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Abstract

Microvias are key enablers of next-generation high-speed and high-density
electronic products. However, their signal-integrity performance can be affected by
manufacturing-induced non-idealities, including tapered sidewalls caused by laser
drilling and positional staggering caused by fabrication tolerances. This thesis
investigates the impact of microvia vertical geometry and manufacturing-induced
staggering on interconnects performance in multilayer Printed Circuit Board
(PCB) structures.

Full-wave electromagnetic simulations are performed to compare conventional
polygonal cylindrical microvia models with more realistic conical microvia
models. For different transition lengths, the antipad size is first optimized
in the cylindrical model to define a matched baseline design. The cylindrical
and conical geometries are then compared using mixed-mode S-parameters,
Time-Domain Reflectometry (TDR), Maximum Available Transmission (MAT),
impedance, and isolation. In addition, manufacturing-induced microvia staggering
is investigated by considering both hole misalignment and layer misalignment.
Representative special cases are used to examine the effects of offset direction
for hole misalignment, and the combined effects of offset direction and fan-out
direction for layer misalignment. Monte Carlo simulations are then performed with
Gaussian-distributed misalignment offsets to evaluate the statistical robustness of
the transition.

The results show that longer and higher-frequency transitions are more
sensitive to the microvia vertical geometry. The conical model leads to noticeable
differences in return loss, mode conversion, TDR, impedance, and isolation
prediction. For manufacturing-induced staggering, the differential-mode reflection
and transmission remain relatively stable in both the representative special
cases and the Monte Carlo simulations, whereas the differential-to-common-mode
conversion is more sensitive to geometrical asymmetry and exhibits a wider
statistical spread under Gaussian-distributed misalignment offsets.

Overall, this work provides useful guidance for microvia modeling,
manufacturing-tolerance evaluation, and robust Signal Integrity (SI) design in
high-speed High-Density Interconnect (HDI) PCB applications.

Keywords: Stacked microvia, differential interconnects, vertical microvia
geometry, conical microvia, staggering, hole misalignment, layer misalignment,
Monte Carlo analysis, SI.
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Popular Science Summary

Modern electronic products, such as computers, mobile phones, 5G devices, and Al
hardware, are becoming smaller, faster, and more powerful. To make this possible,
printed circuit boards need to contain many dense and high-speed electrical
connections. One important structure used for this purpose is the microvia, which
is a very small hole that connects different layers inside a circuit board.

Although microvias are very small, their shape and position can strongly affect
how well high-speed signals travel through the board. In real manufacturing,
microvias are not always perfectly shaped or perfectly aligned. For example, a
microvia may have a tapered shape due to laser drilling, or its position may be
slightly shifted because of manufacturing tolerances. These small imperfections
can cause signal reflection, signal loss, and unwanted conversion of the useful
signal into noise-like components.

This thesis studies how these manufacturing-related imperfections influence
signal quality in high-speed interconnects. Computer simulations are used to
compare ideal cylindrical microvias with more realistic conical microvias. The
thesis also investigates two types of misalignment: hole misalignment, where the
microvia position shifts, and layer misalignment, where an entire circuit-board
layer is slightly displaced.

The results show that simplified microvia models can be acceptable for
short connections, but more realistic models become important for long and
high-frequency connections. The study also shows that some signal-quality
measures remain relatively stable under small manufacturing errors, while mode
conversion is more sensitive to geometrical asymmetry. These findings can
help engineers build more accurate simulation models and design more reliable
high-speed circuit boards.
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Chapter ].

Introduction

With the rapid development of high-speed digital systems, signal integrity has
become a critical issue in modern PCB and package design. In applications such
as high-performance computing (HPC), 5G communication systems, and artificial
intelligence (AI) hardware, continuously increasing data rates impose stricter
requirements on interconnect performance. As signal frequencies rise, geometrical
discontinuities in transmission paths may introduce impedance mismatch, signal
reflection, insertion loss, and return loss, thereby degrading the overall channel
quality.

To achieve compact and high-density interconnects, microvias are widely
used in High-Density Interconnect (HDI) PCB technologies. Compared with
conventional through-hole vias, microvias provide shorter transition paths, reduced
parasitic effects, and greater routing flexibility in multilayer structures. However,
due to their small dimensions and complex manufacturing processes, the electrical
performance of microvias is highly sensitive to geometrical variations. Therefore,
accurate modeling of microvia structures is essential for reliable signal integrity
analysis.

In practical PCB manufacturing, microvias are often not perfectly cylindrical.
Instead, their sidewalls may exhibit a tapered or conical profile due to laser
drilling and plating processes. Nevertheless, simplified cylindrical via models are
still commonly used in electromagnetic simulation to reduce modeling complexity.
Such simplifications may introduce discrepancies between simulated and realistic
high-frequency behavior, especially when operating at high data rates. Therefore,
it is necessary to investigate whether a more realistic conical polygonal microvia
model provides different signal integrity results compared with a traditional
polygonal cylindrical model.

In addition to the via shape itself, manufacturing tolerances such as hole
offset and layer misalignment can further affect the electrical performance
of microvia-based interconnects. Misalignment between stacked or staggered
microvias may change the current return path, alter the local electromagnetic field
distribution, and introduce additional impedance discontinuities. These effects
can become more significant at higher frequencies, where even small geometrical
deviations may influence channel behavior.

This thesis investigates the impact of microvia geometrical modeling and
misalignment on signal integrity performance in high-speed transmission channels.



2 Introduction

The study focuses on comparing conical polygonal microvia models with
traditional polygonal cylindrical models, and further analyzes the effects of hole
offset and layer misalignment.

The analysis is conducted using full-wave electromagnetic simulation in HFSS,
supported by MATLAB-based post-processing and data analysis. This combined
approach enables accurate characterization of complex microvia geometries and
systematic evaluation of their high-frequency characteristics. The results aim to
provide useful guidance for microvia modeling, tolerance evaluation, and signal
integrity optimization in high-speed HDI PCB design.

1.1 Background

With the increasing demand for high-speed and high-density electronic systems,
signal integrity has become an important consideration in modern PCB
and package design. Applications such as high-performance computing, 5G
communication systems, artificial intelligence hardware, and mobile devices require
compact interconnects that can support high data rates. In this context, HDI
technology is widely used to increase routing density and reduce interconnect
length [1].

Microvias are key structures in HDI PCB technology because they provide
compact vertical connections between adjacent conductive layers [2]. Compared
with conventional through-hole vias, microvias have smaller dimensions and
shorter electrical paths, which makes them suitable for dense multilayer routing.
However, their small size also makes their electrical behavior sensitive to
geometrical details and fabrication tolerances [3]. At high frequencies, a microvia
can no longer be regarded as an ideal vertical conductor. Instead, its diameter, pad
size, antipad opening, transition length, surrounding reference planes, and nearby
ground structures all contribute to the local electromagnetic field distribution and
equivalent impedance [4].

For high-speed links, differential signaling is widely used because of its good
noise immunity and reduced sensitivity to common external disturbances [5]. In
a differential pair, the information is carried by the voltage difference between
two conductors rather than by the absolute voltage of a single conductor with
respect to the reference plane. Ideally, the two conductors carry signals with
equal amplitude and opposite phase. Therefore, disturbances that couple similarly
to both conductors mainly appear as common-mode components and can be
rejected by the differential receiver. However, this advantage strongly relies
on the geometrical and electrical symmetry of the differential structure. Any
imbalance between the two signal paths, such as asymmetric pads, unequal via
positions, nonuniform return paths, or layer-to-layer offset, may convert part of
the differential-mode signal into common-mode noise [6].

Mixed-mode S-parameters are commonly used to characterize the behavior
of differential interconnects [7]. In this representation, the single-ended port
responses are transformed into differential-mode and common-mode quantities.
The differential-mode reflection coefficient Sqq11 describes the impedance matching
of the input differential port, while the differential-mode transmission coefficient
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Sqd21 describes the desired signal transfer from the input differential port to the
output differential port. In addition, the mode-conversion term S.q21 represents
the conversion from the input differential mode to the output common mode. A
larger Scq21 generally indicates stronger imbalance in the interconnect structure
and may lead to increased common-mode radiation, electromagnetic interference,
or degradation of the differential signal quality [8]. Therefore, mixed-mode
S-parameters provide an effective way to evaluate both the differential-mode
performance and the structural symmetry of microvia transitions.

The signal-integrity behavior of via and microvia transitions is strongly
affected by their geometrical parameters [9]. For example, the vertical transition
length influences the inductive behavior and the overall discontinuity of the
interconnect. The pad and antipad dimensions affect the local capacitance around
the via. The placement of nearby ground vias and reference-plane openings
influences the return-current path and the coupling between adjacent structures.
In differential via transitions, the relative position between the two signal vias is
also important because it determines the balance of the differential pair and the
degree of electromagnetic coupling. As a result, even small geometrical changes
may cause variations in return loss, insertion loss, time-domain impedance, and
mode conversion [10].

In many electromagnetic simulations, microvias are simplified as cylindrical
structures. This approximation can reduce modeling complexity and simulation
cost. However, practical laser-drilled microvias are often not perfectly cylindrical.
Due to the laser drilling and plating processes, the microvia sidewall may exhibit a
tapered profile, and the actual structure is closer to a truncated cone [11, 12]. Such
fabricated microvia profiles have been observed in cross-sectional measurements
reported in previous studies [13], as shown in Fig. 1.1.

(c) )

Figure 1.1: Cross-sectional optical microscope images of fabricated
microvias reported in [13], showing representative tapered via
profiles after electroplating.
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The difference between a cylindrical and a conical microvia changes the
metal distribution along the vertical direction and may modify the equivalent
capacitance, inductance, and local impedance of the transition. Therefore, it
is necessary to evaluate whether the simplified cylindrical model can accurately
represent the high-frequency behavior of practical microvia transitions [3].

In addition to the vertical geometry of the microvia, manufacturing tolerances
may also introduce positional errors [14]. Hole misalignment can occur when
the drilled microvia position deviates from its nominal location. In a differential
microvia transition, such hole-position errors may change the spacing between the
two signal vias and disturb the symmetry of the differential pair. If the two signal
vias are shifted in different directions or by different amounts, the two conductors
may experience different parasitic capacitances and inductances. This imbalance
can introduce impedance discontinuity and increase differential-to-common mode
conversion. Therefore, hole misalignment is an important fabrication non-ideality
to consider when evaluating the robustness of high-speed differential microvia
transitions [15].

Layer misalignment is another important source of geometrical deviation
in multilayer HDI PCB. Unlike hole misalignment, which mainly describes the
deviation of the drilled microvia hole, layer misalignment refers to the relative
displacement between different PCB layers during fabrication or lamination. When
a layer is shifted from its nominal position, the signal pads, traces, ground
structures, antipads, and reference-plane openings on that layer may also be
displaced. Therefore, layer misalignment can change not only the electrical
connection of the stacked microvias, but also the surrounding copper distribution
and return-current path. In stacked microvia transitions, such layer-to-layer
offsets may produce staggered structures, which can further modify the local
electromagnetic field distribution and increase the imbalance of the differential
transition [16].

Compared with deterministic geometry variations, manufacturing-induced
misalignment in practical fabrication often contains statistical uncertainty [17].
One single worst-case or single-direction offset may not fully represent the overall
behavior of the structure. Therefore, Monte Carlo analysis is useful for evaluating
the sensitivity and robustness of microvia transitions under fabrication tolerances.
By sampling possible hole or layer offsets according to a prescribed distribution,
the distribution, mean value, and variation range of signal-integrity metrics can
be obtained. This makes it possible to determine whether the structure is highly
sensitive to fabrication errors and whether certain geometrical configurations
provide better tolerance to misalignment [18].

Previous studies and design guidelines have discussed the importance of
microvias in HDI PCB design [1, 2, 3], the fabrication characteristics of
laser-drilled microvias [12, 11, 13], and the signal-integrity issues associated
with via transitions [4, 10, 18]. However, a systematic comparison between
cylindrical and conical microvia models, together with a statistical evaluation
of hole and layer misalignment, is still needed for high-frequency differential
microvia transitions. In particular, the combined influence of realistic
vertical microvia profiles and manufacturing-induced staggering on mixed-mode
S-parameters, TDR, and differential-to-common mode conversion has not been
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fully quantified. Therefore, this thesis investigates the impact of microvia vertical
geometry and manufacturing-induced staggering on signal integrity using full-wave
electromagnetic simulation and Monte Carlo analysis.

