission above 30 GHz, and for the reflection up to 10 GHz.
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Figure 6.3: Comparison of a more efficient (Williamson + RWG + Cap) and a more accu-
rate (Williamson + CIM + TL) version of the physics-based via model to measured results
obtained by Dr. Miroslav Kotzev, TUHH. (a) Near-end crosstalk between via ports 1 and 2
as defined in Fig. 4.10(a) (Figure adapted from [7]). (b) Far-end crosstalk between via ports
1 and 5 as defined in Fig. 4.10 (Figure adapted from |7]). For the crosstalk, both versions of
the physics-based via model provide an acceptable approximation of the measured results for
frequencies up to 50 GHz. The deviation between the two versions of the physics-based via
model is smaller than the deviation to measurement results.
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exist in the transmission for some resonances and antiresonances starting from 30 GHz, and
in the reflection for the frequency range up to 10 GHz, where the more accurate version of
the physics-based via model leads to a better approximation of the measured S-parameters.
Nevertheless, it will often make sense to use the most efficient version of the physics-based
via model for a fast assessment of different design variations, since inaccuracies related to
the model are within the range of uncertainty related to the manufactured hardware. This
option should especially be taken into account for investigations on large structures, for
which the calculation time is critical.

6.3 Via Arrays with Traces

To validate the physics-based via model for via arrays with connecting striplines in mul-
tilayer PCBs, a test board with four different via array test structures has been designed.
The four via array designs have been chosen with a view to the design evaluations in
Chapter 8, and reflect different signaling schemes and different signal-to-ground ratios.

Here, exemplary results are discussed for the first test structure, which is shown in Fig. 6.4.
The measured via array contains 10 x 10 vias with a pitch of 80 mil. Signal and ground vias
are placed alternately, leading to a signal-to-ground via ratio of 1:1. Striplines of 400 mil
length are routed on three different signal layers. Outside the via array, the striplines end
in hybrid launches, which allow both a probing at the top via surface and a measurement
using a recessed probe launch (RPL) [137]. The measurement from top has the advantage
that it does not require any additional preparation of the structure. Furthermore, it allows
a more direct comparison to the physics-based via model, as will be discussed later. The
measurement with a recessed probe launch requires additional preparation, but allows a
more direct physical interpretation of the measured results, since the results do not contain
the impact of an additional access via. The hybrid launches are numbered from L1 to L34
as shown in the top view in Fig. 6.4(a). Signal vias inside the array are assigned the same
number as the connected launch via, leading to a numbering from V1 to V34 (not shown
in the figure). The detailed stripline geometry is shown in Fig. 6.4(b), the stackup with the
factor k (see Section 3.4) required for the inclusion of the stripline models in the physics-
based via model is shown in Fig. 6.4(c). The complete test array is surrounded by a ground
via cage with 23 ground vias per row and 80 mil via pitch. The purpose of the ground via
cage is to provide a shielding against other structures on the test board. In this way, a
comparable setup of simulated and measured structure can be achieved without modeling
the complete board.

It shall be mentioned that in real PCB links, traces typically span several inches of distance
between two different via arrays. The comparatively small stripline length in the measured
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Figure 6.4: Schematic representation of the measured test structure. (a) Top view showing
the via arrangement and the striplines routed on the different signal layers, including the
numbering of the launch vias and the routing layer of the corresponding stripline (Figure
adapted from [24]). Signal vias inside the array are assigned the same number as the connected
launch via (i.e., launch via L1 is connected to signal via V1 inside the array). (b) Detailed
dimensions of the stripline geometry. All striplines have the same geometry with 400 mil total
length, except for a shorter line ending in launch L37. (¢) Stackup of the test board with
thicknesses specified in mil based on a cross section measurement (Figure adapted from [24]).
The stackup includes the values of the factor k used for the inclusion of the stripline models
in the physics-based via model. Since traces were not included in the measured cross sections,
the values for k are based on the nominal stackup.

test structures has been chosen for two reasons: First, the limited space on the test board
does not allow for long stripline sections. Second, the behavior of homogeneous stripline
sections is well understood. With regard to the modeling accuracy, the transition between
via model and stripline model can be expected to be the most critical aspect. For the study
of this aspect, the comparatively short stripline sections in the test structures are expected
to be sufficient.

6.3.1 Measurement Results without Recessed Probe Launches

Four-port measurements without recessed probe launches have been carried out for vias at
different positions inside the array and connected to striplines on different routing layers.
For comparison, simulations with the physics-based via model have been carried out using
the Williamson model for the local field regions, the CIM for the propagating field and the
transmission line model for the antipad regions. The required network parameters for the
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striplines have been obtained analytically, assuming a characteristic impedance of 52 ).
A comparison of different simulation results shows that a value larger than the target
characteristic impedance of 502 leads to a better agreement with measured results for
the reflection. The value of 522 is chosen based on an expected deviation of a few
for the manufactured structure. A via radius of 4 mil and an antipad radius of 14 mil are
assumed based on nominal values. Pads on top and bottom of the manufactured structures
are taken into account through an additional capacitance in the physics-based model. The
capacitance value is set to 20 fF' based on a value of 23.9fF extracted with a commercial
solver [120] for a pad radius of 8 mil.

As an example, results for a measurement of vias V29 and V34 are shown with the corre-
sponding simulation results (see Fig. 6.4(b) for the positions of the vias and the connected
launches L29 and L34). For both vias, the striplines providing the connection to the re-
spective launch vias are routed on SL3, leading to comparatively long via stubs below the
connection to the stripline. The transmission between signal via V29 inside the array and
launch via L29 is shown in Fig. 6.5(a). Both measurement and simulation show the impact
of reflections from the surrounding ground cage - especially around 15 GHz - and the reso-
nances related to the via stubs. In spite of the differences in magnitude and the frequency
shift of the resonance around 22 GHz, the physics-based model provides a good approxi-
mation of the measured result, including all characteristic features. It should be mentioned
that for some of the measured vias, the simulation results show larger frequency shifts of
the resonances as well as larger deviations at higher frequencies. However, the shown ex-
ample gives an impression of the agreement between measured and simulated results that
can be expected. The reflection at the launch via L29 is shown in (Fig. 6.5(b)). Also here,
it should be mentioned that for some of the measured vias, the simulation results show
larger deviations - especially in case of a lower magnitude of the reflection. The crosstalk is
shown between launch via .29 and via V34 inside the array in (Fig. 6.6(a)), and between
launch via L29 and launch via L34 in (Fig. 6.6(b)). Although the shown cases include
one and two stripline transmissions, respectively, a good agreement between measurement
and simulation can be observed. In summary, the simulation with the physics-based model
gives a good approximation of measured results also for structures containing traces. This
is especially true when taking into account that - as previously described - some portion
of the deviation may result from measurement and calibration errors as well as geometry
and material parameter deviations between simulated structure and fabricated test board.
Additional results for vias connected to striplines routed on the lowest routing layer (SL9)
are shown in Fig. E.1, Fig. E.2 and Fig. E.3 in Appendix E.
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Figure 6.5: Comparison between physics-based model and measurement for transmission
and reflection. (a) Transmission between signal via V29 and launch via L29. (b) Reflection
at launch via L29. It should be noted that for some of the measured vias, larger devia-
tions between simulation and measurement are observed for both transmission and reflection.
However, the shown plots give an impression of the agreement that can be expected between
simulated and measured results.
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Figure 6.6: Comparison between physics-based model and measurement for the crosstalk. (a)
Crosstalk between via V34 inside the array and launch via L29 (including the impact of one
stripline transmission). (b) Crosstalk between launch via 1.34 and launch via 129 (including
the impact of two stripline transmissions). Although some deviations exist, the physics-based
via model provides a good approximation of the measured results for the crosstalk.
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6.3.2 Measurement Results with Recessed Probe Launch

The use of RPLs for PCB measurements is suggested in [137], and further studied in
[136,138,139]. The idea of the RPL is to measure network parameters directly at a certain
point of a stripline, without an impact of an additional access via on the measured results.
For this purpose, ground pads are included in the manufactured PCB on both sides of the
stripline. Ground vias provide the connection between the ground pads and the ground
planes of the PCB. If the material above the stripline is milled away as shown in Fig. 6.7(a),
a direct measurement can be carried out with the signal tip placed on the stripline and the
ground tip placed on one of the ground pads. For the test structures analyzed in this section,
hybrid probe launches were used, which allow a measurement using an access via as well
as an RPL measurement. For the RPL measurement, the access via is separated from the
stripline in an additional milling step, as visible in the additional milling edge at the end of
the stripline trace in Fig. 6.7(a). An advantage of the RPL is that it allows to use measured
results for the analysis of a single via transition. Additionally, as described in [137], vias
measured with RPLs can be concatenated with measured or simulated stripline models of
arbitrary length, allowing a flexible use of the measured network parameters that is not
restricted to a specific link length. The probe setup for a four-port measurement with RPLs
is shown in Fig. 6.7(b): Vias inside the array are probed on the top pads, while RPLs are
used for the launches outside the array.

As a drawback with regard to the validation of the physics-based via model, measurements
carried out with RPLs cannot be accurately represented in the current model implemen-
tation. An accurate representation would require stripline ports in combination with an
adequate approximation of the launch parasitics, which are influenced by parameters such
as the size of the milled cavity, the length of the stripline stub, and the exact position
of the probe tip [138,139]. Currently, however, ports in the implemented physics-based
model can only be placed at vias. For the following comparison, a short blind via without
local field model is used as an approximate model for the RPL, and it is studied whether
this model is suitable for the simulation of test structures that contain RPLs. For the
comparison between measurement and simulation, the same vias as in Section 6.3.1 are
chosen. All material and geometry parameters are identical with exception of the stripline
length, which is reduced by 35mil to account for the section of the stripline which has
been removed during the RPL preparation. A comparison between the measured results
for the transmission between via V29 inside the array and launch 129 outside the array
in Fig. 6.5(a) (without RPLs) and in Fig. 6.8(a) clearly shows the impact of the removed
access vias. At the same time, Fig. 6.8(a) shows that for the transmission, the approxima-
tion of the RPL with a short blind via provides acceptable results, leading to an agreement
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Figure 6.7: (a) Detailed view of a recessed probe launch. The signal tip of the probe can
be placed directly on the stripline, while the ground tip is placed on one of the two ground
pads. (b) Probe setup for a four-port measurement with RPLs to determine transmission,
reflection and crosstalk. For vias inside the via array, the probes are placed on the top pads,
while RPLs are used at the stripline ends outside the array (Figure from [24]).

between simulation result and measurement that is in the same range as for cases without
RPL. The same is true for the crosstalk, which is not shown here. For the reflection, in
contrast, the approximation of the RPL with a short blind via reduces the agreement be-
tween measurement and simulation in comparison to cases without RPL. Even more than
the reflection at the launch itself, the reflection at the via inside the array is concerned, as
shown for the example of via V29 in (Fig. 6.8(b)).

6.3.3 Measurement Repeatability

To test the repeatability of the measured results shown in this chapter, measurements
were repeated for some of the vias on the test structures. Fig. 6.9 shows the comparison
of two measurements of the transmission between via V22 and launch via .22 carried out
on the same test board with two different calibrations and several months apart from each
other. Furthermore, the measurements were carried out by two different persons, with the
first measurement carried out by Dr. Miroslav Kotzev at the Institute of Electromagnetic
Theory, TUHH. Although some differences between the measured curves exist, a good
general agreement can be observed. Particularly, the characteristic features are reflected
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Figure 6.8: Comparison between physics-based model and measurement for transmission and
reflection measured with RPLs. (a) Transmission between signal via V29 and launch via L29.
(b) Reflection at via V29 inside the array. While the physics-based model can provide a good
approximation of the transmission also for cases with RPLs, the accuracy of the simulated
reflection is reduced by the insufficient launch model.
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Figure 6.9: Comparison of two measured results for the transmission between via V22 and
launch via L22. Both measurement results were obtained for the same test board, but with
different calibrations and several months apart from each other. The first measurement was
carried out by Dr. Miroslav Kotzev at the Institute of Electromagnetic Theory, TUHH. Al-
though some deviations between the curves exist, a good general agreement can be observed,
especially with regard to the characteristic features of the curves.

in both curves. A similar agreement between the two measurements could be observed for
reflection and crosstalk. It can be concluded that an impact of random variations between
the two measurements - such as differences in the probe placement during the calibration
or during the measurement - is comparatively small. However, it should be noted that
systematic measurement errors may still exist.

6.3.4 Impact of Variations in Geometry Parameters

As previously mentioned, manufacturing tolerances with regard to geometry and material
parameters may be a cause for deviations between measured and simulated results. In
general, all geometry parameters such as via, pad, and antipad radii as well as the stripline
dimensions may be subject to variations. On the studied test board, pad radii ranging from
8 mil to 9.5 mil and antipad radii ranging from 14 mil to 15.3 mil were measured for the test
structure in Fig. 6.4(a). Via radii and stripline dimensions could not be measured without
destruction of the test structure. However, the characteristic impedance resulting from the
trace dimensions can be expected to vary by up to 10 % according to the specifications of
the PCB vendor. Here, the impact of the observed variation in the pad radius and of a 10 %
variation in the characteristic trace impedance of the traces on the simulated transmission
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Figure 6.10: Impact of geometry parameter variations on the simulated transmission for the
studied test structure. (a) Impact of an increase of the additional pad capacitance included
in the model. The increase from 20 fF to 40 fF roughly corresponds to an increase of the pad
radius from 8 mil to 9.5mil. A considerable frequency shift due to the changed pad capacitance
can be observed. (b) Impact of a change in the characteristic impedance within the typical
range of £10 % around the target impedance of 50 €. In comparison to the impact of the pad
capacitance, the impact of the characteristic impedance is small for the studied range.
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between via V29 and launch 1.29 are shown as examples for a possible impact of geometry
parameter variations. An increase of the pad radius from 8 mil to 9.5 mil increases the pad
impedance from roughly 20 fF to roughly 40 fF. A substantial frequency shift between the
simulated transmission for these two capacitance values can be observed in Fig. 6.10(a).
In contrast, the impact of the characteristic impedance on the transmission is small for
the studied test structure, at least for the impedance range of 45 to 552 as shown in
Fig. 6.10(b).

6.4 Summary and Discussion

The comparison carried out in this chapter demonstrates that the physics-based model
can provide a good approximation of measured results for transmission, reflection and
crosstalk in the frequency range up to 50 GHz for a via pitch of 80 mil. Good results can
be obtained for structures without traces as well as for structures that include traces. The
measured results show a good repeatability between different measurements carried out
with different calibrations. Nevertheless, uncertainties with regard to the exact geometry
and material parameters of the manufactured test structure exist due to manufacturing
tolerances. These uncertainties may provide an argument for the application of the most
efficient version of the physics-based via model for a fast design exploration. The related
deviations from more accurate models are - with a few exceptions - smaller than or in the
same order of magnitude as the deviations between modeling and measurement results.

An extension of the physics-based via model would be desirable with regard to the modeling
of recessed probe launches. While RPLs are not necessary for the measurement of complete
links, they are interesting for design investigations since they allow the measurement of a
single via transition. While a sufficient approximation of measurements with RPLs can be
achieved with the current physics-based model for transmission and crosstalk, the presence
of RPLs leads to an increased deviation between model and measurement for the reflection.
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In the previous chapters, the focus has been on the accuracy and efficiency of physics-
based models, especially when applied to model via arrays. As far as simulation results for
test structures were shown, they were studied mostly with regard to the accuracy of the
simulation approach and less with regard to their implications for signal integrity. In this
chapter, the focus is shifted towards a true signal integrity analysis.

As described in Section 1.3, signal integrity in PCB links remains a challenging task.
Steadily increasing data rates - leading to higher spectral contents of signals - aggravate
issues such as transmission loss and crosstalk. Aspects of the design may become critical
which have not been a major concern at lower data rates. In this context, the physics-based
model can be useful in two ways. First, it allows a fast evaluation of specific designs and
the detection of possible issues at an early stage of the design phase - before prototypes
are manufactured or more time and resource consuming full-wave simulations are set up.
Second, the efficiency of the physics-based model also allows for in-depth analyses of specific
signal integrity issues. Many variations of a structure can be simulated in a short time,
providing information about the relevant parameters and possibly allowing conclusions
about the underlying physical effects. In this chapter, the physics-based via model is applied
to study three signal integrity issues that may occur in PCB links. The size of the studied
examples is increased from a few vias over a small via array to a very large via array. The
first issue is the impact of mixed reference planes on transmission, crosstalk, and mode
conversion in PCB links, which is studied for isolated links with only a few vias in Section
7.1. The second issue is the impact of the routing layer on the signal transmission. The
test structure for the study in Section 7.2 is a 10 x 10 via array, and the study takes into
account the impact of the position inside the array. Third, the behavior of crosstalk is
studied for a 100 x 100 via array in Section 7.3. For the analysis, it is in general assumed
that the models provide accurate results based on the validation in Chapter 4. Additional
validation is only shown where new aspects are introduced.

The signal integrity issues studied in this chapter do not represent the most important
or critical issues, let alone a complete coverage of signal integrity on PCBs. Rather, they
serve the purpose of demonstrating the application of the physics-based model to some
exemplary aspects.
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7.1 Impact of Mixed Reference Planes

In a multilayer PCB, the metal layers in the stackup typically serve as reference planes
for striplines routed in the different cavities. While most of the planes are connected to
ground, it is necessary in practical designs that some of the planes are connected to the
supply voltages of the integrated circuits mounted on the board (i.e., to potentials different
from ground). These reference planes are commonly referred to as power planes. For the
striplines inside the PCB, this can lead to scenarios with mixed reference planes, meaning
that the two reference planes of a stripline do not have the same potential. The stripline
mode itself should not be affected in these scenarios - power planes are physically identical
to ground planes as long as they are continuous (without splits or gaps). At the ends of
the stripline, however, a discontinuity occurs for the portion of the return current which is
flowing in the power plane. The current is forced to return as a displacement current, since
no conductive path exists between power and ground planes. In this section, the impact of
this effect related to mixed reference planes is investigated. The analysis that is carried out
demonstrates the application of the model to small PCB coupons. The finite board size is
taken into account by using a PMC boundary condition in the parallel plate impedance
calculation. The increased numerical effort caused by the PMC boundary condition (see
Section 5.1.2) does not pose a problem here due to the small number of vias studied.

7.1.1 Physical Effects for a Simple Test Structure

The effects of mixed reference planes are first demonstrated for the simple test structure in
Fig. 7.1: in a PCB with two cavities, two signal vias are connected by a 0.5in stripline in
the upper cavity. A finite board size of 1in x 0.5in is assumed. Both vias are excited from
top, using coaxial port extensions of 30 mil length. For full-wave simulations carried out for
validation purposes, the coaxial extensions guarantee a sufficient separation between the
excitation port and the via and stripline discontinuity in the first cavity (see [1], p.75). The
impact of mixed reference planes will be shown by a comparison of the signal transmission
between the via ports for different plane assignments. To simplify the description of dif-
ferent scenarios for the test structures used in this section, the reference plane assignment
will be indicated from top to bottom of the PCB using the abbreviation "G" for a plane
assigned to ground and "P" for a plane assigned to power. The cases studied here are GGG
(all planes connected to ground) and GPG (inner reference plane assigned to power). The
ground planes are connected by the four ground vias indicated in Fig. 7.1(a), while the
power plane is floating (see the schematics in Fig. 7.1(b) for the via connectivity). As a
worst case reference, a constellation without ground vias is simulated. In this case, only the
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Figure 7.1: Simple test structure to show the effects of mixed reference planes. (a) Top
view: two vias are connected by a single-ended line of 0.51in length. Ground vias are placed on
both sides of the signal vias. A finite board size of 1in x 0.5in is assumed for the simulation
with a PMC boundary condition at the board edges (Figure from [18]). (b) Stackup: Two
cavities are formed by the three reference planes of the test structure. The stripline is routed
in the upper cavity. Coaxial extensions are used to excite the vias from top, while the lower
via ends are open. The schematics on the right show the connectivity of the ground vias: In
the GGG configuration, the ground vias are connected to all reference planes. In the GPG
configuration, the inner reference plane is not connected (Figure from [18]).

top plane is assigned to ground, while both lower planes are floating. Simulation results for
the transmission between port 1 and port 2 are shown in Fig. 7.2. It has to be mentioned
that the extensive validation of the physics-based via model in Chapter 4 was carried out
for infinite reference planes, while the test structures studied in this section have a finite
size. For a validation specifically for the case of finite reference planes, the results obtained
with the physics-based model in Fig. 7.2(a) are compared to results obtained with a com-
mercial FEM solver [140] in Fig. 7.2(b). Although some differences exist with regard to the
magnitudes of the resonant valleys, both approaches show a good general agreement. An
extensive validation of the physics-based model for test structures of finite size - including
a scenario with mixed reference planes - can be found e.g. in [59)].

The obtained results show that for the simple test structure, the effect of mixed reference
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Figure 7.2: Comparison of the transmission Si3 with all planes assigned to ground, with
the center plane assigned as power plane, and with all planes floating. Results are shown for
simulations with (a) the physics-based via model using the via barrel-to-plane capacitance
and the CRM (Figure from [18]), and (b) a commercial FEM solver [140] (Figure from [18]).
Although some differences exist with regard to the magnitudes of the resonant valleys, both
approaches show a good general agreement, and the relevant effects of mixed reference planes
on the transmission can be observed in both plots.

planes is of a narrow-band nature. A clear impact of the plane configuration can be seen at
resonance frequencies of the structure, while no impact at all exists over broad frequency
ranges between the resonances. Where an impact occurs, as expected the configuration
without ground vias constitutes the worst case (lowest transmission). The GPG configu-
ration is better, but still shows large resonant valleys. With the GGG configuration, some
large resonant valleys can be completely avoided. Only above 13 GHz, some additional
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resonances are introduced by the ground vias, which are avoided in the case of floating
planes. Except for special cases such as a clock signal operated exactly at the frequency
of a resonance introduced by the ground vias, the GGG configuration will clearly provide
the best signal transmission. In Fig. 7.3(a), the effect of mixed reference planes in the test
structure is shown from the perspective of relative power loss. The power which is lost in the
interconnect (being neither reflected nor transmitted) is calculated from the S-parameters
as Poss = 1 — 5%, — 53, for the GGG and GPG configuration and plotted over frequency.
For comparison, the power loss of a stripline with identical geometry and material param-
eters, but without the impact of the connected vias is shown. In the frequency range up
to 10 GHz, both reference plane configurations behave widely similar, showing a loss close
to the baseline provided by the the stripline loss. At the frequency of 3.02 GHz, however,
the GPG configuration shows a resonance leading to a power loss of 18 %, while the power
loss for the GGG configuration, which does not show the corresponding resonance, is only
4 %. The electric field plots in Fig. 7.3(b) show that in the configuration with mixed refer-
ence planes, the lost energy is coupled into the first resonant mode of the parallel planes,
which can be calculated analytically (see e.g. [96, ch. 8.3.2]) to occur at 3.03 GHz for the
studied structure. After being coupled into the resonant mode, the energy is dissipated in
the cavity, leading to the observed power loss.