1.2 Objectives

The main objective of this thesis is to investigate how microvia vertical
geometry and manufacturing-induced staggering affect the signal integrity and
high-frequency electrical performance of microvia transitions. The specific
objectives are:

¢ to establish full-wave simulation models for differential microvia transitions
in multilayer PCB structures;

e to compare conventional polygonal cylindrical microvia models with more
realistic conical microvia models;

e to evaluate the influence of transition length and microvia geometry on
return loss, insertion loss, TDR, impedance, mode conversion and isolation;

e to analyze the impact of hole misalignment and layer misalignment on
differential microvia transitions;

e to use Monte Carlo analysis to evaluate the tatistical influence of random
manufacturing tolerances;

e to provide practical guidance for microvia modeling and robust
signal-integrity design in high-speed HDI PCB interconnects.

1.3 Thesis Outline

This thesis is organized as follows:

Chapter 2 introduces the theoretical background of vias, microvias,
transmission-line behavior, and the signal-integrity metrics used throughout
this thesis, including mixed-mode S-parameters, TDR, isolation, MAT, and
power-balance-based loss estimation.

Chapter 3 investigates the impact of microvia vertical geometry on signal
integrity.  After introducing the simulation model and key parameters, the
conventional cylindrical microvia model is first analyzed under different antipad
sizes and transition lengths, in order to identify suitable baseline dimensions for the
subsequent comparisons. The chapter then compares the conventional cylindrical
model with the more realistic conical microvia model in terms of return loss,
insertion loss, mode conversion, TDR, impedance, and isolation performance.

Chapter 4 analyzes the influence of manufacturing-induced staggering on the
signal integrity of differential microvia transitions. Two types of misalignment
are considered: hole misalignment and layer misalignment. For each type, special
cases are first studied to explain the physical effects of specific offset directions
and geometrical asymmetries. Monte Carlo analysis is then used to evaluate the
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statistical influence of random manufacturing tolerances on the signal-integrity
performance.

Chapter 5 concludes the thesis by summarizing the main findings and outlining
future research directions, including experimental validation and more detailed
modeling of manufacturing-induced microvia variations.

Appendix A provides additional Monte Carlo results for hole misalignment
and layer misalignment. These results support the statistical analysis presented
in Chapter 4.



Chapter 2

Theoretical Framework

2.1 Introduction

This chapter introduces the theoretical background required for analyzing the
signal-integrity behavior of microvia-based differential interconnects. Since the
main focus of this thesis is the influence of microvia vertical geometry and
manufacturing-induced staggering, the chapter first reviews the basic concept,
classification, and key geometrical parameters of microvias. These definitions
provide the basis for understanding why practical microvia structures may deviate
from ideal cylindrical models and why stacked microvia transitions are sensitive
to fabrication tolerances.

The chapter then reviews the transmission-line representation of high-speed
interconnects and introduces the characteristic impedance concept, which is
used to interpret impedance mismatch and reflection in via-transition structures.
Based on this framework, several signal-integrity metrics are defined, including
S-parameters, mixed-mode S-parameters, TDR impedance, coupling and isolation,
maximum available transmission (MAT), and power-balance-based loss estimation.
These quantities are used throughout the following chapters to evaluate and
compare the effects of microvia geometry, transition length, hole misalignment,
and layer misalignment.

2.2 Definition of Microvia

A microvia is a small via structure used in HDI PCB to provide electrical
interconnection between conductive layers, enabling compact routing and high
interconnect density [19, 20]. Compared with conventional mechanically drilled
through-holes, microvias have a much smaller diameter and are typically fabricated
using laser drilling followed by copper plating or copper filling processes. Due to
their reduced size and shorter electrical path, microvias enable higher routing
density, improved signal transmission performance, and more compact electronic
packaging. As a result, they are widely adopted in advanced electronic products
such as smartphones, wearable devices, automotive electronics, and high-speed
computing systems.

Based on different classification criteria, via structures in multilayer PCB can
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Stacked Microvias Staggered Microvias

Through-hole Via Blind Via Buried Via

Figure 2.1: Typical via and microvia configurations in multilayer
PCB structures, including through-hole vias, blind vias, buried
vias, single microvias, stacked vias, and staggered vias [21].

be divided into several categories. From the perspective of vertical interconnection
configuration, common types include through-hole vias, blind vias, buried vias,
single microvias, stacked vias, and staggered vias, as illustrated in Fig. 2.1.

Through-hole via refers to a via that passes through the entire PCB
stackup and connects the top layer to the bottom layer. It is commonly
formed by mechanical drilling and is widely used in conventional multilayer
PCB designs.

Blind via connects an outer layer to one or more inner layers without
passing through the entire PCB. Since a microvia is usually a laser-drilled
blind via, blind vias are particularly important in HDI interconnect
structures.

Buried via connects two or more inner layers and is not visible from the
outer surfaces of the PCB. It can improve routing density, but it usually
increases fabrication complexity and cost.

Single microvia refers to a single microvia connecting two adjacent layers
only. It is the simplest microvia structure and is commonly used for short
vertical interconnections in HDI PCB.

Stacked microvia consists of two or more microvias vertically aligned on
top of each other to connect multiple layers in a compact area. This structure
is highly effective for increasing interconnection density.

Staggered microvia is formed by offsetting adjacent microvias rather than
placing them directly above one another. This arrangement can reduce
stress concentration and often improves reliability.
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In practical fabrication, the geometry of a microvia is not always an ideal
cylinder. Laser drilling and subsequent copper plating may produce a tapered
sidewall profile, so that the diameter near the entrance of the microvia differs from
that near the bottom. As a result, the fabricated microvia can often be better
approximated by a truncated-conical shape rather than by a perfect cylindrical
shape. This geometrical difference changes the local distribution of capacitance
and inductance around the via transition and may therefore affect impedance
matching, reflection, and coupling at high frequencies.

Among these structures, the stacked microvia is widely used in practical HDI
PCB designs where multi-layer interconnection must be achieved within limited
board space. Its vertically aligned configuration enables compact routing and
efficient layer transitions, making it a common solution in advanced industrial
products. However, the vertical arrangement of stacked microvias may also
introduce electrical discontinuities and parasitic effects that influence impedance
continuity, signal reflection, insertion loss, and crosstalk, particularly at high
frequencies.

In this thesis, the stacked microvia structure is selected as the main object
of study because it is used in the considered industrial interconnect design.
The purpose is therefore not to compare different microvia categories, but
to examine how the selected stacked transition is affected by two practical
non-idealities: the vertical geometry of the microvia and manufacturing-induced
positional staggering. In particular, the later chapters compare cylindrical and
conical microvia models and investigate the effects of hole misalignment and layer
misalignment on the signal-integrity performance of the differential transition.

2.3 Signal Propagation in Via Structures

2.3.1 Transmission-Line Model and Characteristic Impedance

High-speed interconnects in PCB can be described using a transmission-line model
when the signal wavelength becomes comparable to the physical length of the
interconnect structure [22]. In this model, the electrical behavior of the line is
characterized by its per-unit-length resistance R, inductance L, conductance G,
and capacitance C. These distributed parameters determine how voltage and
current waves propagate along the interconnect and provide a useful basis for
analyzing impedance discontinuities, reflections, and signal degradation.

For a uniform transmission line, the voltage and current can be expressed
as the superposition of forward- and backward-propagating waves. Considering
the forward-propagating components, the phasor-domain voltage and current are
given by

V(z) =Vs e, (2.1)

I(z) = Ife 7, (2.2)

where V(z) and I(z) denote the voltage and current phasors at position
z, respectively. The quantities VO+ and IS‘ are the amplitudes of the
forward-propagating voltage and current waves at the reference position z = 0.
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The superscript “4” indicates propagation in the positive z-direction. The
complex propagation constant is denoted by -y, and can be written as

v =a+jb, (23)

where « is the attenuation constant, g is the phase constant, and j is the imaginary
unit.

Substituting these expressions into the telegrapher’s equations gives the
characteristic impedance of the line as

175 IR+ jwL
Zo=-9 _ |17 2.4
0 I G+ jwC (2.4)

For a lossless transmission line, where R = 0 and G = 0, the characteristic
impedance reduces to
L

Zo=1|= (2.5)

This shows that the characteristic impedance is mainly determined by the
inductive and capacitive properties of the interconnect geometry [22].

In practical PCB interconnects, discontinuities such as vias, microvias, pads,
anti-pads, and layer transitions locally change the effective inductance and
capacitance of the signal path. As a result, the local characteristic impedance
deviates from the nominal value of the transmission line. This impedance
mismatch causes part of the incident signal to be reflected, which degrades the
return loss and may also affect insertion loss and crosstalk. Therefore, maintaining
a smooth impedance transition is essential for high-speed SI performance. In
this thesis, the characteristic impedance concept provides the theoretical basis for
analyzing how microvia geometry, vertical transition length, and manufacturing
misalignment influence the electromagnetic response of multilayer interconnect
structures.

2.3.2 Differential and Common-Mode Impedance

Differential and common-mode quantities are commonly used to describe balanced
interconnects and mixed-mode S-parameters [23, 24].

The simplest case of a differential pair is obtained when the two signal lines
are sufficiently separated so that the coupling between them can be neglected. In
this case, each line can be treated as an independent single-ended transmission
line with characteristic impedance Zj.

For one signal line, the current I, flowing into the signal conductor and
returning through the reference path is

VOHE

Zy '

where V. is the voltage between one signal line and its reference path.
For an ideal differential signal, the two conductors carry equal-amplitude and

opposite-polarity voltages V;, and V;. Therefore, the differential voltage between

the two signal lines is

(2.6)

Ione =
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Vi = Vi — Vi = 2Vone. (2.7)

The differential impedance is defined as the impedance seen by the differential
signal:

Vdiff _ 2Vone

Ione Ione

Zaig = = 27. (2.8)
Thus, for an uncoupled differential pair, the differential impedance is twice the
single-ended characteristic impedance of either line.

In addition to the differential mode, the same pair of conductors can also
support a common-mode signal. In the common mode, the two conductors carry
equal-amplitude and same-polarity voltages with respect to the reference path.
The common-mode voltage can be defined as

Vo +Va
V;:omm = % (29)

For a pure common-mode signal, the two line voltages are equal:

Vp = ‘/n = ‘/comm- (210)

Since the two lines are uncoupled in this simplified case, each line carries the same
single-ended current

%omm
Tone = 7 (2.11)

The total common-mode current is the sum of the currents on the two
conductors:
Icomm = Ip + In = 2Ione~ (212)
Therefore, the common-mode impedance seen by the pair is

chomm _ chomm o ZO
Icomm B 2Ione B 27

Thus, in the uncoupled case, the differential and common-mode impedances are

Zcomm -

(2.13)

Zy
5 "

In practical differential pairs, however, the two conductors are usually close
enough to introduce electromagnetic coupling. In that case, the differential mode
is related to the odd-mode impedance, while the common mode is related to the
even-mode impedance [24]:

Zdiff = QZOa Zcomrn = (214)

Zeven
Zdiff = 2ZOdd7 Zcomm = T (215)

The uncoupled results are recovered when the coupling between the two conductors
is negligible, for which
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Zodd = Zeven = Z0- (2.16)

These impedance definitions are important for understanding the
signal-integrity behavior of differential microvia transitions. Ideally, a differential
interconnect should maintain a stable differential impedance along the signal
path. Any discontinuity caused by the microvia geometry, transition length,
antipad structure, or manufacturing misalignment may introduce local impedance
deviations. These deviations can lead to reflections and degrade the differential
signal transmission. In addition, structural asymmetry can convert part of the
differential-mode signal into common-mode energy, which may increase radiation
and unwanted coupling to nearby structures [6].

2.4 Performance Metrics

2.4.1 Mixed-Mode S-Parameters

The mixed-mode S-parameter formulation introduced in this section is mainly
based on the standard single-ended to mixed-mode conversion reported in [23, 24,
25].

For a differential interconnect, the electromagnetic response can be described
either in terms of conventional single-ended ports or in terms of differential- and
common-mode ports. The single-ended four-port scattering relation is first written

as
by S11 S22 Sz Su| |aa
bo So1 Saz Sz S az
= 2.17
b3 S31 Sz S3z3 Sza| |as|’ (2.17)

by Sa1 Sz Saz Saa| |aa
[Ssel

where a; and b; denote the incident and reflected power waves at the i-th
single-ended port, respectively. Although this representation is directly related to
the physical ports of the structure, it does not explicitly separate the differential
and common-mode responses of a differential pair.