7.1.2 Effects on Single-Ended and Differential Links

Here, the effect of mixed reference planes is studied for the slightly more complex test
structure in Fig. 7.4. The size of the test board is now 4in x 1in, and the board contains
5 reference planes forming 4 cavities. Two striplines in the third cavity form two single-
ended links. The stripline geometry and the material parameters remain the same as for
the first test structure (see Fig. 7.1). Four variations of the reference plane assignment are
compared: GGGGG (all planes connected by the ground vias), GGPGG (one of the stripline
reference planes assigned to power), GGPPG (both stripline reference planes assigned to
power), and floating planes (test structure without ground vias). The remaining cases are
not shown here, since the assignments of the second and fifth reference plane did not have a
relevant impact on the simulation results. The transmission for one of the links is shown in
Fig. 7.5(a). As for the first test structure, configurations with mixed reference planes have
a detrimental effect on the transmission at the resonance frequencies of the structure. Due
to the larger dimensions of the simulated coupon, more resonances occur and the effect
appears to be more broadband, especially in the frequency range above 10 GHz. While the
floating plane configuration again constitutes the worst case, also the configuration with
two power planes shows some additional losses. In contrast, the configuration with only
one power plane seems to be generally closer to the configuration with all planes connected
to ground than observed in the first test case. Also in the near-end crosstalk in Fig. 7.5(b),
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Figure 7.3: Energy coupled into the cavity for different reference plane configurations.
(a) Power loss in per cent of the total energy inserted into the via port, calculated from the
S-parameters obtained with the physics-based via model. At certain frequencies, the GPG
configuration shows a much higher power loss than the GGG configuration. The power loss of
a simple stripline (without vias) is shown as a baseline for comparison (Figure from [18]). (b)
Electric field distribution in the upper cavity for the GGG configuration (left) and the GPG
configuration (right) at 3 GHz, simulated with a commercial FEM solver [140]. In the GPG
configuration, energy is coupled into the resonant mode of the cavity. This can be explained
by the discontinuity in the return current path seen by the portion of the signal current re-
turning in the power plane. Since the ground vias do not provide a conductive return path for
this part of the current, it is forced to return to the ground plane as a displacement current,
coupling into the resonant mode (Figure from [18]).
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Figure 7.4: Larger test structure with 4 cavities to investigate the impact of mixed reference
planes on signal transmission and crosstalk. (a) Top view: Four signal vias are connected by
two single-ended striplines. A finite board size of 4in x 1in is assumed for the simulation.
Stripline geometry and material parameters are identical to the definition in Fig. 7.1 (Figure
from [18]). (b) Stackup: The striplines are routed in the third cavity. To investigate the
impact of mixed reference planes, either one or both of the reference planes adjacent to the
third cavity can be assigned to power (Figure from [18]).

differences between the four configurations can be seen. At low frequencies, the difference
is more than 10 dB between the different alternatives. Furthermore, the effect appears
comparatively broadband, indicating that the impact on the crosstalk may be more rele-
vant than the impact on the transmission. Up to about 8 GHz, the GGPPG configuration
leads to a considerably higher crosstalk than the GGGGG configuration. Above 8 GHz,
differences between the alternative stackups are less pronounced - only the configuration
without ground vias can still clearly be identified as the worst case.

In addition to the single-ended configuration in Fig. 7.4, a similar test structure has been
studied with the single-ended striplines replaced by differential striplines (see |18] for the
exact geometry definition). Also for this test structure, the stackup with 5 reference planes
as shown in Fig. 7.4(b) has been employed. The simulation results for the differential
transmission and crosstalk confirm that an impact of mixed reference planes also exists for

103



Chapter 7 Signal Integrity Evaluations for PCB Links

-~-GGGGG

GGPGG
-=GGPPG
—_ | N B s EE M |H Floating Planes
[an]
9.
)
23

0 5 10 15 20
Frequency [GHz]

i)
S,
T
A4 --GGGGG
GGPGG
--GGPPG
Yo Floating Planes
_70 | |
5 10 15 20

Frequency [GHz]
(b)

Figure 7.5: Results for the larger test structure with 4 cavities. All results were obtained with
the physics-based via model (local field model: via barrel to plane capacitance; propagating
field model: CRM). (a) Transmission. Similar to the first test case, a detrimental effect of
mixed reference planes can be seen at the resonance frequencies of the test structure. Due
to the larger dimensions of the test structure, more resonances occur, and the effect appears
more broadband. The configuration with one power plane (GGPGG) clearly leads to a better
transmission than the configuration with two power planes (GGPPG) (Figure from [18]). (b)
Near-end crosstalk between the two lines in Fig. 7.4(a). At low frequencies, more than 10 dB
difference exist between the crosstalk levels of each different plane configuration. Up to about
8 GHz, the GGPPG configuration leads to a considerably higher crosstalk than the GGPGG
configuration (Figure from [18]).

104



7.2 Impact of the Routing Layer

differential links, and is not fundamentally different from the impact for single-ended cases.
In the differential case, an additional aspect worth studying is the mode conversion between
differential and common mode transmission. The mode conversion mainly occurs due to
the asymmetric environment seen by each of the differential via pairs due to different
distances to the board edges. The simulation results show that mixed reference planes
have a considerable impact also on the mode conversion. Although at low frequencies, the
impact on the mode conversion is smaller than for the crosstalk, the impact on the mode
conversion extends to higher frequencies, showing a considerable effect up to 14 GHz.

7.2 Impact of the Routing Layer

Besides the assignment of reference planes studied in the previous section, also the routing
layer has an impact on the signal transmitted over an interconnect. Similar to the reference
plane assignment, the routing layer does not affect the stripline mode itself: The transmis-
sion along the stripline will show an identical behavior on different routing layers provided
that all layers use an identical stripline design. However, the signal transmission over an in-
terconnect is also influenced by the behavior of the access vias, which is strongly dependent
on the routing layer. Two main effects exist: First, the part of the access vias above the
routing layer represents a discontinuity in the signal path. It can cause reflections as well
as a coupling of energy into the parallel plate modes of the traversed PCB cavities. Second,
the part of the access via below the routing layer acts as an open stub. Reflections from
the open end of the via stub can superpose the intended signal, leading to a destructive
interference at certain frequencies. Furthermore, a coupling into the parallel plate modes of
the traversed cavities can occur also for the stub portion of the via. Typically, the via stub
has a larger impact on the signal transmission than the upper part of the access via. The
detrimental impact of via stubs on high speed signal transmission has been studied in [141]
in the frequency domain and in [142-144] in frequency and time domain. In principle, the
via stub effect can be minimized by backdrilling (eliminating the largest part of the via
stub by drilling into the bottom side of the PCB) or through an equalization of the signal
that compensates for the impact of the stub. However, these measures lead to an increase
in manufacturing or operating cost of the PCB.

In this section, the impact of the routing layer on signal transmission is studied both
without and with backdrilling of via stubs. In contrast to the studies in [141-144|, which
focus on single interconnects, the impact of the routing layer is studied here for vias inside
arrays under full consideration of the surrounding vias. This allows to compare the impact
of the routing layer to the impact of the via position inside the array. Knowledge about
the impact of the routing layer on signal transmission may allow an optimized assignment,
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of signals to different routing layers, improving the overall signal integrity and reducing or
eliminating the need for costly measures such as backdrilling or equalization.

7.2.1 Impact in the Frequency Domain

The investigation in this section is carried out using measured and simulated results for the
10 x 10 via array test structure in Fig. 6.4, for which a comparison between measurements
and results obtained with the physics-based via model was already carried out in Section
6.3. The signal vias inside the array are connected to striplines on three different routing
layers (see Fig. 6.4(a)). The detailed stripline geometry is shown in Fig. 6.4(b), the stackup
including the different routing layers in Fig. 6.4(c). Measurements with RPLs (see Section
6.3.2) are used here. In this way, the impact of a single via transition inside the array can
be evaluated, without the impact of an additional access via.

In Fig. 7.6, measurement results are used to compare the impact of the via position inside
the array to the impact of the routing layer of the connected stripline. Fig. 7.6(a) shows the
transmission over striplines routed on the highest signal layer (SL3) in the PCB for three
vias at different positions inside the via array. While the position in the array has an impact
on the detailed characteristics of the curves, the general characteristics look very similar:
all curves show the resonances caused by the via stub and the impact of reflections from
the ground via cage. In contrast, the comparison of three vias routed on different layers
in Fig. 7.6(b) shows a clear impact of the routing layer. While the transmission shows a
similar behavior on all layers for frequencies up to about 8 GHz, the impact of the via stub
becomes visible at higher frequencies. Between 8 GHz and 18 GHz, the worst transmission
can be observed at the highest routing layer - SL3 - while the best transmission exists
at the lowest routing layer - SL.9. At frequencies above 18 GHz, the transmission shows a
more complex behavior due to higher stub resonances and additional effects.

7.2.2 Impact in the Time Domain

While the measurement results in Fig. 7.6 show that a substantial impact of the routing
layer exists, it is difficult to assess the consequences for signal integrity directly from the S-
parameters. For this reason, time domain evaluations are carried out to further investigate
the impact of the routing layer at different data rates. The resulting eye diagrams for via
29 (highest routing layer) and via 32 (lowest routing layer) are shown in Fig. 7.7. At a
data rate of 5 Gb/s, the impact of the routing layer is very small, and both eyes are almost
fully open (see Fig. 7.7(a) and Fig. 7.7(b)). At 15Gb/s, an impact of the routing layer on
the shape of the eye diagram can already be seen in Fig. 7.7(c) and Fig. 7.7(d). However,
the maximum vertical eye opening is still similar for both diagrams. At 25Gb/s, a large
impact of the routing layer exists (see Fig. 7.7(e) and Fig. 7.7(f)). For the signal routed
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Figure 7.6: Comparison between measured S-parameters for the transmission for different
vias. (a) Comparison for vias connected to the same routing layer at different positions of the
array. Although the curves show some differences, the general behavior is the same (Figure
adapted from [24]). (b) Comparison for vias connected to different routing layers. The curves
show much larger deviations, demonstrating the large impact of the routing layer on the signal
transmission (Figure adapted from [24]).
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Figure 7.7: Impact of the routing layer on the eye diagram (measured results, all Figures
adapted from [24]). Eye diagrams at 5 Gb/s are compared for (a) via 29 at signal layer 3 and
(b) via 32 at signal layer 9. Both eyes are virtually fully open, and no relevant impact of the
routing layer can be seen. At 15 Gb/s, different shapes of the eye diagram can already be seen
for (c) via 29 and (d) via 32. At 25 Gb/s, the eye diagrams of (e) via 29 and (f) via 32 both
show an impact of the via stub. A considerable difference between the different routing layers
exists, with a smaller eye opening at the higher routing layer.

on SL3, the eye opening is considerably smaller due to the longer via stub.

To summarize the impact of different via locations and routing layers on the signal in
time domain, the vertical eye opening is used as a figure of merit for the comparison of
different cases. In Fig. 7.8, the vertical eye openings are plotted over the data rate. Four
vias routed on SL3 are compared to 6 vias routed on SL9. For data rates up to 15Gb/s,
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Figure 7.8: Vertical eye openings depending on the data rate, shown for (a) measured
S-parameters (Figure adapted from [24]) and (b) simulated S-parameters (Figure adapted
from [24]).

the impact of the position inside the via array is still in a similar order of magnitude as the
impact of the routing layer. For data rates of 20 Gb/s and 25 Gb/s, however, the impact
of the routing layer clearly dominates. A comparison between the evaluation based on
measurements in Fig. 7.8(a) and the evaluation based on Fig. 7.8(b) shows that both lead
to similar conclusions. This allows to employ the physics-based model to study additional
cases, which were not included in the measured structure. In [24], for example, the impact
of backdrilling the vias on SL3 was investigated using the physics-based model, which
allowed a quick evaluation of the impact without actually having to backdrill the vias on
the test vehicle. The results in [24] show that after backdrilling, the signals routed on SL3
actually perform better than the signals routed on SL9 for all evaluated data rates from
5Gb/s up to 25 Gb/s. The difference between the routing layers can be attributed to the
shorter via length for signals routed at SL3. Although the difference between the layers
is smaller with backdrilled vias than with via stubs, it can amount to more than 10% at
25 Gb/s. The physics-based via model is also used to carry out an additional evaluation of
differential links in [24]. The example shows that the general tendencies observed in the
single-ended case can also be found in the differential case. However, the impact of via
stubs is smaller than in the single-ended case.