To describe the behavior of the structure under differential excitation more
directly, the single-ended port quantities can be transformed into mixed-mode
quantities. The corresponding mixed-mode scattering relation is expressed as

ba1 Saqi1 Saarz Saci1 Sdci2 adi
I
baz| _ | Saa2r _Saazz | Sacar Sacaz | | aaz (2.18)
be1 Scai1 Sediz ' Seeir Seei2 ac1
beo Scaz1 Seda2 j Sce21 Seco2 Ac2
[Sym]

Here, the subscripts d and ¢ denote differential mode and common mode,
respectively. The sub-matrices Syq and S, describe the pure differential-mode and
pure common-mode responses, while S;. and S.q describe the mode-conversion



Theoretical Framework 13

behavior between the two modes. For example, Sgqo1 represents the
differential-mode transmission coefficient, whereas S.421 represents the conversion
from differential-mode excitation to common-mode output.

Under the ideal mixed-mode transformation, the single-ended and mixed-mode
S-parameter matrices are related by

[Smm] = [M][S,e] [M] 7 (2.19)

where [Sse] and [Sy,] are the single-ended and mixed-mode scattering matrices,
respectively. The transformation matrix [M] is given by

1 -1 0
1 _
S L (2.20)
1

V21 o1
0 0

This matrix combines the two conductors of each differential pair into their
odd-mode and even-mode components, which correspond to differential-mode and
common-mode quantities, respectively [25].

2.4.2 Time-Domain Reflectometry

The theoretical background of Time-Domain Reflectometry (TDR) presented
in this section, including the basic operating principle, its connection to
frequency-domain S-parameters, and the resolution limitation caused by finite
rise time and bandwidth, is summarized based on [26, 27, 28, 29, 30].

TDR is commonly used to evaluate the impedance profile of high-speed
interconnects. In a TDR analysis, a fast step signal is launched into the
interconnect, and the reflected waveform is observed in the time domain. The
time-domain TDR excitation and its frequency-domain representation form a
Fourier transform pair,

up(t) = Up(w),

where w,(t) denotes the incident step waveform in the time domain, and U, (w)
denotes its corresponding frequency spectrum.

Since impedance discontinuities generate reflected waves, the TDR response
can be used to identify local impedance variations along the signal path. The
time-domain reflection coefficient is defined as

V=)

where V1 (t) and V~(t) denote the incident and reflected voltage waves,
respectively. The corresponding TDR, impedance is given by

Z1pr(t) = Zo igg&

where Zj is the reference impedance of the transmission line [28].

(2.22)
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Based on the reflection coefficient

) = Zrpr(t) — Zo

_ Zrprlt) = Zo. 2.3
Zrpr(t) + Zo (223)

the sign of p(t) indicates whether the local impedance is higher or lower than the
reference impedance Zy. A negative reflection coefficient, p(t) < 0, corresponds
to Zrpr(t) < Zo, which is usually associated with a capacitive discontinuity. In
contrast, a positive reflection coefficient, p(t) > 0, corresponds to Zrpr(t) > Zo,
which is usually associated with an inductive discontinuity [30].

In the HFSS post-processing used in this work, the TDR response is obtained
from the frequency-domain S-parameters through an inverse Fourier-transform
operation. For the differential-mode response, the frequency-domain reflection
coefficient is given by

Fa(w) = Sqa11(w). (2.24)
The corresponding time-domain reflection response can be expressed as
hl",d(t) = ]:71 {dell(w)} . (225)

For a step-like TDR excitation with finite rise time, the differential time-domain
reflection coefficient can be written as

pa(t) = F " {Saan (w)Ur(w)} (2.26)

where U, (w) denotes the spectrum of the band-limited step signal used in the TDR
calculation.
The differential TDR impedance is then expressed as

1+ pa(t)

T n®’ (2.27)

Zaig, Tor(t) = Zaifr0

where Zgigo is the differential reference impedance and pq(t) is the
differential-mode reflection coefficient in the time domain. In this thesis, the
target differential impedance of the interconnect is 85 {2, and the differential TDR
response is evaluated using Zgig o = 85 €2 as the reference impedance.

For a transmission line with propagation velocity wv,, the distance
corresponding to a measured round-trip time delay ¢ is

d= Lpt, (2.28)
2

where the factor of two accounts for the forward and reflected propagation paths.
The propagation velocity can be approximated as

c
vy = , 2.29
P \/Eﬁ ( )
where c is the speed of light in vacuum and e.g is the effective dielectric constant.
Therefore, the spatial resolution of the TDR, response can be estimated as [26]

Ad ~ = , (2.30)
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where ¢, is the rise time of the TDR step signal.

The spatial resolution of the TDR response is limited by the signal rise
time and the available frequency bandwidth. A shorter rise time improves the
time-domain resolution, but it also requires a sufficiently large bandwidth in the
frequency-domain simulation. For a single-pole or approximately Gaussian system
response, the 10-90% rise time is commonly approximated by

L 035
r BW’

where ¢, is the signal rise time and BW denotes the available bandwidth [29].
Therefore, specifying an unrealistically short rise time without extending the
frequency sweep to provide the corresponding bandwidth may introduce unreliable
time-domain details or ringing artifacts.

The HFSS frequency sweep and TDR post-processing settings used in this
work are as follows. The frequency sweep is performed from 0 to 60 GHz with
1201 points, and the TDR calculation uses a signal rise time of 16.667 ps.

For a typical PCB dielectric with relative permittivity Dy =~ 3.5, the effective
dielectric constant of the transmission-line mode is approximated as e.g ~ Dy.
Therefore, the propagation velocity is approximately

(2.31)

C
v, = ~ 1.6 x 10® m/s. 2.32

With ¢, = 16.667 ps, this gives

1.6 x 10® x 16.667 x 102
- 2

This length scale is comparable to the stack thickness and is much larger than
the dimensions of individual microvia features. Therefore, the TDR, time-domain
features in this work should not be assigned to a specific pad, layer, or microvia
section. Instead, they should be interpreted as the combined response of the local
transition region within the effective TDR resolution. In addition, the time origin
depends on the port reference plane or de-embedding setting, and the effective
propagation velocity may vary in different parts of the interconnect. Consequently,
the TDR response in this thesis is used mainly as a qualitative and comparative
metric.

Ad

~ 1.33 mm. (2.33)

2.4.3 Coupling and Isolation

In high-speed interconnects, electromagnetic coupling between adjacent signal
paths is an important signal-integrity concern. When a signal propagates along
one channel, part of its electromagnetic field may couple to a neighboring channel.

This unwanted signal leakage is commonly referred to as crosstalk or coupling.
In the frequency domain, coupling between two ports can be described using
the corresponding transmission S-parameter. For example, if port j is excited and

the coupled response is observed at port ¢, the coupling coefficient is given by
sy =2 , (2.34)

Q5 lap=0, k#j



16 Theoretical Framework

When expressed in decibels, the coupling level is
Sij.as = 20logyo [Si]. (2.35)

A smaller magnitude, or a more negative value in dB, indicates weaker coupling
between the two ports.

Isolation describes how well two channels are separated from each other. It is
often defined as the negative of the coupling level in decibels:

Isolation;; = —201log,q |Si;]. (2.36)

Therefore, a larger isolation value corresponds to weaker coupling and better
electromagnetic separation between channels.

244 Maximum Available Transmission

Based on the mixed-mode S-parameter formulation introduced above, a derived
figure of merit, denoted as maximum available transmission (MAT), is used
in this thesis to evaluate the overall transmission capability of the differential
interconnect. The definition is inspired by the maximum available gain (MAG)
used in two-port amplifier analysis [31]. However, since the structures investigated
in this work are passive interconnects rather than active devices, the metric is
interpreted as a transmission-oriented quantity rather than an actual power gain.

For the differential-mode two-port network, the determinant of the
differential-mode scattering matrix is defined as

Ap = Sad11Sad22 — Sdd125dd21- (2.37)
The corresponding stability-like factor is written as

oo 1 —|Sqan1|” = [Saazz|* + |Ap|”
= )

2.38
2|Sad1254az21| (2.38)

Following the form of MAG, the maximum available transmission is then defined

) (10— i3 -1). 239)

The MAT is a dimensionless quantity. In this thesis, it is expressed in decibels
as

Sad21

MAT:‘

Sadi2

MATgg = 10log,, (MAT). (2.40)

Compared with directly observing Sgqqo1, MAT reduces the influence of
input and output mismatch by evaluating the maximum available transmission
under conjugate matching conditions. Therefore, it provides a useful metric
for examining the insertion-loss behavior of the differential signal path with
the mismatch contribution separated from the measured transmission coefficient.
In this work, MAT is mainly used to compare different microvia geometries
and manufacturing misalignment cases. A higher MAT value indicates lower
mismatch-corrected insertion loss, while a lower MAT value suggests stronger
intrinsic degradation of the differential transmission path.
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2.45 Power Balance and Loss Mechanisms

For a differential via transition, the incident differential-mode power is not
only transmitted to the output differential port, but can also be reflected,
converted into common-mode power, dissipated in the conductors and dielectrics,
or leaked into the surrounding PCB cavity. Therefore, the reduction of the
differential transmission coefficient Sg421 cannot be interpreted solely as material
loss. A power-balance description based on mixed-mode S-parameters is needed
to separate the different physical mechanisms contributing to the degradation of
the differential signal [25].

When a differential-mode wave is incident at port 1, the input power
can be divided into the reflected differential-mode power, the transmitted
differential-mode power, the mode-converted common-mode power, and the
remaining loss. This relationship can be written as

Pindd = Pr(elf),dd + Péii,dd + P

ref

),cd + Po(i‘z,cd + PIOSS’ (241)
where P, qq is the incident differential-mode power. The terms Pr(elf) 4q and Psig dd
denote the differential-mode reflected power at port 1 and the differential-mode
transmitted power at port 2, respectively. The terms Pr(elf{ .q and chic); «q represent
the common-mode power generated at port 1 and port 2 due to differential-mode
excitation. The remaining term Pj,ss accounts for the power that is not captured
by the differential- and common-mode port responses.

Using mixed-mode S-parameters, and assuming that only the differential-mode
incident wave at port 1 is excited, the outgoing mixed-mode waves are given by

bg1 = Sqa11a41, baz = Sqd21a41, (2 42)

be1 = Secq11ad1, bea = Sca21ad1-

Here, a4 is the incident differential-mode power wave at port 1. The quantities byy
and bgo are the reflected and transmitted differential-mode waves, while b.; and b.
are the corresponding common-mode waves generated by differential-to-common
mode conversion.

The corresponding power balance can therefore be expressed in terms of the
mixed-mode S-parameters as

Pin.da = |Saa11|* Pa.aa+|Saao1 |> Pa.da+|Sedr1|? P, dd+|Scaz1 |* Pn,da+ Ploss- (2.43)

In this expression, |de11\2Pin’dd is the reflected differential-mode power, and
|Sda21)? Pin.aa is the transmitted differential-mode power. Similarly, |S.q11|>Pin.da
and |Scd21|2Pin’dd describe the common-mode power generated at the input and
output sides, respectively.

After normalizing all terms by the incident differential-mode power Py, 44, the
power balance becomes

1= [Saa11]® + |Sadz1]® + |Scar1|* + [Seaz1|* + Mosss (2.44)

where the normalized residual loss is defined as
‘PIOSS
Piyaa

Moss = (245)
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This residual loss represents the portion of the incident differential-mode power
that is not observed as reflected or transmitted differential/common-mode power
at the defined ports.

For convenience, the differential-to-common mode conversion contribution can
be grouped into a single term:

Nme = [Sear1|* + [ Seaz |, (2.46)

where 7y, represents the total normalized common-mode power generated by
differential-mode excitation. With this definition, (2.44) can be rewritten as

1= |de11‘2 + ‘de21|2 + Nme + Moss- (247)

For a geometrically balanced differential structure, the differential-to-common
mode conversion is usually small. In this case,

|Sear1]?® + |Seaz1]® < 1, (2.48)

and the mode-conversion term can be neglected. The residual loss can then be
approximated as
Moss ~ 1 — |Sgar1|* — [Saaz1 |- (2.49)

This equation shows that the reduction of Sygzo1 is not necessarily equal to
dissipative material loss. Part of the missing differential-mode power may be
caused by reflection, while the remaining residual term may include conductor
loss, dielectric loss, radiation loss, and leakage into the surrounding PCB cavity.