7.3 Crosstalk Study for Large Via Arrays

So far, the physics-based via model has been applied to problems that could be analyzed on
a smaller scale. In this section, the crosstalk behavior in large via arrays is studied, which
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Figure 7.9: Top view of the 100 x 100 via array employed for the crosstalk study. The near-
end crosstalk between signal vias is evaluated along the two main diagonals of the array and
along the shown horizontal row at the center of the via array (Figure from [26]).

requires a full modeling of the complete arrays. The crosstalk behavior is first analyzed
for a 100 x 100 via array as shown in Fig. 7.9. The signal to ground via ratio is 4:1,
and the ground vias are arranged regularly along diagonals in the array. The stackup has
the configuration shown in Fig. 5.4(a). The complete simulation of the structure with the
physics-based via model allows to evaluate the crosstalk behavior for the entire array. Here,
results for the near-end crosstalk to a via at the center of the array (via 4951) are shown.
The evaluation of vias at the center of the array is of interest since it may be assumed
that they see the highest overall crosstalk. In Fig. 7.10(a), the near-end crosstalk to via
4951 is evaluated for vias along the two main diagonals of the via array. Results are shown
for the 10'" vias along the two diagonals and for the 49" vias along the two diagonals as
seen from the center via. The crosstalk to the 10" vias along the diagonals amounts to
about -60 dB. The crosstalk to the 49'" vias, which are at the outer edge of the via array,
amounts to up to -80 dB. The results for the crosstalk to these outer vias should only be
seen as an approximation of the real crosstalk behavior due to the low crosstalk levels and
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Figure 7.10: Evaluation of near-end crosstalk (NEXT) for the 100 x 100 via array shown
in Fig. 7.9. (a) Crosstalk to via 4951 (at the center of the array) is evaluated for two vias in
a distance of 10 vias along the diagonals (vias 3941 and 3961), and two vias in a distance of
49 vias along the diagonals (vias 2 and 100 at the upper edge of the array). The curves show
the dependency of the crosstalk on the distance between vias as well as on the direction of
the diagonal (Figure from [26]). (b) Crosstalk to via 5951 along the horizontal row shown in
Fig. 7.9. The curves show that the crosstalk behavior depends on the distance between vias
as well as on the intermediate ground vias (Figure from [26]).
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the large number of intermediate vias. Nevertheless, the results show interesting properties
of the crosstalk such as the directional behavior which is introduced by the ground via
diagonals: Over wide frequency ranges, the crosstalk "along" the ground via diagonals is
considerably higher than the crosstalk "orthogonal" to the ground via diagonals. A second
evaluation of the near-end crosstalk to via 4951 at the center of the array is carried out
along the horizontal via row in Fig. 7.9. The crosstalk from the different vias along the row
is shown in Fig. 7.10(b). Similar to the evaluation along the diagonal, the evaluation along
the row shows the considerable impact of the ground vias on the crosstalk behavior. While
the crosstalk levels generally decrease with distance, the decrease is not proportional to
distance. Vias 4953 and 4954, for example, almost show the same crosstalk to via 4951 at
higher frequencies. Via 4956 in contrast, which is separated from via 4951 by an additional
ground via, exhibits a much lower crosstalk.

Besides the distance between vias and the arrangement of signal and ground vias, additional
factors exist which have an impact on the crosstalk between vias. The impact of some of
these factors is discussed here. For the corresponding simulations, the 100 x 100 array has
been reduced to a 40 x 40 array to achieve shorter simulation times. Via arrangement
and stackup dimensions remain the same as before. As a first variation, mixed reference
planes are introduced by assigning every second reference plane in the stackup to power.
For adjacent vias, only a small impact of the change can be observed in the crosstalk level.
For the crosstalk to the 15" via along a row, in contrast, a considerable increase in the
crosstalk level in case of mixed reference planes can be observed as shown in Fig. 7.11(a).
The increase can be explained by a reduced shielding efficiency of intermediate ground
vias in the case of mixed reference planes. The observation that the impact of mixed
reference planes on the crosstalk occurs only for distant vias underlines the importance of
an efficient simulation method that can provide results for large via constellations. To study
the impact of the dielectric loss tangent on the crosstalk behavior, the simulation for mixed
reference planes is repeated with a reduced loss tangent of tan(é) = 0.01 (in comparison
to the original loss tangent of tan(d) = 0.03). Although an increase in the crosstalk can be
observed in case of the lower loss tangent, the effect is comparatively small even for distant
vias, as shown in Fig. 7.11(a). This result is encouraging with regard to the application
of low loss dielectrics, which are currently investigated as an option to reduce stripline
losses for high-speed links as mentioned in Section 1.3. The finding indicates that low loss
dielectrics do not lead to a severe increase of crosstalk problems.

With additional simulations for the 40 x 40 via array, the impact of the applied via termi-
nations on the crosstalk behavior is studied. Three different configurations are compared
which can be encountered in the analysis of via arrays. For S-parameter simulations which
investigate the interaction between vias (such as the crosstalk analysis in this section),
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Figure 7.11: Evaluation of different impacts on the near-end crosstalk (NEXT) for a 40 x
40 via array. (a) Evaluation of mixed reference planes and a reduced tan(d) on the crosstalk
between vias in 15 vias separation. (b) Effects of the via termination on the crosstalk between
vias in 10 vias separation.

ports which correspond to 50 () terminations are placed at top and bottom of all vias. In
the case of a practical link structure, typically only the upper via ends are terminated
(through a connection to the surface mounted components), while the lower via ends are
open. Finally, in the case of microprobe measurements, only the probed via ends are typ-
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ically terminated, while all other via ends are open. The near-end crosstalk to the 10
via along a row is compared for the three different termination scenarios in Fig. 7.11(b).
The lowest crosstalk level exists if upper and lower via ends are terminated. The removal
of lower via terminations leads to a considerable increase in the crosstalk level. If also
the upper via terminations are removed, a further increase of the crosstalk level can be
observed together with a resonant behavior introduced by the completely unterminated
vias. It shall be mentioned that for vias in a smaller distance from each other, the impact
of via terminations on the crosstalk level is more complicated, and frequency ranges may
exist where the crosstalk level is in fact lower in the unterminated case.

7.4 Summary and Discussion

The examples in this section have applied the physics-based via model (in combination
with measurement results) to study three different signal integrity aspects: The effects of
mixed reference planes, the impact of the routing layer on the signal transmission, and the
crosstalk behavior in large via arrays. The study of mixed reference planes is carried out
for small PCB coupons, taking into account the finite size of the reference planes. It shows
that the mixed reference planes lead to a coupling of signal energy into the resonant modes
of the PCB cavities. The energy is lost for the signal transmission and either dissipated
or coupled to other vias in the cavity (increasing crosstalk). In the differential case, mixed
reference planes also increase the differential to common mode conversion. A considerable
impact of the routing layer on the signal transmission can be observed for data rates of
20 Gb/s. The main detrimental impact for the transmission results from open via stubs,
which makes a transmission on the lowest routing layer (related to the shortest via stubs)
favorable. In case of backdrilled via stubs, the highest routing layer becomes favorable due
to the shorter access vias. The crosstalk study for large via arrays demonstrates - among
other observations - the considerable impact of the ground via arrangement on the crosstalk
behavior. At the same time, a limitation of the signal integrity evaluation in terms of S-
parameters becomes obvious: each S-parameter curve only represents the crosstalk between
two vias. Typically, however, design changes impact all vias in an array (and all of them
in a different way), so that a global evaluation is required for a meaningful comparison
of different design alternatives. A step towards such a global approach is proposed in the
next chapter.
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This chapter presents an approach to a systematic, energy-aware comparison of link de-
signs. The first part of the chapter describes the advantages of such an approach, and gives
an overview of related existing works. In the second part of the chapter, the approach is
described in detail. The proposed evaluation takes into account signal integrity as well as
energy efficiency, and makes different designs comparable by applying identical constraints
to several key design properties. At the end of the evaluation, each design alternative is
characterized by its input power requirement, which serves as a single figure of merit for
a quantitative comparison. To illustrate the approach, it is applied to evaluate the energy
efficiency of four fundamental link design alternatives in the third part of this chapter.

8.1 Motivation for a Systematic, Energy-Aware Analysis

As pointed out in Chapter 1, demands on PCB links are steadily rising with regard to both
signal integrity and energy efficiency. For a design process, this means that the aim is not
only to meet signal integrity requirements, but also to provide the highest possible energy
efficiency.

The examples given in Chapter 7 have already demonstrated that physics-based via and
trace models can be applied to study the behavior of PCB structures as well as the impact
of design changes on signal integrity. However, the evaluations were comparatively simple,
since each of them focused on a specific design aspect. An assessment was carried out
mostly through comparison of S-parameter curves. Although this is an approach commonly
followed in the literature, a more systematic analysis is desirable for several reasons, as
described in the following. First, due to the complexity of S-parameters of real systems,
a comparison of S-parameter curves typically has to be of a qualitative nature. While
the amount of information contained in the S-parameter description may be desirable for
an in-depth analysis of certain aspects, a comparison of multiple design alternatives can
be drastically simplified through a restriction to only one or a few meaningful figures
of merit. Second, in a realistic PCB link, a design decision will concern not only one S-
parameter curve (i.e. transmission of a certain channel or crosstalk between two points), but
transmission and crosstalk properties for several or all channels in the link. For this reason,
a meaningful evaluation has to take into account all channels in the link simultaneously,
and allow for a decision whether an improvement at one point is worth the deterioration
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at another. Third, signal integrity is not the only link design goal. Additional important
objectives are a high data rate, a small space requirement, and a high energy efficiency. This
means that in the analysis, a step back has to be taken from assessing the S-parameters of
an interconnect toward a combined assessment of the different design objectives, including
the energy efficiency of the system.

In the past, several approaches have been presented that aimed at an optimization of energy
efficiency for link structures. Most of these works focus on on-chip links, and employ only
simple interconnect models [145-148] (e.g. lumped [145] or distributed [146] RC models).
These models are sufficient in the on-chip domain, but cannot handle the complexity of
off-chip interconnects. Furthermore, the works focus on an optimization of transmitter and
receiver circuits rather than on an optimization of the interconnect itself. An exception is
the work in [149]|, which includes an optimization of interconnects for on-chip links based
on RLGC models. For off-chip links, the focus of existing works is again on an optimization
of transmitter and receiver designs and parameters. In [150], such an optimization is carried
out based on measured network parameters of a PCB interconnect. Simple transmission
line models are employed to find the most energy-efficient trade-off between transmitter
output power and receiver amplification in [151] and the optimal data rate leading to the
minimum energy per transferred bit in [152-154|. Many works study the impact of off-chip
interconnect design on signal integrity - some of them aiming at a systematic assessment
of the overall impact of design parameters. In [155|, for example, the achievable aggregate
data rate is used as a figure of merit to find the optimal number of signal layers for a
PCB. However, to the knowledge of the author, no works exist that systematically study
the impact of off-chip interconnect design on the energy-efficiency of a link, which is one
main goal of the approach proposed in Section 8.2.