The total loss term in (2.49) can be further divided into conductor loss,
dielectric loss, and radiation loss:

Moss = Mc + Td + Trad, (250)

where 7. denotes conductor loss, including copper loss and surface roughness
effects, nq denotes dielectric loss caused by the finite loss tangent of the substrate
material, and 7,4 denotes radiation loss into the PCB cavity. The quantity 7joss
is dimensionless; when multiplied by 100, it represents the percentage of the input
differential-mode power that is dissipated as loss.

Among these mechanisms, radiation loss is particularly important for via
transitions at high frequencies. When current flows through a vertical via, the via
behaves as a three-dimensional discontinuity and can excite electromagnetic fields
between adjacent reference planes. Part of the signal energy may then propagate
laterally in the plane cavity instead of remaining confined around the intended
differential transition. This mechanism is often referred to as via leakage or cavity
radiation.

In a lossless simulation model, the conductor and dielectric losses can be
removed by using perfect electric conductors and setting the dielectric loss tangent
to zero. If absorbing boundaries are applied around the simulation domain, the
remaining loss extracted from the S-parameters can be interpreted mainly as
radiation loss. Under this condition,

Moss ~ Thad = 1 — |Saa11 > — [Saaz1]?, (2.51)
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assuming that mode conversion is negligible. This provides a useful way to
evaluate how much differential-mode energy leaks from the via transition into
the surrounding PCB cavity. In this work, the extracted radiation-loss term is
then used in Section 3.6 to compare the cylindrical and conical microvia models.
As will be shown, the vertical geometry of microvia is important for accurately
capturing the radiation behavior of the fabricated microvia transition.
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Chapter 3

Impact of Microvia Vertical Geometry
on Signal Integrity

3.1 Introduction

In electromagnetic simulations of microvias, cylindrical via models are commonly
used as an idealized representation of the actual structure. Such models provide a
convenient and computationally efficient approximation for analyzing the electrical
behavior of vertical interconnects in multilayer PCB designs. However, in
practical PCB manufacturing, microvias are typically formed through laser drilling
processes, which produce vias with tapered sidewalls rather than perfectly vertical
cylindrical walls. As a result, the actual microvia geometry is more accurately
represented by a tapered conical structure with a certain taper angle.

In this chapter, the impact of via geometry is further investigated under
different vertical transition configurations, specifically L3/L7, L3/1.9, and L3/L15
structures with varying transition lengths. Here, Lx/Ly denotes a vertical
transition where Lx represents the fan-in layer and Ly represents the fan-out
layer. A comparative analysis is performed between two geometric representations:
the polygonal cylindrical approximation used in the baseline model and the more
realistic tapered conical microvia structure. The objective is to evaluate how the
vertical geometric differences between these two microvia models influence the
simulated SI performance. The analysis focuses on key SI metrics, including
return loss, insertion loss, Maximum Available Transmission (MAT), TDR,
differential-to-common mode conversion, impedance variation, and coupling effects
between 2 adjacent interconnect structures.

3.2 Simulation Structure and Key Parameters

3.2.1 Stackup Configuration

The PCB stackup used in this study follows a standard high-speed multilayer
configuration commonly adopted in industrial designs. Due to confidentiality
constraints, the exact layer arrangement and material specifications are not
disclosed. The stackup shown in Fig 3.1 is representative and does not reflect

21
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the exact design due to confidentiality constraints. However, the stackup can
be generally described as a symmetric multilayer structure consisting of a core
layer with copper layers, followed by alternating prepreg and copper layers
symmetrically arranged above and below the core.

Layer ID
TOP

Figure 3.1: Representative 6-layer PCB stackup used for Sl analysis.

3.2.2 Geometrical Parameters

The Fig 3.2 illustrates the key geometrical parameters used in the differential-pair
microvia transition model. These geometrical dimensions are the main parameters
used to construct the HFSS simulation model.

Figure 3.2: Key geometrical dimensions of the differential pair.

The parameter Via_S denotes the center-to-center spacing between the two
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signal vias, while Hole_R and Pad_R represent the radius of the drilled via hole and
the surrounding capture pad, respectively. The dashed circular regions indicate
the antipad openings in the reference plane, and AntiPad_S defines the size of
the clearance region around each signal via. The trace width and differential trace
spacing are denoted by W and Wspacing, respectively. In addition, Clearance_gnd
describes the distance between the signal trace and the nearby ground clearance
boundary. Except for the antipad size, the other geometrical parameters are fixed
to the values listed in Table 3.1, which are selected according to typical industrial
design values.

In the following study, the antipad size of the cylindrical microvia model is
first swept to determine the optimized antipad dimensions for the three transition
models, namely L3-L7, L3-L9, and L3-L15. After the optimized antipad
dimensions are determined, all geometrical parameters are fixed, and the conical
and cylindrical microvia models are compared under the same design conditions.

Table 3.1: Key geometrical dimensions of the simulated structure.

Symbol Parameter Value
Via_S Signal-via spacing 500 pm
Hole_R Hole radius 62.5 pm
Pad_R Pad radius 137.5 pm

AntiPad_S Antipad size 150-500 pm
W Trace width 75 pm
Wspacing Trace spacing 150 pm
Clearance_gnd Ground clearance 250 pm

3.2.3 Simulation Setup and Convergence Criteria

In HFSS, this convergence is commonly controlled by the ASy,.x. According to the
HFSS help documentation [32, 33], AS is defined as the magnitude of the change
in the S-parameters between two consecutive passes, and the analysis stops when
the changes of all monitored S-parameters are smaller than the specified threshold.
Otherwise, the simulation proceeds until the specified number of passes has been
completed.
For an S-parameter S;;, the change between two consecutive adaptive passes
can be written as
AST = |8 — D (3.1)

where ¢ and j cover all matrix entries, and n represents the pass number. The
solution is considered converged when

max AS{Y < ASpax, (3.2)

2,7

where ASpax denotes the user-defined Maximum Delta S threshold. This criterion
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therefore represents an absolute convergence tolerance for the S-parameter
variation in linear scale.

This convergence criterion is particularly important when interpreting very
small S-parameter components or when comparing two simulation results with
only a small difference. The dominant differential-mode responses, such as Sgq11
and Sg4q21, usually have much larger magnitudes than the mode-conversion terms.
In contrast, S.q and S4. may be several tens of decibels lower. When the
absolute value of an S-parameter is very small, or when the difference between two
simulated S-parameters is comparable to the convergence tolerance, the observed
variation may be influenced by the numerical convergence limit rather than by
a physically significant change in the structure. Therefore, small differences in
low-level S-parameter quantities should be interpreted with caution, especially
after conversion to the dB scale.

This effect can be illustrated by considering a nominal magnitude |S| and a
finite tolerance AS. A simple magnitude-based range is given by

[S|iower = |S| — AS, [Slupper = S| + AS. (3.3)
The corresponding values in dB are
Slower,dB =20 10g10 (|S| - AS) ) SuppendB =20 1Oglo (|S| + AS) : (34)

The lower bound is meaningful only when |S| > AS. When |S| < AS the
lower bound cannot be converted into a valid dB value, which indicates that the
corresponding very small S-parameter value is close to the numerical convergence
level.

-20
5 iy | |- - Nominal
3 H _ _
o . A'S=0.02
= ] 1|-- A S=0.005
= AR | AS=o.
Z -100 ! | S = 0.0001
Y |
120t

-140 A - i i

-100 -80 -60 -40 -20
Nominal Schl [dB]

Figure 3.3: lllustrative possible range of Scqo1 under different

ASpax criteria. The colored regions are obtained by applying
|S| &= AS in linear magnitude and then converting the results
to dB, Figure layout based on HFSS help documentation [33].

Fig. 3.3 illustrates this behavior for S.q21 under different ASy,.« criteria. The
figure is not intended to provide a rigorous error bound, but rather to show
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how a finite convergence tolerance can affect the interpretation of very small
mode-conversion values. Therefore, in this thesis, very small S.q and Sy, results
are mainly used to identify relative trends between different microvia geometries
or misalignment cases, rather than to draw conclusions from minor absolute
differences.

3.2.4 3D Model Overview

Fig. 3.4 shows the 3D models of differential-line microvia transition structures.
Each model includes a pair of differential traces, cascaded signal microvias for
vertical layer transition, and surrounding ground microvias. The ground vias
surrounding the differential signal vias provide return-current paths during layer
transition. They also help reduce parasitic inductance, suppress electromagnetic
leakage, and improve SI performance. The stacked dielectric and metal layers of
the PCB are also illustrated to indicate the multilayer routing environment.

(a) Differential microvia transition from (b) Differential microvia transition from
L3 to L7 L3 to L9

(c) Differential microvia transition from
L3 to L15

Figure 3.4: Differential microvia transition structures with different
layer spans.

The difference among the three subfigures lies in the transition depth of the
differential pair. In Fig. 3.4a, the differential signals transition from Layer 3 to
Layer 7. Stacked microvias are vertically aligned on adjacent layers. In Fig. 3.4b,
the transition extends from Layer 3 to Layer 9. In Fig. 3.4c, the transition further
extends from Layer 3 to Layer 15 composed of 4 individual microvias. Since
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each microvia connects only two adjacent layers, a deeper transition requires more
cascaded microvias. Therefore, from (a) to (c), the vertical transition length
gradually increases, and the number of cascaded microvias also increases.

3.3 Baseline Design Optimization of the Cylindrical
Microvia Transition

Before comparing the cylindrical and conical microvia models, the cylindrical
model is first optimized to establish a baseline via-transition design. The overall
height of the via transition is constrained by the PCB stackup thickness, but
it can be varied by connecting the signal path to different target layers. In
contrast, the microvia diameter and pad diameter are usually limited by fabrication
capability, reliability requirements, and practical cost considerations. Therefore,
these parameters are kept fixed in this study so that the influence of other
geometrical factors can be analyzed more clearly [34]. Under these constraints,
the antipad size becomes the main adjustable design parameter for optimizing the
impedance matching and signal-integrity performance of the microvia transition.
Moreover, the antipad size is selected as the swept parameter because it directly
affects the local impedance profile and the discontinuity around the microvia
transition. The optimization is evaluated using several signal-integrity metrics,
including Sqq11, Sqae1 and TDR result. The optimized cylindrical models are
then used as reference cases for the subsequent comparison with the corresponding
conical microvia models.

3.3.1 S-Parameter Analysis (Sqq11)

Layer 3 to Layer 7 transition Fig. 3.5a shows the differential return loss
Saq11 of the Layer 3 to Layer 7 transition with different antipad sizes. Since
this transition has the shortest vertical length among the investigated cases, the
accumulated discontinuity introduced by the stacked microvias is relatively weak.
Therefore, the Sqq11 responses vary smoothly over the whole frequency range, and
no pronounced narrowband resonance is observed.

In the low-frequency range, approximately below 25GHz, increasing the
antipad size leads to a clear reduction in Sqq11. This indicates that a larger antipad
helps reduce the capacitive loading around the via transition and improves the local
impedance matching. However, as the frequency increases, the curves gradually
converge. In the range of about 25-55 GHz, different antipad sizes give similar
Saai1 levels, clustered around approximately —10dB. This suggests that the
antipad size is no longer the dominant factor limiting the return-loss performance
in this frequency band.

Overall, the Layer 3 to Layer 7 transition exhibits a relatively stable broadband
reflection response. The antipad size mainly affects the lower frequency range,
while its influence becomes weaker at higher frequencies.

Layer 3 to Layer 9 transition Fig. 3.5b shows the differential return loss
Sqq11 of the Layer 3 to Layer 9 transition with different antipad sizes. Similar



Impact of Microvia Vertical Geometry on Signal Integrity

27

Sdar1 [dB]

[ | =———@—— antipadS=150pm m—tpme antipadS=350m}

-60 ——— antipadS=200pm ——p—— antipadS=4004m i
70 e antipadS=250/m === antipadS=450m) i
- e antipad S=300pm =g antipadS=500pm
_80 1 1 1 1 1
0 10 20 30 40 50 60

Frequency [GHz]

(a) Layer 3 to Layer 7 transition;

Sdar1 [dB]

‘ @ aNtipadS=150pm =t antipadS=350p1)

-60 ——— antipadS=200pm ——p—— antipadS=4004m) 1
70 e antipadS=250/m == antipadS=450m) |
- ey antipadS=300um =———g—— antipadS=500um
_80 L L L L L
0 10 20 30 40 50 60

Frequency [GHz]

(b) Layer 3 to Layer 9 transition;

Saan1 [dB]

@ aNtipadS=150p1m =t antipadS=350p)

-60 ——— antipadS=200pm =g antipadS=400pm
70 —&—— antipadS=250pm ——=—— antipadS=450uny |
- ey antipad S=300pm =g antipadS=>500pm
_80 1 1 1 1 1
0 10 20 30 40 50 60

Frequency [GHz]

(c) Layer 3 to Layer 15 transition;

Figure 3.5: The return-loss responses of the transition structures
from Layer 3 to different target layers are shown for different
antipad sizes.
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to the Layer 3 to Layer 7 transition, increasing the antipad size mainly improves
Sqd11 in the low-frequency range below approximately 25 GHz, while the curves
gradually converge in the middle-frequency range from about 25 to 45 GHz.

A distinct feature of the Layer 3 to Layer 9 transition is the pronounced
resonance-like dip observed around 52-56 GHz. As the antipad size increases from
150 pm to 500 pm, the dip shifts to lower frequency. This trend can be qualitatively
interpreted using the equivalent LC resonance relation

1
- 27T /LCqCCq.

A larger antipad opening generally reduces the parasitic capacitance between
the via pad and the surrounding reference planes. However, when the antipad
size increases, the reference-plane metal is removed over a larger area and the
nearby ground vias are placed farther away from the signal vias. This enlarges the
effective return-current loop and spreads the magnetic field over a larger dielectric
region, leading to an increase in the stored magnetic energy and hence a larger
effective inductance. Since the observed resonance-like dip moves toward a lower
frequency, the overall product LeqCeq is likely to increase. This suggests that the
increase in effective inductance dominates over the reduction in capacitance in this
high-frequency range.

Overall, the antipad size mainly affects the low-frequency impedance matching
and the high-frequency resonance behavior of the Layer 3 to Layer 9 transition.
The response is more sensitive to geometrical variation than that of the shorter
Layer 3 to Layer 7 transition due to the increased transition length.

fo (3.5)

Layer 3 to Layer 15 transition Fig. 3.5¢ shows the differential return
loss Sgq11 of the Layer 3 to Layer 15 transition with different antipad sizes. The
low-frequency behavior is generally similar to the Layer 3 to Layer 7 and Layer
3 to Layer 9 cases, where a larger antipad size tends to reduce Sqq11. However,
unlike the shorter transitions, the response no longer decreases monotonically and
smoothly with increasing antipad size. When the antipad size is increased to
400, 450, and 500 pm, additional fluctuations appear in the low-frequency range,
suggesting more complex resonance-like behavior. This indicates that, for a longer
transition, the antipad size affects not only the local impedance discontinuity, but
also the distribution of multiple parasitic resonant modes.

A pronounced resonance-like dip is observed around 31-35GHz, where
Sqd11 reaches approximately —40 to —55dB. The dip position does not shift
monotonically toward lower frequencies as in the Layer 3 to Layer 9 case. Instead,
for larger antipad sizes, especially 400-500 pm, the dip tends to move back toward
higher frequencies. This indicates that the resonance condition is no longer
governed by a single capacitance effect, but by the combined variation of equivalent
capacitance, inductance, and coupling between different microvia sections. Above
approximately 40 GHz, the curves gradually converge and remain around —5 to
—15dB.

Overall, the Layer 3 to Layer 15 transition exhibits the most complex
frequency response and the highest sensitivity to antipad variation among the three
investigated structures. This is mainly due to its longer vertical path, stronger
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accumulated discontinuity, more significant return-current detour, and stronger
coupling between multiple via sections.

3.3.2 S-Parameter Analysis (Sqq21)

As shown in Fig. 3.2, the blue solid arrows indicate the de-embedding length
applied to the wave ports. After de-embedding, the transmission-line sections
outside the red dashed lines are removed from the simulation results, and the
remaining structure mainly consists of the microvia transition and its nearby
discontinuities.  Therefore, Sqq21 mainly characterizes the differential-mode
transmission through the via transition, rather than the insertion loss of the entire
transmission-line path.

Layer 3 to Layer 7 transition As shown in Fig. 3.6a, for the L3-L7
transition, Sqqo1 remains between approximately 0 and —0.75 dB over the entire
investigated frequency range. This relatively small transmission degradation
indicates that the differential-mode signal is generally well transmitted through
the via transition. The degradation in Sgq2; is mainly attributed to impedance
mismatch in the transition region rather than conductor loss, as indicated by the
non-monotonic frequency response.

As the antipad size increases, the Sgq21 curves show more noticeable differences
above approximately 30 GHz. The small-antipad cases, especially 150 pm and
200 pm, deviate more clearly from the other curves due to stronger capacitive
coupling between the signal pads and the surrounding reference planes.

A transmission dip appears around 45-50 GHz, and its depth varies with
antipad size. This behavior is consistent with the corresponding Sgq11 response,
where stronger reflection leads to larger mismatch loss and lower transmitted
differential-mode power. Therefore, the Sqq21 results indicate that the antipad
size mainly affects the high-frequency transmission by modifying the local
impedance environment, return-current path, and ground-via distribution around
the transition.

Layer 3 to Layer 9 transition As shown in Fig. 3.6b, for the L3-L9
transition, Sqq21 remains between approximately 0 and —0.9 dB over the entire
investigated frequency range. The influence of antipad size becomes more
pronounced at higher frequencies. Below approximately 30 GHz, the Sgq21 curves
are relatively close to each other, indicating that the transition is less sensitive to
antipad variation in this frequency range. Between 20 and 40 GHz, the 150 pm case
shows a larger transmission reduction than the other cases. This can be attributed
to the stronger capacitive coupling between the signal pads and the surrounding
reference planes for smaller antipad openings, which changes the local impedance
condition around the via transition.

At higher frequencies, especially near 55—60 GHz, the larger antipad cases show
a more significant transmission degradation. This behavior is consistent with the
corresponding Sqq11 response, where stronger reflection leads to larger mismatch
loss and lower transmitted differential-mode power. For larger antipad openings,
the reference-plane clearance becomes larger and the surrounding ground vias are
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Figure 3.6: The differential insertion-loss responses of the transition
structures from Layer 3 to different target layers are shown for
different antipad sizes.



Impact of Microvia Vertical Geometry on Signal Integrity 31

pushed farther away from the signal vias. As a result, the return-current path
becomes less compact and the ground-via confinement around the transition is
weakened, leading to stronger high-frequency mismatch.

Overall, the Sqq21 results for the L3-L9 transition show that the antipad
size mainly affects the high-frequency transmission behavior. The observed
transmission degradation is strongly correlated with the corresponding Sgq11
response, confirming that mismatch loss is the dominant mechanism in this
transition.

Layer 3 to Layer 15 transition For the L3-L15 transition, the overall
transmission degradation is more pronounced than that of the L3-L7 and L3-L9
transitions. As shown in Fig. 3.6¢, all curves remain close to 0 dB below
approximately 35 GHz, indicating that the differential-mode signal can still be
well transmitted through the transition at low and middle frequencies. However,
Sqd21 starts to decrease rapidly from around 40 GHz, and the separation
between different antipad sizes becomes much more significant. At 60 GHz,
S4d21 varies from approximately —1.3 dB to nearly —3 dB. Compared with the
L3-L9 transition, this larger degradation indicates that the longer via transition
accumulates stronger discontinuities and high-frequency mismatch.

The influence of antipad size is particularly evident in the high-frequency
range. For frequencies below approximately 40 GHz, the differences among
different antipad sizes are relatively small. In contrast, above 40 GHz,
larger antipad openings generally lead to more severe transmission degradation,
especially for the 400-500 pum cases. This is because increasing the antipad size
enlarges the reference-plane clearance and pushes the surrounding ground vias
farther away from the signal vias. As a result, the return-current path becomes
less compact, the ground-via confinement around the transition is weakened, and
the high-frequency impedance mismatch becomes more pronounced.

This behavior is consistent with the corresponding Sqq11 response in Fig. 3.5¢c.
In the frequency range where Sgq11 increases, more differential-mode power
is reflected back to the input port, leading to a lower Sqq21. Therefore,
the transmission degradation of the L3-L15 transition is mainly caused by
reflection-induced mismatch loss rather than conductor loss. Overall, the L3-L15
transition is the most sensitive case among the three transitions, because its longer
vertical path accumulates stronger discontinuities and is more affected by the
antipad-dependent return-current path and ground-via distribution.

3.3.3 Time-Domain Reflectometry (TDR) Response

The TDR impedance responses of the three transition structures are shown in
Fig 3.7. For all three cases, the impedance first drops below the nominal differential
impedance of 85 €2, then rises above 85 (2, and finally gradually returns to a stable
platform close to 85 2. This indicates that the local transition region first exhibits
a capacitive discontinuity, followed by an inductive recovery or compensation
effect.

It should be noted that the time positions in the TDR response are not assigned
to a single specific pad, layer, or microvia section. As discussed in Section 2.4.2,



32 Impact of Microvia Vertical Geometry on Signal Integrity

G
S~—
(&)
&)
=
<
=
2.
E 76 - ! ! ! -
— @ antipadS=1501m =t antipadS=350pm)
74 F ——i— antipadS=200pm =g antipadS=400pm} -
e antipadS=250m =———pm—— antipadS=450pm
72F I ey antipadS=300um =g antipadS=500pm| 7]
70 L L L L
0 50 100 150 200 250
Time [ps]
(a) Layer 3 to Layer 7 transition;
88 T T T T

Impedance ()

@ antipadS=150pm =t antipadS=350p1x
——i— antipadS=200pm =g antipadS=400pm} -
e antipadS=250m =———fp=— antipadS=450pm
e antipadS=300pm =———g—— antipadS=500pm

50 100 150 200 250
Time [ps]

(b) Layer 3 to Layer 9 transition;

88 T T T T
86
4
84
S
(&)
&)
2 80
'}é 78
— ——@—— antipadS=150ym =———w—— antipadS=350pm
74 —— antipadS=200um =g antipadS=400pmy
e antipadS=250m =——fpm— antipadS=450pm
72 T ———4—— antipadS=300ym ——e&—— antipadS=500um| T
70 1 1 1 1
0 50 100 150 200 250
Time [ps]

(c) Layer 3 to Layer 15 transition;

Figure 3.7: The TDR impedance responses of the transition
structures from Layer 3 to different target layers are shown for
different antipad sizes.
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the time-to-distance conversion is limited by the rise time and the simulation
bandwidth. In addition, the multilayer transition contains several closely spaced
discontinuities, including pads, antipads and vertical microvia sections. Therefore,
the impedance dip and overshoot are interpreted as the combined response of
the local microvia transition region rather than the response of an individual
geometrical feature.

Layer 3 to Layer 7 transition For the Layer 3 to Layer 7 transition
shown in Fig. 3.7a, the impedance dip is relatively narrow and the curves return
quickly to the stable impedance level. This is consistent with the shorter vertical
transition length, which introduces a weaker discontinuity compared with the
longer transition cases. As the antipad size increases, the minimum impedance
of the dip gradually increases. This means that the low-impedance capacitive
loading becomes weaker, because a larger antipad reduces the effective capacitive
coupling between the microvia pad and the nearby reference plane.

Layer 3 to Layer 9 transition A similar trend can be observed for the
Layer 3 to Layer 9 transition in Fig. 3.7b. The impedance dip becomes shallower
when the antipad size is increased, indicating reduced capacitive discontinuity.
A small impedance overshoot appears after the initial dip. This suggests that,
as the capacitive discontinuity is reduced by increasing the antipad size, the
inductive contribution of the overall transition region becomes more visible. This
contribution may come not only from the vertical microvia path, but also from
the transmission-line sections above or below the antipad openings, where the
return-current path is disturbed by the enlarged reference-plane cutout.

Layer 3 to Layer 15 transition For the longest transition, from Layer 3
to Layer 15, shown in Fig. 3.7c, the TDR response becomes more distributed.
The impedance dip extends over a wider time range, and the difference between
different antipad sizes becomes more pronounced. This indicates that the longer
vertical transition accumulates stronger parasitic effects and is more sensitive to
the local geometry around the microvia and reference-plane openings. Compared
with the Layer 3 to Layer 7 and Layer 3 to Layer 9 structures, the Layer 3 to
Layer 15 transition exhibits a more pronounced sensitivity to antipad size when
the antipad size is larger than 300 pm.