8.2 Proposed Approach for a Systematic Comparison

The proposed approach is based on the network parameter description of the PCB link,
which can be obtained from the physics-based via and trace models. In contrast to the
signal integrity evaluations in Chapter 7, additional steps toward a quantitative analysis
are introduced here. In the following, a general overview of the approach is given, followed
by a more detailed description of the methods and assumptions chosen for the different
steps of the evaluation.

8.2.1 General Overview

An important goal of the proposed approach is to simultaneously take into account the
different objectives of link design. For the analysis in this work, we identify four objectives
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as most important (as already listed in Section 8.1): a good signal integrity, a high aggregate
data rate, a small space requirement, and a high energy efficiency. By representing the
quality of signal integrity by the bit error rate and the energy efficiency by the aggregate
link input power, we obtain — together with aggregate data rate and space requirement —
four figures of merit for the analysis. The chosen quantities have the advantage of being
integral values in the sense that each of them summarizes the corresponding properties of
the complete link in a single number, which simplifies the comparison between different
designs. For the practical evaluation, the problem is now further simplified by assuming
three of the four values of the objective functions to be given. For the bit error rate and
the aggregate data rate of the link, this is a realistic assumption, since both values will
typically be defined at the beginning of the link design process. In contrast, the space
requirement of the link can in general be variable in a PCB design optimization. For the
sake of simplicity, it is assumed here that the allowed space requirement is fixed at an
early design stage as well. This leaves the link input power as the only remaining objective
function, which has to be minimized under the constraints given by the values for bit error
rate, aggregate data rate and space requirement of the link.

The evaluation of the link input power for a certain link design follows the approach
outlined in Fig. 8.1. For a given link design (which has to satisfy the constraint with regard
to the space requirement), the S-parameter description of the link is calculated. Based on
the S-parameters, time domain simulations are carried out to calculate the receiver eye
openings for all channels of the link at the specified bit error rate (similar to the time
domain analysis already carried out in Section 7.2). The eye diagram of a channel takes
into account crosstalk from all other channels in the link. The single channel data rate, for
which the eye diagrams are calculated, is the required aggregate link data rate divided by
the number of channels in the link. After a time domain simulation of the complete link
has been carried out, the worst case channel (smallest vertical eye opening) is found. If the
vertical eye opening of the worst case channel is smaller than the target eye opening, the
requirement for the bit error rate is not met. In this case the input voltage swing of the
link has to be increased. If the vertical eye opening is larger than the target eye opening,
the bit error rate is lower than required. This means that the input voltage swing can be
reduced. In the presented approach, two assumptions are made with regard to the input
voltage swing: first, the voltage swing is assumed to be continuously variable (similar to the
analyses in [150-152]). Second, it is assumed that all channels are operated with the same
input voltage swing, which means that an adjustment of the worst case channel impacts
all channels in the link. With the adjusted input voltage swing, the simulation of the worst
case channel is repeated (as before, the impact of crosstalk from all other channels in
the link is included). After the target eye opening has been met, the corresponding input
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Figure 8.1: Link optimization scheme consisting of three steps: network parameter calcu-
lation, time domain evaluation, and input power calculation. Input parameters to the time
domain evaluation are the target bit error rate, the single channel data rate, and an optional
model for the impact of external noise (Figure adapted from [5]).

voltage swing is used to calculate the input power of the link. The input power is the
figure of merit that is employed for the comparison of different design alternatives. In the
following, methods and assumptions used in the three steps of the design evaluation are
described in more detail.

8.2.2 Network Parameter Calculation

The presented approach for a systematic comparison requires the availability of a network
parameter description of the complete link. In general, the network parameters can be
obtained in any suitable way—by any simulation approach or even by measurement. Here,
the physics-based via and trace models are employed for the calculation. The advantage
of the physics-based model lies in its computational efficiency, which allows to carry out
fast analyses of parameter variations for smaller structures, or to analyze large structures —
including all crosstalk parameters — that could not be handled by other simulation methods.
A shortcoming of the physics-based model in the context of the presented approach is that
it does not provide the DC value of the network parameters, which is required for the
following time domain analysis. However, a good approximation of the DC point can be
obtained based on the resistance of the stripline conductor. For comparison, a second DC
value was obtained by linear extrapolation of both magnitude and phase of the network
parameters calculated for higher frequencies, as described in [5]. Both approaches lead to
very similar analysis results.

8.2.3 Statistical Approach for the Time Domain Simulation

To carry out the time domain simulations which are required in the second step of the
presented approach, a statistical calculation method [156,157] is used. A numerical code
for the statistical time domain simulation was implemented as part of a Diplomarbeit
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in [38]. It should be pointed out that like the network parameter calculation, the time
domain evaluation is not restricted to a specific method. All approaches which are able
to generate an eye diagram are in general feasible. However, the statistical approach has
some advantages over conventional methods for the eye diagram calculation. Conventional
methods calculate the eye diagram as a superposition of receiver voltages for a certain bit
pattern. Sufficiently long bit patterns are required to allow a reliable statement about the
eye opening. In the statistical approach, in contrast, the eye diagram is a two-dimensional
map showing the probability density of voltage levels at each point in time over the length
of two unit intervals (Uls). In this sense, the eye diagram is not the result of a certain bit
pattern, but of a generalized signal with given properties (i.e. certain probabilities of the
logical states "1" and "0"). Furthermore, the statistical approach allows for the inclusion
of both uncorrelated and crosstalk with a known phase offset. Also additional external
noise models can be taken into account.

For the evaluation of four design alternatives in Section 8.3, a random non-return-to-zero
(NRZ) signal with equiprobable voltage levels Vi, (corresponding to a logical zero) and
Vimax (corresponding to a logical one) is assumed. Vi, is always set to zero, while Vjx
corresponds to the variable input voltage swing of the link. For a single bit, a trapezoidal
shape with rise and fall time both corresponding to 10 % of the unit interval is assumed at
the transmitter output. It should be pointed out that the time domain evaluation is based
on the S-parameter description of the PCB link only, and does not take into account an
additional impact of packages and sockets. As shown in Fig. 8.2, for a system consisting of
L channels, the transmission between transmitter and receiver is given by the entry S;ir;
of the S-parameter matrix. The far-end crosstalk from the next channel is represented by
the entry Siiri+1. Examples for the resulting eye diagrams are shown in Fig. 8.3. For
a data rate of 15Gb/s, the eye diagram of a PCB interconnect is shown without any
impact of crosstalk (Fig. 8.3(a)) and including far-end crosstalk from 5 aggressor channels
(Fig. 8.3(b)).

8.2.4 Power Evaluation

While the time domain evaluation provides the input voltage swing requirements for the
different design alternatives, a more meaningful comparison can be carried out in terms
of the total link input power, which is therefore chosen as the main figure of merit as
described in Section 8.2.1. Besides the input voltage swing, the calculation of the total link
input power requires the (frequency dependent) input impedance of each channel and the
power spectral density of the input signal. For the calculation of the input impedances, the
simplified link model shown in Fig. 8.2 is applied. The model consists of two termination
impedances (one at the transmitter and one at the receiver side) and of the network
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Figure 8.2: Circuit model assumed for the analysis. The time domain analysis calculates
the eye diagrams based on the transfer function from beginning to end of the interconnect,
including far-end crosstalk from all neighboring channels. The power calculation takes into
account losses in the termination impedances at the transmitter and receiver sides. 50
terminations are assumed for the evaluation in Section 8.3 (Figure adapted from [5]).
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Figure 8.3: Eye diagrams of a PCB interconnect for a data rate of 15 Gb/s. The eye diagram
is shown (a) calculated based on the transmission properties of the interconnect only (Figure
from [5]) and (b) including far-end crosstalk from 5 aggressor channels (Figure from [5]).
White areas have a probability below the required bit error rate (BER), which has been
chosen as 1072 for the example. Otherwise, bright colors indicate high probabilities.

parameters of the interconnect itself. If necessary, the output impedance of the transmitter
and the input impedance of the receiver can be included in the termination impedances.
For the simplified link model, the input impedance of channel i can be calculated from the
network parameter description of the complete link as

1+ Sitr(f)
1= Sisr(f)

with the termination at the transmitter side Zr, the termination at the receiver side Zy,

Zini(f) = Zr + Zr - (8.1)

and the S-parameter matrix S of the link, which has been normalized to Zr. The evaluation
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in Section 8.3 assumes Z1 = Zg = 50). For a NRZ signal with voltage levels 0 and Vj,ax
and equal probabilities p = 0.5 for each level, the power spectral density (unit: V2 /Hz) is
given in [158, ch. 11.2] as

PXX<f>:%(H2T_g > o (o _)) 82

n=—oo

with the bit period T}, and the single bit Fourier transform F(f). The upper voltage level
Vinax 1S contained in the single bit Fourier transform F, which for a trapezoidal bit shape
with 10 % rise and fall time takes the form [159, ch. 12.18]

F(f) = Viax - sinc(fTy,) - sine(f713,/10), (8.3)

with the sinc function defined as sinc(xz) = sin(7wz)/(7wx). Based on the results in (8.1),
(8.2), (8.3), the input power of channel i can be evaluated as

o 1
P= [ patn re{ g b (5.4)
For the practical evaluation, the integral in (8.4) can be evaluated by numerical integration,
using equidistant frequency points with Af = 100 MHz for the evaluation of Z, ;(f) and
F( f). Due to the simplifications made, the calculation of the total link input power from
the given network parameters and input voltage swings is very fast (in the range of seconds
to a few minutes) even for links consisting of several thousands of vias.

8.3 Example: Comparison of Four Design Alternatives

In this section, the described approach is applied to evaluate four link design alternatives
based on two fundamental design decisions for the via arrays. The design goal is to trans-
mit an aggregate data rate of 1 Th/s between two surface mounted ICs over a PCB link
(compare the initial high speed link example in Fig. 1.1). The general link setup for the
study is shown in Fig. 8.4. Two via arrays, each consisting of 32 x 32 vias, are connected
by striplines routed on different signal layers. The distance between the via arrays is 5 inch
(edge to edge). In comparison to via array 1, the via arrangement in array 2 is mirrored
along the vertical figure axis. Each signal via in array 1 is connected to the corresponding
(mirrored) via in array 2, so that the exact stripline length depends on the via position. For
simplicity, only the highlighted triangular regions are assumed to be connected. The four
compared design alternatives are different in the signaling scheme - single-ended transmis-
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Via array 1 Striplines Via array 2

2.56 inch 5inch 2.56 inch

Figure 8.4: General setup for the comparison of link design alternatives (top view): two via
arrays are connected over single-ended or differential striplines. The separation between the
via arrays is Sinch (edge to edge). In via array 2, the via arrangement is mirrored along the
vertical figure axis in comparison to the arrangement in via array 1. The detailed setups for
the individual design scenarios are depicted in Fig. 8.5 (Figure from [5]).

sion is compared to differential transmission - and in the signal-to-ground via ratio, for
which values of 2:1 and 1:1 are compared. While the decisions for differential signaling
and for a lower signal to ground ratio should both improve the signal integrity properties
of the link, they also both reduce the number of available channels — requiring a higher
single-channel data rate, which is detrimental to signal integrity. The basic question of the
evaluation is how these two opposing effects impact the energy efficiency of the links as
measured by the input power necessary to achieve the same aggregate data rate and the
same bit error rate for all design alternatives.

The detailed setups of the four design alternatives are given in Fig. 8.5. The via arrays con-
tain diagonals of signal, power and ground vias arranged corresponding to the respective
signal to ground ratio. Depending on the design alternative, three or four rows of ground
vias can be routed per signal layer. The via rows closest to the edges of the via array are
routed on the highest signal layer. With increasing distance from the edges, lower rout-
ing layers are assigned. The detailed stripline dimensions for single-ended and differential
signaling are shown in Fig. 8.6. The geometry and material parameters used for the test
structures are given in Table 8.1, and the stackup is specified in Table 8.2. The stackup
contains six signal layers in total, which are necessary for routing in the case SE21. In other
cases, lower signal layers remain unused (assuming that they are necessary for other signals
routed on the PCB, and not taking into account a possible reduction in layer count in the
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SE11 Four rows routed per SE21 Three rows routed per
signal layer signal layer
A : ——

(b)

Diff11 Four rows routed per Diff21 Three rows routed per
signal layer signal layer
. i . ——

()

Figure 8.5: Detailed setups for the compared design alternatives (all Figures from [5]).
(a) Single-ended transmission with a signal to ground ratio of 1:1 (SE11). Per signal layer,
four rows of vias can be routed. (b) Single-ended transmission with a signal to ground ratio
of 2:1 (SE21). Per signal layer, three rows of vias can be routed. (c) Differential transmission
with a signal to ground ratio of 1:1 (Diff11). Per signal layer, four rows of vias can be routed.
(d) Differential transmission with a signal to ground ratio of 2:1 (Diff21). Per signal layer,
three rows of vias can be routed.
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(a) (b)

Figure 8.6: Detailed stripline arrangement for single-ended and differential signaling. The
drawings are not to scale. (a) Single-ended case. Two striplines are routed per routing channel
between two vias (Figure from [5]). (b) Differential case. One differential stripline is routed
per routing channel between two vias (Figure from [5]).

Table 8.1
Parameters of the test structures in this section (Table adapted from [5])

Geometry parameter Value
Via radius r, 5 mil
Antipad radius r,p 15 mil
Via pitch 80 mil
Trace width 4.1 mil
Trace separation (single-ended, edge-to-edge) 15.9mil
Trace separation (differential, edge-to-edge) 5.9 mil
Material parameter Value
Copper conductivity ocopper 5.8-107S/m
Dielectric permittivity epjel. 3.6 - g9
Dielectric loss tangent tan(dpjer.) 0.02

evaluation carried out here). Two power planes are contained in the stackup. However, no
signals are routed in cavities with adjacent power planes, so that effects of mixed reference
planes do not play a role in the analysis.

As described, the approach for a systematic evaluation first requires complete network
parameter descriptions of all design alternatives. The simulation times required for an
evaluation using the physics-based via model are listed in Table 8.3. Exemplary simulation
results for transmission and far-end crosstalk — the relevant functions for the following time
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Table 8.2
PCB stackup used for all test cases (Table adapted from [5])

Layer Thickness Assignment | Layer Thickness Assignment
number [mil] number [mil]
1 2.1 Ground 19 0.7 Ground
2 7.5 Substrate 20 3.8 Substrate
3 0.7 Power 21 0.7 Signal 4
4 3.7 Substrate 22 4.4 Substrate
5 0.7 Ground 23 0.7 Ground
6 4.4 Substrate 24 3.8 Substrate
7 0.7 Signal 1 25 0.7 Signal 5
8 3.8 Substrate 26 4.4 Substrate
9 0.7 Ground 27 0.7 Ground
10 4.4 Substrate 28 3.8 Substrate
11 0.7 Signal 2 29 0.7 Signal 6
12 3.8 Substrate 30 4.4 Substrate
13 0.7 Ground 31 0.7 Ground
14 4.4 Substrate 32 3.7 Substrate
15 0.7 Signal 3 33 0.7 Power
16 3.8 Substrate 34 7.5 Substrate
17 0.7 Ground 35 2.1 Ground
18 7.5 Substrate
Table 8.3

Simulation times for the different scenarios (Table adapted from [5])

SE11 SE21 Diffi1 Diff21

S-parameter sim. (16 cores) 19.7h 20.5h 19.2h  19.7h
Time domain sim. (8 cores) 16.0h 20.0h  7.5h  10.4h

domain evaluation — are depicted in Fig. 8.7. Results are shown for a via (or via pair for
the differential cases) close to the center of the triangular sections highlighted in Fig. 8.4.
The connected striplines are routed on SL2 in the cases SE11 and Diff11, and on SL3 in
the cases SE11 and Diff11. It should be noted that vias at other positions in the array will
show different properties due to different routing layers and different local environments,
especially if they are located close to the edges of the array. Additional S-parameter plots
for a vias at the edge of the array and for the reflection can be found in [5]. As described
before, an advantage of proposed approach over a comparison in terms of S-parameters is
that it does not compare single channels, but provides a figure of merit taking into account
the impact of all channels in the link.
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Figure 8.7: Comparison of simulated S-parameters for the different design alternatives. All
results are shown for a via inside the array. (a) Results for the transmission, showing the
impact of the lossy dielectric on the stripline transmission as well as the resonances caused by
the via stubs (Figure from [5]). (b) Far-end crosstalk to a neighboring channel. Up to 15 GHz,
differential transmission and a lower signal to ground ratio result in a lower crosstalk. About
40 dB difference can be seen between best scenario (Diffl1) and worst scenario (SE21). At
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higher frequencies, the crosstalk behavior becomes more complex (Figure from [5]).
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Figure 8.8: Assumed transfer function for noise coupling into signal vias. Different functions
are used for single-ended and differential case based on results in [32] (Figure from [5]).

In the next step, the time domain evaluation is carried out with the input signal described
in Section 8.2.3. The numbers of channels in the link and the resulting single channel data
rates for the time domain evaluation are listed in Table 8.3. Simulations have been carried
out for two scenarios: the first series of simulations takes into account far-end crosstalk from
all channels in the link, but no external noise. The second series of simulations again takes
into account the complete far-end crosstalk from all channels, but additionally includes a
model to reflect a possible impact of external noise. The assumed noise model is Gaussian
noise with a standard deviation of 100 mV, which is coupled into signal ports over the
transfer functions shown in Fig. 8.8. The transfer functions are obtained from simulations
carried out in [32], and lead to a noise coupling which is stronger in the single-ended cases
than in the differential cases. In the results of the time domain evaluation in Table 8.4, the
impact of the external noise can be seen in an increase of the required input voltage swing.
To illustrate the outcome of the time domain analysis, the eye diagrams of the different
design alternatives are shown for operation with the calculated link input power values
in Fig. 8.9. The simulation times required for the time domain evaluation of the different
design alternatives — for the cases with external noise — are listed in Table 8.3.

As a final evaluation step, the input power calculation described in Section 8.2.4 is carried
out based on the calculated input voltage swings. The resulting values listed in Table 8.4
allow a meaningful comparison of the different design alternatives. The results show that in
general, the differential transmission leads to a drastically lower value for the required input
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Figure 8.9: Eye diagrams for the four compared design alternatives. Each link is operated
at the respective data rate and with the voltage swing found in the time domain analysis
step, leading to a vertical eye opening of 100 mV (all Figures from [5]): (a) SE11, (b) SE21,
(c) Diff11, (d) Diff21.
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power - about 50 % or less of the input power calculated for the single-ended cases. While
the exact values depend on the assumptions made for the implemented differential signaling
scheme, the results confirm that differential signaling may be considerably more efficient
for high-speed signaling in spite of the smaller number of available channels. Although the
signal to ground ratio shows a smaller impact, the resulting difference in the input power
requirement may be even more relevant, since it is the result of only a structural variation,
without any change in signaling scheme or other assumptions. The observed difference in
the required input power is about 17 % in the single-ended case and about 12% in the
differential case (without the impact of noise). Including the impact of noise, the best

128



8.4 Summary and Discussion

Table 8.4
Comparison of the different design alternatives (Table adapted from [5])

SE11 SE21 Diffi1 Diff21 Diff21 bd.

Number of channels 135 175 64 85 85
Single ch. data rate [Gb/s] 741 571 1563  11.76 11.76
Without external noise

Req. voltage swing [mV] 187 181 276 227 230

Total link power [mW]| 23.4 28.3 12.4 10.9 10.8
External noise, 0 = 100 mV

Req. voltage swing [mV] 279 260 337 299 302

Total link power [mW]| 52.3 58.3 18.5 19.0 18.6

design alternative (lowest input power requirement) changes from Diff21 (without noise)
to Diffl1 (with noise). The impact of noise on the outcome of the evaluation shows the
importance of a realistic noise model for practical investigations.

As an additional application of the presented approach, the impact of backdrilling the
signal vias is studied for the design alternative Diff21. Vias are assumed to be backdrilled
up to the next reference layer below the connected signal layer, so that the open via stub is
removed almost completely. An additional network parameter calculation and additional
time domain and power evaluations are carried out to determine the impact of the design
change on the energy efficiency of the link. The results of the evaluation — listed under
"Diff21 bd." in Table 8.4 — show that the impact of backdrilling is very small. In comparison
to the case without backdrilling, the input voltage swing is even increased by a few mV.
The input power requirement is slightly decreased due to changes in the input impedance
values. However, it can be concluded that the impact of backdrilling on the input power
requirement is smaller than expected. A detailed evaluation of the analysis results shows
the reason: due to the impact of crosstalk, the worst case channel is located close to the
center of the array and routed on SL5. Since a via connected to a stripline on SL5 only has
a short stub, backdrilling of the stub improves the transmission properties of the channel
only at high frequencies, which are not relevant for the studied data rate.

8.4 Summary and Discussion

The approach presented in this chapter allows a systematic, energy aware comparison
of different design alternatives. The application to four different link design alternatives
shows that under the assumptions made for the evaluation, differential transmission is more
energy efficient than single-ended transmission. Furthermore, the choice of an appropriate
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signal to ground ratio can considerably reduce the input power required for operation of the
link. Tt should be noted that the specific input power values resulting from the presented
evaluation depend on many details of the compared structures (such as via geometries,
ground via placement and assignment of striplines to different routing layers) as well as on
assumptions made for the employed signaling scheme and the external noise model. More
important than the specific results is the general conclusion that the presented approach
can be applied to compare different design alternatives in a systematic way, showing the
impact of design changes. In principle, changes ranging from small geometric variations
(e.g. a variation of the antipad size) over global design decisions (such as the variation of
the signal to ground ratio presented here) to non-geometric changes such as the signaling
scheme can be evaluated.

For future work, several extensions of the presented evaluation are desirable. Important
directions for further investigations are the inclusion of more accurate transmitter and re-
ceiver models, the inclusion of packages and connectors in the network parameter descrip-
tion of the link, and the consideration of equalization schemes in the proposed approach.
While all these extensions are in principle well suited for the presented approach, their
actual inclusion will require a considerable implementation effort. At the same time, the
application example in this chapter covered only two design decisions. Many more applica-
tions of the presented approach are thinkable. Finally, the evaluation of a design scenario
with several thousand vias currently still takes more than a day (see calculation times listed
in this chapter). The applicability of the presented approach will therefore benefit from
further accelerations of both the S-parameter calculation and the time domain evaluation.
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9 Conclusion and Outlook

This thesis has studied the application of physics-based via models for an efficient mod-
eling of large via arrays on PCBs. Three main aspects have been addressed: the study
and improvement of the modeling accuracy, the study and improvement of the modeling
efficiency, and the application of the model in a systematic evaluation of via array design
alternatives for high speed links.

With regard to the modeling accuracy, the application of an improved local field model
is proposed as a suitable way to improve the model accuracy for the simulation of via
arrays, especially at frequencies above 20 GHz. At the same time, the via pitch is found
to constitute the main limitation for the application of the physics-based model. Accurate
modeling results can only be expected for pitch sizes of 60 mil or larger. For smaller pitch
sizes, methods which take into account anisotropic modes have to be applied. An overview
of the applicability of different modeling methods depending on via density and upper
frequency limit is displayed in Fig. 9.1, including the impact of the improvements suggested
in this work.