Overall, the TDR results confirm that increasing the antipad size weakens
the capacitive loading of the transition, as reflected by the rising bottom of the
impedance dip. The following impedance overshoot represents the corresponding
inductive recovery of the transition region. Therefore, the TDR, response provides
a time-domain explanation for the local impedance mismatch and supports
the interpretation of the frequency-domain S-parameter results, especially the
differential reflection coefficient Sqq11.

3.3.4 Optimized Antipad Sizes for the Baseline Cylindrical Models

Based on the preceding Sqq11, Sad21, and TDR analyses, suitable antipad sizes are
selected for the three cylindrical baseline via-transition structures. The selection is
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not based on a single metric only, but on the overall signal-integrity performance,
including impedance matching, transmission loss, and the TDR result.

For the L3-L7 transition, an antipad size of 300 um is selected. This value
provides a good compromise between reflection reduction and stable transmission
performance. A similar antipad size of 300 pm is also selected for the L3-1.9
transition, where the structure still maintains acceptable impedance matching
and insertion-loss behavior over the frequency range of interest. For the longer
L3-L15 transition, the response is more sensitive to the antipad size due to the
increased vertical transition length and the accumulated discontinuities. In this
case, a smaller antipad size of 200 um is selected to avoid stronger high-frequency
mismatch.

The selected baseline antipad sizes are therefore summarized as follows:

L3—-L7: 300 pym,
L3—-19: 300 pm, (3.6)
L3-L15: 200 pm.

These optimized cylindrical models are used as the reference structures in the
following section, where the signal-integrity performance of cylindrical and conical
microvia transitions is compared under the same layer-transition configurations.

3.4 S| Comparison of Microvia Structures

3.4.1 Geometrical Modeling of Cylindrical and Conical Microvias

As illustrated in Fig. 3.8, two different microvia geometries are considered in this
work. The upper part of the figure shows the polygonal cylindrical microvia model,
including its cross-section and 3D view. The lower part shows the tapered conical
microvia model, including the vertical cut and 3D view, where 6 denotes the
sidewall angle. Compared with the idealized cylindrical geometry, the tapered
conical geometry provides a more realistic representation of practical fabricated
microvias in PCB manufacturing.

In electromagnetic simulations, curved metal surfaces are discretized into
polygonal faces for numerical solution. Therefore, the cylindrical microvia is
modeled using a polygonal approximation rather than a perfectly smooth circular
surface [35]. A smaller number of polygon sides can reduce the geometric
complexity, mesh density, matrix size, and simulation time. In this work, all
cylindrical microvias are modeled using a 12-sided polygonal approximation to
balance geometrical accuracy and computational cost. The conical microvias
were also modeled using 12-sided polygonal cross sections, consistent with the
cylindrical microvia model. The hexagonal shape in Fig. 3.8 is only used for visual
clarity and does not represent the actual number of polygon sides used in the
simulations.

Layer 3 to Layer 7 transition Fig. 3.9 illustrates the geometrical definition
of the conical microvia angle used in this work. The upper row shows the vertical
cross-sectional view of the tapered via for three different sidewall angles, 6 = 65°,
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Figure 3.8: Geometric approximation of cylindrical and conical
microvia structures. The microvias are modeled with 12 sides
in the simulations, but are shown as hexagonal shapes here for
clarity.

75°, and 85°. A smaller angle corresponds to a more strongly tapered microvia,
whereas an angle close to 90° approaches the cylindrical-via limit. The lower row
shows the corresponding three-dimensional geometries, where the bottom opening
is kept larger than the top opening due to the conical sidewall profile.

65° /58 85°
Vertical Cut Vertical Cut Vertical Cut
0 =65° 0=75° 0 =85°
3D 3D 3D
0 =65° 0 =75 0 =85°
Figure 3.9: Vertical cross-sectional and three-dimensional

illustrations of conical microvias with sidewall angles of § = 65°,
75°, and 85°. A smaller angle indicates a stronger tapering
effect, while a larger angle approaches the cylindrical-via limit.
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Based on this geometrical description, the influence of the conical microvia
shape is further investigated for the L3-L7 transition. The cylindrical model
is first used as the reference case. It is then compared with conical signal-via
models using sidewall angles of 65°, 75°, and 85°. In these conical cases, only the
signal microvias are modeled as tapered conical vias, while the ground vias remain
cylindrical. This comparison is used to evaluate how the cone angle of the signal
microvia affects the signal-integrity performance of the L3-L7 transition.

Layer 3 to Layer 15 transition As shown in Fig. 3.10, three differential
microvia interconnect simulation models are established in this work. All three
models describe the differential signal transition from Layer 3 to Layer 15 through
a multistage microvia structure. The main difference among these models lies in
the geometric representation of the microvias.

According to their electrical net in the simulated structure, the microvias are
divided into signal microvias and ground microvias. The signal microvias form
the vertical part of the differential signal path, while the ground microvias are
connected to the reference planes and provide local return-current paths around
the transition.

In the model shown in Fig. 3.10(a), all microvias are modeled using the default
polygonal cylindrical geometry in HFSS. In the model shown in Fig. 3.10(b),
only the differential signal microvias are modeled with a conical geometry, while
the surrounding ground microvias remain as the default polygonal cylindrical
structures. In the model shown in Fig. 3.10(c), both the signal microvias and
the ground microvias are modeled using conical geometries.

By comparing these three models, the influence of different microvia geometric
representations on the SI performance of the differential interconnect can be
investigated.

3.4.2 Comparison of Sl Performance and Simulation Efficiency

Layer 3 to Layer 7 transition The comparison results for the cylindrical
and conical microvia models are shown in Fig. 3.11. The first column presents the
L3-L7 transition results, where the cylindrical reference model is compared with
conical signal-via models using cone angles of 65°, 75°, and 85°.

As shown in Fig. 3.11a, the differential return loss Sqq11 of the four models
remains very close over most of the frequency range. This indicates that the cone
angle of the signal microvia has only a limited influence on the impedance matching
of the relatively short L3-L7 transition. Small differences appear mainly at high
frequencies, but the overall reflection behavior is similar for all cases.

Compared with Sqq11, the differential insertion loss Sqq21 in Fig. 3.11c shows a
more visible separation among the curves above approximately 30 GHz. However,
this separation should not be over-emphasized because the absolute magnitude of
Saaqz1 is still very small. Over the entire frequency range, the insertion loss remains
within approximately 0.6 dB. Even near 50 GHz, where the largest difference is
observed among the 65°, 75°, and 85° conical cases, the difference is only about 0.1
dB. At other frequencies, the difference is even smaller. Therefore, although the
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Figure 3.10: Three microvia geometric models used in the
differential interconnect simulation from Layer 3 to Layer 15.

conical angle slightly affects the high-frequency transmission response, the overall
impact on the L3-L7 insertion loss remains limited.

The mode-conversion response Scgo; for the L3-L7 transition is shown in
Fig. 3.11e. For all investigated models, Scq21 remains at a very low level over
the entire frequency range. Most values are below approximately —80 dB,
indicating that the differential-to-common mode conversion is negligible. Although
some differences can be observed among the curves at high frequencies, these
differences should not be over-interpreted because the absolute magnitude of Scqo1
is extremely small. In addition, since these values are far below the accuracy level
implied by the selected AS.x = 0.001 criterion, the curves are mainly used to
confirm the negligible level of mode conversion rather than to provide a precise
quantitative comparison.

The TDR results are shown in Fig. 3.11g. Overall, the cylindrical reference
model and the conical signal microvia models exhibit very similar profiles,
indicating that the cone angle has only a weak influence on the TDR response
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of the L3-L7 transition. In particular, the cylindrical reference model and the 85°
conical model are almost overlapped over the entire time range. This is expected
because the 85° conical microvia is geometrically close to the cylindrical microvia.

Although the difference is small, a clear trend can still be observed around the
initial capacitive dip. As the cone angle decreases from 85° to 75° and 65°, the
depth of the capacitive dip becomes slightly smaller. The minimum impedance
increases only slightly, from about 77 € to 78 Q and then to 79 2, but the trend
suggests that the effective capacitive discontinuity is reduced when the conical
microvia becomes more tapered. This can be understood by analogy with a
parallel-plate capacitance. When one of the conducting surfaces becomes inclined,
the effective overlapping area between the metal regions is reduced, leading to a
weaker local capacitance and therefore a shallower TDR dip.

Layer 3 to Layer 15 transition Fig. 3.11 compares the simulated SI
performance of the three microvia geometric models shown in Fig. 3.10. The right
column presents the L3-L15 transition, where the cylindrical reference model is
compared with the conical signal microvia model and the conical all microvia
model. The red curves correspond to the reference model in which all microvias
are modeled using the default polygonal cylindrical geometry in HFSS. The cyan
curves represent the model with conical signal microvias and polygonal cylindrical
ground microvias, while the blue curves correspond to the model in which both the
signal and ground microvias are modeled as conical structures. The comparison
includes the differential return loss Sgqi11, differential insertion loss Sqq21, mode
conversion Scq21, and the TDR result.

As shown in Fig. 3.11b, the three models exhibit similar overall trends in Sqq11,
but noticeable differences appear around the resonance region near 30-35 GHz.
The cylindrical reference model shows a deeper return-loss notch of approximately
—45 dB around 33 GHz, whereas the conical signal-via and conical all-via models
show shallower notches of about —38 dB, shifted slightly toward lower frequency.
This behavior indicates that the tapered microvia geometry changes the local
parasitic parameters of the transition. Physically, tapering narrows the via barrel,
which can reduce the local capacitance between the via pad and the surrounding
reference-plane opening. At the same time, the reduced conductor cross-section
and modified current path can increase the effective inductance. The observed
shift of the resonance toward lower frequency suggests that the increase in effective
inductance is more dominant than the reduction in capacitance for this L3-L15
transition.

The differential insertion loss Sqq21 is shown in Fig. 3.11d. The three curves
are very close below approximately 35-40 GHz, with differences generally below
0.05 dB. At higher frequencies, the separation becomes more visible. Near 60 GHz,
the cylindrical reference model reaches about —1.4 dB, while the conical signal-via
and conical all-via models are approximately —1.25 dB. Since the transmission
lines are de-embedded and the via transition has relatively small conductor loss,
this difference is mainly associated with mismatch loss rather than dissipative loss.
This is also consistent with the changes observed in Sqq11 around the resonance
region. The conical signal-via and conical all-via models show very similar Sgq421
responses, which suggests that the dominant discontinuity is mainly controlled
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Figure 3.11: Comparison of cylindrical and conical microvia models
for the L3-L15 and L3-L7 transitions. The left column shows
the L3-L15 results for different conical-via configurations, while
the right column shows the L3-L7 results for different cone

angles.
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by the signal microvia geometry and its local coupling to the pad and antipad
region. The additional tapering of the ground microvias has only a secondary
effect because the ground vias mainly provide the return-current path and are less
directly involved in the signal-via capacitive discontinuity.

Fig. 3.11f shows the mode-conversion response Scq21. For all three models,
Scq21 remains at a very low level, mostly below approximately —75 dB over
the frequency range of interest. Therefore, the differential-to-common mode
conversion is negligible compared with the differential reflection and transmission
terms.  Although the curves are not identical, the differences should not
be over-interpreted quantitatively because the selected convergence criterion is
ASmax = 0.001, corresponding to approximately —60 dB. Most of the S.q21 values
are well below this level. Qualitatively, the conical all-via model gives the lowest or
one of the lowest mode-conversion levels over a large part of the band. A plausible
explanation is that applying the same tapered geometry to both signal and ground
microvias preserves a more consistent local field and return-current distribution
around the differential transition, whereas changing only the signal vias slightly
modifies the local balance between the signal and return paths. Nevertheless, the
absolute magnitude of Scq21 is extremely small, so mode conversion is not the
main mechanism responsible for the observed insertion-loss differences.