Different impacts have been studied with regard to the model efficiency, and an efficient
algorithm for the evaluation of the physics-based via model has been proposed. Together
with additional optimizations, the efficient algorithm leads to a total acceleration factor of
about 26 in comparison to a previous implementation of the physics-based via model. This
makes it possible to study very large via arrays in multilayer PCBs in a reasonable time
—about 40 minutes per frequency point for the simulation of 10,000 vias with the parallel
code. For smaller via arrays in multilayer PCBs containing a few 100 vias, the acceleration
allows to actually carry out fast design explorations on a standard PC.

The presented approach for a systematic design evaluation integrates the advantages of
the efficient physics-based via model in a larger concept. With the approach, a comparison
of design alternatives becomes possible that takes into account the impact of the design
changes on the complete system, fully including changes of transmission and crosstalk
behavior for all channels in a high speed link. Furthermore, the evaluation in terms of link
input power allows a quantitative comparison of design alternatives that takes into account
both signal integrity and energy efficiency.

As described in the thesis, several possible directions for further work exist. With regard to
the modeling accuracy, an inclusion of anisotropic modes at least for the propagating field
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Chapter 9 Conclusion and Outlook
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Figure 9.1: Plot illustrating up to which frequency accurate modeling results can be achieved
with different modeling approaches. The shown curves represent an estimation based on the
investigations that have been carried out rather than strict limits.

model is necessary to simulate via arrays with pitch sizes below 60 mil. A further increase
of the modeling efficiency is desirable to further reduce calculation times and memory
requirements. The final goal would be to allow the fast evaluation of large via arrays
containing 1000 or more vias on a single PC. As described, the application of the adaptive
cross approximation for the setup of the propagating field model and of H-matrices for
further calculation steps as described in Chapter 5 may provide a step into this direction.

Finally, the presented approach for a systematic design comparison can serve as a basis for
several further investigations. As described in Chapter 8, the presented approach may be
extended in several ways, e.g. by an inclusion of the effects of equalization on the energy
efficiency of links. Furthermore, it can be applied to study a large range of problems beyond
the design study carried out in this thesis. In the context of high speed links on PCBs,
many design decisions exist that constitute a trade-off between different advantageous and
disadvantageous effects. The range of these design decisions does not only include changes
of geometric parameters, but also high-level decisions such as the change to a multi-level
signaling scheme. A fair assessment of these design changes is only possible if their impact
on the complete system is taken into account.
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A The Multiple Scattering Approach

In this Appendix, a detailed description of a multiple scattering approach is given based
on [81]. The described approach is applicable to standard cases with circular via and
antipad geometries, a homogeneous dielectric substrate and infinite reference planes. The
formulation is sufficient for all multiple scattering simulations carried out in the context of
this thesis. For a description of multiple scattering approaches for more complex scenarios,
the reader is referred to the literature listed in Section 2.2.3.

For the application to via modeling problems, the Foldy-Lax equations can be formulated
in terms of radial waveguide modes. As described in Section 3.1.1, vertical via currents
excite only transverse magnetic TM;, modes, where [ gives the mode order with respect to
variations in z-direction and n gives the mode order with respect to -direction. In [81],
the system of linear equations is set up in terms of exciting field coefficients at the via

TM(q

locations. The exciting field coefficient w,,, ) of mode TM;j, at via ¢ is the sum of the

incident field at via ¢ represented by the coefficient oM@ and the scattered fields from

In

all other vias, as expressed in the following equation [81]:

N (e’
WD = ot MO LN NT HE (kalpy - pyl) - @m0 (a )

m
p=1 m=—o0

p#£q

In (A.1), N is the number of vias in the system, p, and p; are the positions of vias ¢ and p,

k. is the radial wavenumber as defined in (3.2), and wlj;nM(

?) is the exciting field coefficient
of mode TM;  at via p. For typical PCB dimensions, the radial wavenumber is imaginary
for [ > 1, since the corresponding modes are in cutoff. For the cutoff modes, the negative
branch of the square root in the radial wave number has to be chosen in the calculation.

The T-matrix coefficient [81]

(p) Jm(krlrv)

— _Tm\riiv) A2
m Hr(r?)<kr1rv) ( )

describes the relation between incident field coefficient and scattered field coefficient of the
TM;,, mode at the via p with via radius r, (assuming a PEC via barrel).
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Appendix A The Multiple Scattering Approach

Like in the physics-based via model, the multiple scattering approach assumes the coaxial
TEM mode in the antipad regions as the external excitation to the cavity. For the solution
of the multiple scattering problem, the coaxial TEM mode is represented by a magnetic frill
current on the interface between antipad region and cavity. The incident field coefficients
can then be obtained by solving a 2D surface integral over the interface area. Assuming
equal via radii 7,y and antipad radii r,, for all vias, the resulting incident field coefficients
for an excitation at the upper via ports are given as [81]

Ty _ 3k (=D 2V HO (kv Y — HO(k
a, - 2h k?z flln(rap/rv)éno[ 0 ( rlrap) 0 ( rlrv)]
n+l ) ) o
Z% kQ FHD (kalgy — ) esee(rims (A.3)
P#q
27V
TN kv- ap) — kv' s )
|:1n(rap/rv)[J0< i p) JO( i )]:|

where f; = 1/2 for | = 0 and f; = 1 else, h is the thickness of the dielectric substrate,
and Vi, and V},, are the upper excitation voltages at via ¢ and via p, respectively. Due to
symmetry, the calculation has to be carried out only for excitations at upper via ports,
as described in more detail at a later point. The Kronecker delta 4,9 becomes zero for
all anisotropic modes (n > 0). It represents the fact that the assumed isotropic external
excitation, when applied to via ¢, leads to only isotropic modes in the incident field at
via ¢q. With the incident field coefficients known, the Foldy-Lax equations can be solved
for the exciting field coefficients. It can be seen in (A.1) that modes with different mode
orders [ are decoupled, so that a separate system of linear equations can be set up for
each [. For a given [, however, a coupling between all modes with different mode orders m
(representing anisotropic modes with different azimuthal variation) exists, as described by
the second summation in (A.1). For the numerical evaluation, only a finite number of modes
can be taken into account. An evaluation of N vias inside a PCB cavity for [ = 0...L
and m = —M ...0... M requires the evaluation of L + 1 systems of N - (2M + 1) linear
equations. For each [, the system of linear equations takes the form

Fw, = a, (A.4)

with the vector w; containing the exciting field coefficients for all vias and modes from —M
to M, the vector @; containing the corresponding incident field coefficients for the given
external excitation, and the matrix F; providing the relation described by (A.1).

To calculate the entry Yj; of the Y-parameter matrix describing the cavity, the current at
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via port ¢ has to be calculated for an excitation voltage at via port j (for the numerical
evaluation, an excitation voltage of 1V can be chosen). For the following considerations, it
is assumed that the ports ¢ and 7 both are upper via ports, with port ¢ being located at via
p. To obtain the via current, first (A.4) has to be solved for the exciting field coefficients
w, in case of an excitation voltage at port j (the excitation voltage is represented by the
corresponding incident field vector @;). In total, L + 1 systems of linear equations have to
be solved. The via current at the upper via port ¢ can then be calculated from the exciting
field coefficients as [81]

L

4
](P)uu _ Z wl:’(;M(p) (_1)l’ (A5)
an nH? (k)

where the index uu indicates that the current at an upper via port due to an excitation
voltage at an upper via port is calculated. It can be seen in (A.5) that only the isotropic
modes contributes to the via current, since the integration of the surface current density
over the the via barrel circumference, which is employed for the current calculation in [81],
leads to zero for all anisotropic modes. By evaluating all n via currents at the upper ports
for each of the N excitation voltages at the upper ports, the admittance matrix Vuu can
be set up which relates upper currents and voltages.

If the port 7 is located at the bottom of via p, the via current due to an excitation at the
upper via port j can be calculated as [81]

L

4
1P =N MO = (A.6)
1=0 UH(§2) (kT‘lTV)

This allows to set up the admittance matrix ?bu, which relates bottom currents to upper
voltages. Due to the symmetry of the system, an evaluation for excitation voltages at the
lower via ports is not necessary. The Y-parameter matrix of the complete system can be
obtained by assembling the two calculated submatrices as [81]

—uu —bu
Y =Y
—bu —uu . (A 7)
-Y Y

Y =

The minus signs in (A.7) result from the current and voltage definitions in [81]. It is
interesting to note the difference between (A.7) and the expanded parallel plate admittance
in (3.10). As shown by the investigations in Section 4.2.2, (A.7) provides a more accurate
solution for cases where via-coupling provided by non-propagating modes exists.
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Appendix A The Multiple Scattering Approach

It shall be mentioned that the evaluation of the different entries of the Y-parameter matrix
can be nicely summarized using matrix notation. For this purpose, the incident field vector
is written as

a =BV, (A.8)

with the vector V,, containing the excitation voltages at the upper ports and the matrix
E, providing the relation described in (A.3). As previously described, (A.4) has to be
solved for N excitation voltage vectors to calculate the Y-parameter matrix of the system.
Together, these voltage vectors form the identity matrix I, so that the solution to (A.4)
can be written as |81]

—1l== — 1=

P,=F, EI=TF, L. (A.9)

The exciting field coefficient matrix fl can be used to calculate the Y-parameter matrices
—uu —bu
Y andY as [8]]

L
Y =Y BP (A.10)
=0
and
—bu L =
Y =) DpP, (A.11)
=0

with B, and D, defined correspondingly to (A.5) and (A.6) as [81]

4
B, = —(—1)l (A.12)
UH(()Q) (k’r‘lrv)
and
4
D= — (A.13)
UH(SQ)(kT’lTV)
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B Formulas for the Williamson Model

In this appendix, the detailed formulas for the elements of the local field model according to
Williamson [73] are provided. The formulas refer to the equivalent circuit in Fig. 3.3(a) of
this thesis, where the overall topology of the model as well as the labeling of the individual
elements are shown. All formulas are given as presented in 73|, with adjustments to the
nomenclature used in this thesis.

As described in Section 3.2.2, the elements B, and B, in the Williamson model correspond
to the via barrel-to-plane capacitances that have been used as a simpler local field model
without any further elements for example in [59]. Their values are given by

B, =B, = 2m

" In(rap/ry) (sin(lkh) - COt(kh)) +4 > Dp (B.1)

I=1,3,5,...
The summation terms Df in (B.1) are defined as

. 27 1 Ko(qikrap)
Dy = 5 —
nkhIn®(rap/mv) 4 Ko(qkry)
- (Lo(qikry) Ko(qikrap) — Lo(qikrap) Ko(qikry)) , (B.2)

where [ is the modified Bessel function of the first kind and order zero, and K is the
modified Bessel function of the second kind and order zero. In comparison to the via barrel-
to-plane capacitance given in (3.7), the calculation in (B.1) and (B.2) uses the normalized
quantity ¢; instead of the radial wavenumber k,; defined in (3.2), with

w= [ (E) 1= (k (gf) h=i B

As shown in Fig. 3.4(a), the behavior of the elements B, and B, is essentially the same

as that of the via barrel-to-plane capacitances calculated according to (3.7), with some
deviation in the magnitude that increases over frequency. In comparison to the convergence
behavior of the via barrel-to-plane capacitance depicted in Fig. 3.4(b), the elements B,
and B, show a much faster convergence, which is due to the contribution of the constant
term in (B.1).
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Appendix B Formulas for the Williamson Model

In comparison to the simpler local field model that is based on the via barrel-to-plane ca-
pacitances only, the Williamson model contains three additional elements: the admittances
By, and B; and an ideal transformer with transformer ratio 2. The values of these elements
are calculated as

2m 1 - .
By = Tl sy 2; (-1)' D, (B.4)

27ry Jy(kry)Yo(krap) — Jo(krap)Ya(kry)
B3 = , (B.5)

nh Jo(kry)Yo(krap) — Jo(krap)Yo(kry)

and
2 In(rap /7y

R W{rap/ ) (B.6)

7 Jo(kry)Yo(krap) — Jo(krap)Yo(kry)

The frequency dependent values of these additional elements and their impact in terms of
a modification of the parallel-plate impedance ZPP are illustrated in Fig. 3.5 of this thesis
for an example with typical PCB geometry and material parameters.
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C Additional Simulation Results

In this appendix, additional comparisons of simulation results are displayed to support
the argumentation with regard to the accuracy of the physics-based via model for the
simulation of via arrays in multilayer PCBs in Section 4.4. Unless otherwise indicated, all
simulations have been carried out for the 8 x 8 via array with the via arrangement and
port definitions shown in Fig. 4.10(a) and the stackup in Fig. 4.15.