The TDR differential impedance profiles are shown in Fig. 3.11h. All three
models converge to approximately 85 ) after the transition region, but a clear
difference appears in the initial capacitive dip. The cylindrical reference model
shows the deepest dip, with a minimum impedance of about 75.5 £2. In comparison,
the conical signal-via model increases the minimum impedance to about 77.5 €,
and the conical all-via model gives a similar minimum around 77.8 €. Thus, the
conical models reduce the depth of the impedance dip by approximately 2 (2.
This shallower dip indicates a weaker local capacitive discontinuity. The reason
is consistent with the tapered geometry: narrowing the via reduces the effective
metal overlap area between the via structure and the surrounding reference-plane
opening, which reduces the local capacitance. At the same time, the tapered
current path can increase the effective inductance. The reduced capacitive dip
and the lower-frequency shift observed in Sqq11 together suggest that the conical
geometry modifies both the capacitive and inductive parasitics, with the inductive
effect becoming more important in the resonance behavior.

Overall, the L3-L15 transition is more sensitive to the microvia geometry
than the shorter L3-L7 transition. The conical models slightly reduce the
high-frequency insertion loss and make the TDR capacitive dip shallower, while
the differences between the conical signal-via and conical all-via models remain
small. This indicates that the signal microvia geometry is the dominant factor,
whereas the additional tapering of the ground microvias only provides a minor
secondary contribution.

Layer 3 to Layer 15 transition Simulation Efficiency These results
indicate that the all-conical via model provides the most accurate representation,
since it is closest to the actual microvia geometry. However, for a simplified
simulation model, representing only the signal microvias with conical geometry
may provide a faster way to obtain preliminary simulation results. This is because
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the geometry of the signal microvias has a stronger influence on the SI performance
than that of the surrounding ground microvias.

Although modeling all microvias with conical geometries provides a more
detailed physical representation, it also increases the computational burden, as
shown in Table 3.2.

Table 3.2: HFSS computational cost for different microvia models.

Total Adaptive Max. memory Max. matrix
Model . . R .

time  meshing time  per process size
Model A 00:31:30 00:16:34 22.4 GB 230,398
Model B 01:14:30 00:34:13 52.9 GB 447,126
Model C  11:05:57 03:00:20 185 GB 1,728,501

Note: Model A: default polygonal cylindrical microvias; Model B: signal vias replaced
by polygonal truncated-conical microvias; Model C: all vias replaced by polygonal
truncated-conical microvias.

Table 3.2 compares the HFSS computational cost of the three microvia models.
Model A, which uses the default polygonal cylindrical microvias, has the lowest
computational cost, with a total simulation time of 31.5 minutes and a maximum
memory usage of 22.4 GB per process. When the signal microvias are replaced
by polygonal truncated-conical microvias in Model B, the computational cost
increases noticeably. The total simulation time increases to 1 hour and 14
minutes, while the maximum matrix size nearly doubles compared with Model
A. Model C shows the highest computational cost because both the signal and
ground microvias are modeled using polygonal truncated-conical geometries. In
this case, the total simulation time reaches more than 11 hours, the maximum
memory usage increases to 185 GB, and the maximum matrix size exceeds 1.7
million. This significant increase is mainly caused by the more complicated
three-dimensional geometry and the finer mesh required to accurately represent the
tapered viaside walls. Therefore, although the fully conical model provides a more
realistic description of the fabricated microvia profile, it also introduces a much
higher computational burden than the conventional cylindrical approximation.
Therefore, a practical trade-off can be made by applying the conical geometry
only to the signal microvias. This approach preserves the main influence of the
realistic microvia profile on the differential signal path while avoiding unnecessary
computational cost introduced by modeling all ground microvias with the same
level of geometric detail.

3.5 Impact of Microvia Geometry on Impedance

This section studies the influence of microvia geometry on the impedance behavior
of the package-to-routing-layer transition. In the considered structure, the package
ball is located on the top layer, and the signal is routed from the package side to the
target routing layer through a microvia transition structure. The target routing
layer can be L3, L7, or L15. After the signal passes through the microvia transition
and reaches the target routing layer, an impedance transformer is designed to
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connect the transition to the following fixed-impedance microstrip line. However,
the geometry of the microvia transition can change the local parasitic capacitance
and inductance. As a result, the extracted impedance point may shift from the
designed value, which can also shift the Syqq11 response and degrade the impedance
matching. This mismatch may finally lead to additional reflection and power loss.

Fig. 3.12 illustrates the package ball to routing layer transition structure and
its equivalent impedance-matching model. As shown in the left part of the figure,
the signal is launched from the package ball and then transitions through the
microvia structure from the top layer to a target routing layer. In this work, the
target layer can be Layer 3, Layer 7, or Layer 15. The impedance Z; is defined as
the source-side impedance at the package ball.

The intermediate impedance Zy is defined at the connection point between the
pad edge of the microvia on the target layer and the impedance transformer. More
specifically, Z, represents the impedance looking toward the source side from this
point. Since the vertical transition length of the microvia structure varies when
the signal transitions from the top layer to Layer 3, Layer 7, and Layer 15, three
different values of Z, can be obtained for the three transition cases.

It should be noted that the structure considered in this section is different
from the broadband differential-line structures analyzed in the other sections.
The earlier differential interconnect models are intended for high-speed broadband
applications. For a 224-Gbps PAM4 link, the corresponding symbol rate is
112 GBaud, resulting in a Nyquist frequency of 56 GHz. Therefore, to fully
capture the channel behavior up to the Nyquist frequency while providing a
small frequency margin, the broadband differential-line simulations are performed
over the frequency range of 0-60 GHz. And therefore a 0-60 GHz frequency
range is used throughout the broadband differential-line simulations [36, 37].
In contrast, the purpose of this section is to investigate how different microvia
geometries influence the RF design of an impedance transformer and the resulting
impedance-matching behavior. If the same broadband 0-60 GHz differential-line
configuration were used for this impedance-transformer study, the required
matching network would become significantly larger and would likely require a
special or multi-section implementation. Therefore, a narrower-band application
around 24-28 GHz is considered, and the frequency range is limited to 20-30 GHz
in the corresponding S-parameter results. Hence, this section should be regarded
as an additional case study showing the sensitivity of impedance matching to
microvia geometry, rather than a direct comparison with the previous broadband
differential-line structures.

Based on transmission-line theory and the impedance-matching principle,
impedance transformers with different physical dimensions are designed for
different target layers. The purpose of the impedance transformer is to match
the intermediate impedance Zy to the target load impedance Zy,. The matching
design is performed at the center frequency of the target frequency band from
24.25 GHz to 27.5 GHz, namely 25.88 GHz. By introducing the impedance
transformer, the impedance discontinuity between the microvia transition and the
target transmission line can be reduced, thereby improving the signal transmission
performance within the desired frequency band. Although the impedance
transformer can be designed according to conventional transmission-line theory,
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the accuracy of the matching result strongly depends on the accuracy of the
extracted intermediate impedance Zy. If the microvia transition is not modeled
accurately, the extracted impedance may deviate from the actual value, and the
designed transformer may no longer provide the expected matching performance.
For this reason, the influence of the microvia geometric model on Z, is first
evaluated using the Smith chart.
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Figure 3.12: Microvia transition structure and its equivalent
impedance-matching model.

After the general design procedure of the microvia transition and impedance
transformer has been introduced, it is important to further examine the accuracy
of the extracted intermediate impedance Z,. In practical high-speed interconnect
design, the layer transition structure is essential for routing signals from the
package side to the target signal layer. However, even after the impedance
transformer is designed, the final transmission performance may still be degraded
in practical measurements or simulations. This degradation can be caused
by impedance mismatch, parasitic discontinuities, additional reflection, mode
conversion, or manufacturing-related geometric variations. Among these factors,
the geometric representation of the microvia is particularly important, because
it directly affects the local electromagnetic field distribution and the extracted
impedance used for the impedance-matching design.

Therefore, before designing the impedance transformer, the influence of
different microvia geometric models on the extracted intermediate impedance Zx
is investigated. Fig. 3.13 shows the simulated intermediate impedance Zy on the
Smith chart for three target-layer transition cases. The corresponding marker
information on the Smith chart is summarized in Table 3.3. The impedance is
extracted at the connection point between the microvia pad edge on the target layer
and the impedance transformer, looking toward the source side. The comparison
is performed over the target frequency range of 24.25-27.5 GHz, with the marker
values shown at the center frequency of 25.88 GHz. In the Fig. 3.13, the green
curves correspond to the transition from the top layer to Layer 3, the blue curves
correspond to the transition from the top layer to Layer 7, and the red curves
correspond to the transition from the top layer to Layer 15. For each target layer,
the reference polygonal cylindrical microvia model and the conical microvia model
are compared.
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Figure 3.13: Normalized impedance Z, on the Smith chart for
the L3, L7, and L15 transitions. The solid lines denote the
conical microvia models, whereas the dotted lines denote the
corresponding cylindrical reference models.

Table 3.3: Marker Information

Name Description [F(‘;‘I(?qu] Ang. Mag. RX
ml L15 Conical  25.88 161.8605  0.1882 0.6924 4 0.0841:
m2 L15 Ref. 25.88 161.0993  0.2236 0.6449 + 0.0983:
m3 L7 Conical 25.88  —147.9560 0.3049 0.5634 — 0.2010¢
m4 L7 Ref. 25.88 —147.8781 0.3237 0.5416 — 0.2082:
mb L3 Conical 25.88 —122.5013 0.2128 0.7495 — 0.2817¢
m6 L3 Ref. 25.88 —122.3914 0.2183 0.7431 — 0.2877¢

For the Layer 3 case, the vertical transition path is the shortest among the
three cases. As a result, the impedance trajectories obtained from the cylindrical
and conical microvia models are very close to each other on the Smith chart. This
indicates that when the microvia transition length is relatively short, the influence
of the microvia geometric representation on the extracted Zy is limited. For the
Layer 7 case, a more visible displacement between the two impedance trajectories
can be observed. For the Layer 15 case, where the signal travels through the longest
vertical microvia transition, the difference between the cylindrical and conical
models becomes the most significant. This trend indicates that the influence of the
microvia geometric model increases as the number of crossed layers and the total
microvia transition length increase. In other words, for a short layer transition, the
simplified polygonal cylindrical model can provide a similar impedance prediction
to the conical model. However, for longer transitions, the accumulated effect of
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the microvia geometry becomes more pronounced, leading to a noticeable shift of
Z, on the Smith chart.

Such an impedance shift is important for the subsequent impedance
transformer design. Since the transformer dimensions are determined based on
the extracted intermediate impedance Z., any deviation in Z, may result in
a mismatch between the microvia transition and the output transmission line.
This mismatch can further affect the output-port impedance, increase the return
loss, and degrade the overall signal transmission performance. Therefore, for
longer microvia transitions, using a more realistic conical microvia model is
necessary to obtain a more accurate impedance extraction and a more reliable
impedance-matching design.

The marker values at 25.88 GHz further confirm this difference. For the
Layer 15 transition, the normalized impedance changes from approximately
0.6449+50.0983 in the reference model to 0.6924+50.0841 in the conical model. For
the Layer 7 transition, the impedance changes from approximately 0.5416—50.2082
to 0.5634 — j0.2010. For the Layer 3 transition, the impedance changes from
approximately 0.7431 — j0.2877 to 0.7495 — j0.2817. Although the difference
is not extremely large, it is still significant for impedance-matching design at
millimeter-wave frequencies, because the transformer dimensions are determined
based on the extracted impedance point.

In summary, the Smith chart comparison demonstrates that the microvia
geometric model can introduce a noticeable deviation in the extracted intermediate
impedance Z,. Since Z, is the starting point for the subsequent impedance
transformer design, an inaccurate microvia model may lead to a non-ideal matching
result, increased reflection, and degraded transmission performance. Therefore,
using a more realistic conical microvia geometry is important for improving
the reliability of the simulation-based design flow, especially when the structure
operates in the 24.25-27.5 GHz frequency band.

The return-loss results further confirm this trend, as shown in Fig. 3.14.
For the Layer 3 transition, the conical and cylindrical models show very similar
responses. For the Layer 7 transition, a visible difference appears around
the impedance-sensitive frequency region near 25.875 GHz. For the Layer 15
transition, the difference becomes more pronounced, indicating that the longer
vertical transition is more sensitive to the microvia geometry.