The figures show a phase plot of the transmission between via ports 2 and 5 (Fig. C.1)
to supplement the magnitude plots in Section 4.4.1, and additional crosstalk plots for
directly adjacent vias (Fig. C.2) and vias in a larger distance from each other (Fig. C.3).
Plots illustrating the impact of the coaxial field model on the simulated phase for the
transmission through a via are shown for different cumulated thicknesses of the reference
planes in Fig. C.4. To further illustrate the impact of the via pitch on the modeling accuracy
as studied in Section 4.4.3, plots for the crosstalk are compared for different pitch sizes in
Fig. C.5, and plots of the transmission are shown for further pitch sizes in Fig. C.6.
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Figure C.1: Phase of the transmission between via ports 2 and 5 for the multilayer stackup.
A good agreement between physics-based via model and full-wave result can be observed over
the entire frequency range up to 50 GHz. The apparent large deviation around 15 GHz results
from a small actual deviation and the phase wrapping applied for the plot.
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Appendix C Additional Simulation Results
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Figure C.2: Comparison between results obtained with the improved physics-based via model
and a full-wave solution for the crosstalk between two directly adjacent vias in the multilayer
stackup. (a) Near-end crosstalk between via ports 2 and 3 (Figure adapted from [7]). (b)
Far-end crosstalk between via ports 2 and 6. Both near- and far-end crosstalk show a good
agreement between physics-based model and full-wave result, with some larger deviations in
the near-end crosstalk for frequencies above 40 GHz (Figure adapted from [7]).
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Figure C.3: Comparison between results obtained with the improved physics-based via model
and a full-wave solution for two vias in a larger distance from each other in the multilayer
stackup. (a) Near-end crosstalk between via ports 1 and 3a. (b) Far-end crosstalk between via
ports 1 and 6a. In comparison to the agreement observed for vias with a smaller separation,
some larger deviations can be observed already at lower frequencies. Nevertheless, the physics-
based model still provides a good overall approximation of the full-wave result, especially in
face of the lower overall crosstalk level.
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Figure C.4: Impact of the coaxial field model on the phase of the transmission between via
ports 2 and 5. (a) Result for the full stackup with 11 cavities as defined in Fig. 4.15. Above
30 GHz, a deviation of about 15° can be observed if the capacitance model is used instead of
the TL model for the coaxial field region. (b) Result with the stackup reduced to the 3 center
cavities of the original 11 cavity stackup. Here, the use of the capacitance model instead of
the TL model leads to a deviation of less than 5° due to the reduced cumulated thickness of
the reference layers. The capacitance model is even closer to the full-wave result at higher
frequencies, however, this observation is most probably a coincidence related to the small
overall impact of the coaxial field model in this scenario.
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Figure C.5: Additional plots of the near-end crosstalk between via ports 1 and 2 for the
multilayer stackup and smaller pitch sizes. (a) For 60 mil via pitch, the physics-based via model
still shows a good agreement to the full-wave result. (b) For 40 mil via pitch, a much larger
deviation between physics-based via model and full-wave result can be observed. In particular,
a considerable deviation exists already at low frequencies - similar to the observation for
the near-end crosstalk in the single cavity scenario in Fig. 4.13(b). All in all, the observed
accuracies for the crosstalk are similar to the accuracies observed for the transmission in
Fig. 4.19 for the respective pitch sizes.
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Figure C.6: Plots showing the transmission between via ports 2 and 5 for the multilayer
stackup for additional pitch sizes. (a) For 50 mil via pitch, the physics-based via model still
provides a fair agreement to the full-wave result, although increasing deviations can be ob-
served in comparison to the results for 60mil via pitch. (b) For 120mil via pitch, a good
agreement between physics-based via model and full-wave result exists. The results illustrate
that a further increase of the via pitch beyond 80 mil does not lead to accuracy problems.
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D Modeling Accuracy for Power Vias

In this appendix, the accuracy of the physics-based via model for the simulation of struc-
tures containing power vias is briefly discussed. For this purpose, results obtained with the
physics-based via model are compared to full-wave (FEM) results for the test structure in
Fig. D.1. The test structure is a 7 X 6 via array with a regular pattern of signal, power and
ground vias. The via arrangement and detailed geometry and material parameters are given
in Fig. D.1(a). The stackup, which contains two power planes, is shown in Fig. D.1(b).

Simulation results are shown for the vias indicated in Fig. D.1(a), with ports placed at the
upper via ends. The lower via ends remain open. With regard to the reflection at the via
port, the physics-based model shows a reduced accuracy for the power via for 80 mil pitch
(Fig. D.2) and — even more clearly — 40 mil pitch (Fig. D.3). Nevertheless, accurate results
are obtained for the coupling between signal vias (Fig. D.4(a)) and even for the coupling
between signal and power vias (Fig. D.4(b)) in case of 80 mil pitch, so that the results of
the studies carried out in this thesis are not impaired by the presence of power vias.

(power via) (Signa] via) Ground via 19
] Power plane —» m—————m ——0.6
P o o © © o Metal: copper, 102
c=5.810" S/m -
® /0 / @ /@  — 0.6
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(a) (b)

Figure D.1: Via array structure for the investigation of structures containing power vias. (a)
Top view showing the via arrangement and the geometry and material parameters. Simula-
tions with 80 mil and 40 mil via pitch have been carried out, and infinite reference planes have
been assumed for the simulations. (b) Stackup of the test structure with two power planes.
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Figure D.2: Reflections at the upper via ports in case of 80 mil pitch. (a) Reflection at a
signal via port (port 172). A good general agreement between physics-based via model and
full-wave result can be observed. (b) Reflection at a power via (port 120). In comparison to the
results for the signal via, it seems that the physics-based via model captures the characteristic

features of the reflection less accurately for the power via.
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Figure D.3: Reflections at the upper via ports in case of 40 mil pitch. (a) Reflection at a
signal via port. Although at lower frequencies, larger deviations than in the case of 80 mil
pitch can be observed, a good overall agreement between physics-based via model and full-
wave result is still obtained at the signal via. (b) Reflection at a power via port. The deviation
between physics-based via model and full-wave result that exists for frequencies above 10 GHz
in the case 80 mil pitch becomes very pronounced in the case of 40 mil pitch. This shows that
the inaccuracy is related to the via array environment, and depends on the via pitch. This is
also supported by the finding that a very good agreement between physics-based model and
full-wave results can be obtained in case of an isolated power via.
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Figure D.4: Coupling between upper via ports in case of 80 mil pitch. (a) Coupling between
two signal vias. In spite of the inaccuracies observed for the reflection at power via ports, the
presence of power vias in the structure does not impair the accuracy of the physics-based via
model for the simulation of coupling between signal vias. (b) Coupling between a signal and
a power via. Even for the coupling to a power via, the physics-based via model provides a
good approximation in the case of 80mil pitch. It should be noted that in the case of 40 mil
pitch, the physics-based via model does not provide accurate results for the coupling between
signal vias, as previously observed for structures without power vias in Section 4.4.3. Also for
the coupling between a signal and a power via, the physics-based via model is not accurate
for 40 mil pitch.
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E Additional Measurement Results

In this appendix, additional measured and simulated results for the test structure in Fig. 6.4
are shown to supplement the findings in Section 6.3.1. The main difference to the previously
shown results lies in the routing layer of the striplines that provide the connection between
the vias inside the array and the respective launch vias. While vias with striplines routed on
the highest routing layer (SL3) were analyzed in Section 6.3.1, all results in this appendix
have been obtained for vias with striplines routed on the lowest signal layer (SL9). Results
are shown for the transmission between via V22 inside the array and the connected launch
via L22 in Fig. E.1(a) and for the reflection at the launch via L22 in Fig. E.1(b). For the
transmission, the agreement between physics-based via model and measurement is similar
to the agreement observed in case of routing on the highest signal layer in Fig. 6.5(a). For
the reflection, the deviations between physics-based via model and measurement are — in
the frequency range between 5 GHz and 30 GHz — larger than observed for routing on the
highest signal layer in Fig. 6.5(b). The larger deviations may be explained by the lower
magnitude of the reflection for the lowest routing layer in combination with the previously
observed sensitivity of the measured reflection to effects such as the parasitics of the probe
launch described in Section 6.2.

The crosstalk is studied for two scenarios: crosstalk along a via array diagonal with one
intermediate via and crosstalk along a via array diagonal with three intermediate vias.
Results for the first scenario are shown in Fig. E.2. Although it can be observed that the
detailed characteristic features of the crosstalk depend on both via location and routing
layer of the connected striplines, the agreement between physics-based via model and
measurement for vias connected to striplines on the lowest routing layer is similar to the
agreement for vias connected to striplines on the highest routing layer in Fig. 6.6. For the
second scenario, results are shown in Fig. E.3. Although not all detailed characteristics
of the measured results are represented in the results obtained with the physics-based via
model, a good general agreement can be observed in the frequency range up to 50 GHz.
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Appendix E  Additional Measurement Results
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Figure E.1: Comparison between physics-based via model and measurement for transmission
and reflection of two vias routed on SL9. (a) Transmission between signal via V22 and launch
via L22 outside of the array. In comparison to the transmission on the highest signal layer
depicted in Fig. 6.5(a), the stub resonance is shifted to higher frequencies due to the shorter
via stub. The quality of the agreement between physics-based via and measurement for the
transmission is not changed by the different routing layer. (b) Reflection at launch via L22.
In the frequency range between 5 GHz and 30 GHz, larger deviations between physics-based
via model and measurement exist than for a routing on the highest signal layer. The larger
deviations may be related to the lower magnitude of the reflection in this frequency range.
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Figure E.2: Comparison between physics-based via model and measurement for the crosstalk
along a diagonal with one intermediate via. (a) Crosstalk between via V33 inside the array
and launch via L22 (including the impact of one stripline transmission). (b) Crosstalk between
launch via 1.33 and launch via 122 (including the impact of two stripline transmissions). A
good general agreement between physics-based via model and measurement can be observed—
similar to the agreement observed for vias connected to striplines routed on the highest signal
layer in Fig. 6.6.
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Appendix E  Additional Measurement Results
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Figure E.3: Comparison between physics-based via model and measurement for the crosstalk
along a diagonal with three intermediate vias. (a) Crosstalk between via V22 inside the array
and launch via L4 (including the impact of one stripline transmission). (b) Crosstalk between
launch via L4 and launch via L22 (including the impact of two stripline transmissions). Due
to the larger separation between the studied vias and the complex characteristics of the
measured curves, not all details of the measured results are represented in the results of the
physics-based via model. Nevertheless, the modeling results provide a good approximation of

the measurement in the frequency range up to 50 GHz.
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