Therefore, the influence of the microvia vertical geometry is strongly
dependent on the transition length. The cylindrical model can be used as a
reasonable approximation for short transitions, but it may not accurately capture
the impedance behavior of long microvia transitions. For deep-layer routing
and high-frequency applications, the conical microvia model provides a more
realistic representation of the physical structure and should be considered in the
signal-integrity analysis.
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3.6 Impact of Microvia Geometry on lIsolation

3.6.1 Geometric Models of Cylindrical and Conical Microvias

To investigate the influence of microvia geometry on the isolation performance,
a simulation model containing two differential pairs is established, as shown in
Fig. 3.15. The first differential pair is defined as the aggressor channel, while the
second differential pair is defined as the victim channel to evaluate the coupling
level. In this structure, two types of differential isolation are considered. The
first one is the coupling between different layers, represented by Sgq31, where the
coupled signal is observed at the differential port located on a different layer from
the driven port. The second one is the coupling at the same layer, represented by
Sdads2, where the coupled signal is observed at the differential port located on the
same layer. These two quantities are used to evaluate how the microvia transition
affects the isolation between adjacent differential channels in both vertical and
lateral directions. In this study, only the longest via transition, namely the L3-L15
transition, is considered, because it has the largest vertical discontinuity and is
expected to show the strongest sensitivity to microvia geometry.

Port4

Port3 Coupling
(@ Same Layer
Coupling @
Different Layers

S

Figure 3.15: Simulation model with two differential pairs for
evaluating coupling between the same layer and different layers.

For the same simulation structure, three different microvia geometry models
are compared, as illustrated in Fig. 3.16: a large cylindrical model, a conical
model, and a small cylindrical model. In the conical model, all signal and ground
vias are modeled as conical structures. In the two cylindrical reference models,
the diameters of both signal and ground vias are changed consistently. The large
cylindrical diameter is equal to the larger diameter of the conical microvia, while
the small cylindrical diameter is equal to the smaller diameter of the conical
microvia. Therefore, the conical microvia model represents a tapered transition
between the two cylindrical reference cases. The simulated Sgqq31 and Sgqso
responses are then compared to evaluate the influence of vertical microvia geometry
on the isolation performance.
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Figure 3.16: Comparison of three microvia geometry models: large
cylindrical microvia, conical microvia, and small cylindrical
microvia.

3.6.2 S-Parameter Comparison of Isolation Performance

Fig. 3.17 shows the differential coupling results of the L.3—L15 transition structure
with different microvia geometry models.
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Figure 3.17: Comparison of the differential coupling for the L3-L15
transition structure using different microvia geometry models.

For the different-layer coupling Sgq31, all three models show an increasing
coupling level as the frequency increases. The separation among the three curves
can already be observed at very low frequencies and remains relatively consistent
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over most of the frequency range. The large cylindrical microvia gives the
lowest coupling, corresponding to the best isolation, whereas the small cylindrical
microvia produces the highest coupling. The conical microvia remains between
these two cylindrical models, which is consistent with its geometrical relationship
to the large and small cylindrical references.

The same-layer coupling Sqqs2 follows the same ordering as Sqq3z1: the large
cylindrical model gives the lowest coupling, the small cylindrical model gives the
highest coupling, and the conical model lies between them. This consistency
indicates that the effective microvia diameter and vertical geometry influence both
coupling paths in the L3-L15 transition.

3.6.3 Electric-Field Distribution and Coupling Visualization

Figure 3.18 shows the electric-field distribution on Layer 3 when Port 3 is excited.
The field is mainly concentrated around the excited differential pair of Port 3,
where strong red and orange regions can be observed near the signal traces and
microvia pads. This indicates that most of the electromagnetic energy is initially
confined around the driven port. However, part of the field also spreads laterally
across Layer 3 toward the adjacent Port 2 region. Therefore, the field distribution
provides a physical visualization of the same-layer coupling path from Port 3 to
Port 2, corresponding to Sqqss-

The field response around Port 2 is especially important for evaluating the
coupling level. Since Port 2 is not directly excited in this case, any visible
electric-field concentration around the Port 2 traces or microvia region is caused
by the coupled energy from Port 3. At low frequencies, the field around Port 2 is
relatively weak, indicating limited same-layer coupling. As the frequency increases,
especially at 55 GHz, the field becomes more distributed over the layer, and
stronger field variations can be observed between the two differential ports. This
suggests that the discontinuities associated with pads, antipads, reference-plane
openings, and microvia transitions become more significant at high frequency,
leading to increased field leakage and stronger same-layer coupling.

The comparison among the three microvia geometries also shows that the
local field distribution is affected by the effective microvia shape and diameter.
The large cylindrical model exhibits stronger field confinement around the excited
port and relatively weaker field spreading toward Port 2, which is consistent with
its lower coupling level. The small cylindrical model shows a more pronounced
field extension over the layer, indicating stronger interaction between the two
same-layer ports. The conical microvia model generally shows an intermediate
behavior between the two cylindrical models. This is reasonable because the
tapered geometry changes the local capacitance and field concentration around
the microvia transition compared with a uniform cylindrical approximation.

Overall, Fig. 3.18 confirms that the same-layer coupling is not only determined
by the spacing between the two ports, but also by the microvia geometry
and the frequency-dependent field distribution on the signal layer. At higher
frequencies, the field is less localized around the excited port and the coupling
path toward the adjacent port becomes more visible. This explains why
different microvia geometry models can lead to different predicted values of
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Sgaze and highlights the importance of using an appropriate microvia model in
high-frequency signal-integrity simulations.

Figure 3.19 shows the electric-field distribution on Layer 15 when Port 3 on
Layer 3 is excited. In this view, the upper-left differential pair corresponds to
Port 4, which is directly connected to the excited Port 3 through the vertical
transition, while the lower-right differential pair corresponds to Port 1, which is
connected to Port 2 in the adjacent transition. Therefore, this figure is used to
visualize the different-layer coupling path from Port 3 to Port 1, corresponding to
Sadsi-

The strongest electric field is mainly observed around the Port 4 region,
indicating that most of the energy is transferred through the intended vertical
transition connected to Port 3. The field appearing around the Port 1 region
represents the coupled energy through the neighboring transition. At 0.1 GHz and
1 GHz, the field distribution is relatively weak and the response around Port 1 is
limited. At 55 GHz, the field becomes more distributed over Layer 15, and the
coupling path toward Port 1 becomes more visible, showing that high-frequency
discontinuities and inter-via interactions increase the different-layer coupling.

The comparison among the large cylindrical, conical, and small cylindrical
microvia models shows that the microvia geometry affects the field confinement
around the intended transition and the leakage toward the adjacent transition.
The large cylindrical model generally provides better field confinement, the small
cylindrical model shows stronger field spreading, and the conical model exhibits an
intermediate behavior. These results support that the predicted Sgq31 is sensitive
to the effective microvia geometry, especially at high frequencies.

3.6.4 Discussion on Geometry-Dependent Coupling Mechanisms

To further evaluate the field leakage mechanism, the radiation-related loss is
estimated from the simulated S-parameters. Following the method discussed
in [38], the total loss can be interpreted as the percentage of the input power
that is not preserved in the desired differential transmission path. In general, this
loss comnsists of conductor loss, dielectric loss, and radiation loss, which can be
written as

Moss = Ne + ND + Mrad, (37)

where 7., Mp, and 7.q denote the percentages of the input power lost due
to conductor loss, dielectric loss, and radiation into the surrounding cavity,
respectively. The quantity of them are all dimensionless; when multiplied by 100,
they represent the percentage of the input differential-mode power.

In this work, the radiation-related loss is estimated from the power balance
of the mixed-mode S-parameters. For a differential excitation, the estimated loss
percentage can be expressed as

Trad,est &~ 100% [1 — (|Sqa11]® + [Saaz1]® + [Scar1|* + [Seaz1|*)] - (3.8)

Here, S4qq11 and Sqq21 represent the differential-mode reflection and transmission
coefficients, while Scq11 and Scqo1 represent the differential-to-common-mode
conversion terms. Since the differential-to-common-mode conversion terms are
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(a) Large cylindrical, 0.1GHz; (b) Large cylindrical, 1GHz; (c) Large cylindrical, 55GHz;

(d) Conical, 0.1GHz; (e) Conical, 1GHz; (f) Conical, 55GHz;

(g) Small cylindrical, 0.1GHz;  (h) Small cylindrical, 1GHz; (i) Small cylindrical, 55GHz;

Figure 3.18: Electric-field distribution on Layer 3 when Port 3 (at
Layer 3) is excited. The figure is used to evaluate the same-layer
coupling from Port 3 to Port 2, corresponding to Ssz.
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(a) Large cylindrical, 0.1GHz; (b) Large cylindrical, 1GHz; (c) Large cylindrical, 55GHz;

(g) Small cylindrical, 0.1GHz;  (h) Small cylindrical, 1GHz; (i) Small cylindrical, 55GHz;

Figure 3.19: Electric-field distribution on Layer 15 when Port 3
(at Layer 3) is excited. The figure is used to evaluate the
different-layer coupling from Port 3 to Port 1, corresponding
to S31.
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much smaller than the dominant differential-mode reflection and transmission
terms in this simulation, Scq11 and Scq21 are neglected in the loss estimation.
Therefore, the estimated loss percentage is simplified as

2 2
Moss,est ~ 100% [1 - (|de11| + |de21| )] . (39)
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Figure 3.20: Estimated radiation-related loss percentage for the
L3-L15 transition structure using different microvia geometry
models.

As shown in Fig. 3.20, the estimated loss also varies with the microvia geometry
model. Since the material properties, stackup, and other geometrical parameters
are kept unchanged in this comparison, the difference among the curves is mainly
attributed to the change in microvia geometry. It should be noted that this loss
difference is not only associated with radiation-related field leakage, but may
also include changes in dielectric loss, conductor loss, and mismatch behavior.
Therefore, the conical microvia model affects not only the local port impedance
and transmission response, but also the overall energy distribution around the via
transition and the adjacent interconnect region.

Since the conical microvia model better represents the physical fabricated
shape, it can provide a more realistic estimation of the total loss and, consequently,
a more accurate prediction of the isolation performance.  Therefore, for
high-frequency and long-layer-transition structures, the conical model is more
suitable than the ideal cylindrical approximation for evaluating coupling, crosstalk,
and isolation.

3.7 Summary

This chapter investigated the influence of microvia vertical geometry on the
signal-integrity performance of differential via transitions. The conventional
polygonal cylindrical model was first used to establish baseline designs by sweeping
the antipad size for different transition lengths. The results show that the short
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L3-L7 transition is relatively stable, while the longer L3-1.9 and L.3-L.15 transitions
are more sensitive to antipad size, especially at high frequencies. This is because
longer transitions accumulate stronger parasitic effects and are more affected by
changes in the local capacitance, inductance, and return-current path.

The cylindrical and conical microvia models were then compared. For the short
L3-L7 transition, the difference between the two models is small, indicating that
the cylindrical approximation is acceptable when the vertical transition length is
short. However, for the longer LL3-L15 transition, the conical geometry produces
clearer changes in return loss, TDR impedance, and the extracted intermediate
impedance Z,. These results show that the tapered microvia profile changes
the local parasitic behavior of the transition and becomes more important for
deep-layer and high-frequency interconnects.

The isolation analysis also shows that the microvia geometry affects the
predicted coupling between adjacent differential channels. The conical model
generally gives an intermediate coupling level between the large and small
cylindrical reference models, and the electric-field distributions confirm that
different geometries lead to different field confinement and leakage behavior.
Therefore, using a conical microvia model can provide a more reliable prediction
of coupling, radiation-related loss, and isolation performance.

Overall, the results show that the impact of microvia vertical geometry
becomes more significant as the transition length and operating frequency increase.
The cylindrical model is efficient and acceptable for short transitions, but the
conical model is more suitable for long and high-frequency transitions. Considering
the high computational cost of modeling all vias as conical structures, applying the
conical geometry mainly to the signal microvias provides a practical compromise
between simulation accuracy and efficiency.



Chapter 4

Impact of Manufacturing-Induced
Staggering on Signal Integrity

4.1 Introduction

In the previous chapters, the microvia transition structures were mainly analyzed
under ideal alignment conditions. However, in practical HDI manufacturing,
the fabricated geometry may deviate from the nominal design due to process
tolerances. These deviations can change the relative positions between microvias,
pads, antipads, and routing traces, thereby modifying the local electromagnetic
environment of the differential pair. As a result, the impedance continuity,
differential-mode transmission, mode conversion, and coupling behavior of the
interconnect may be affected.

In this chapter, the impact of manufacturing-induced staggering on the SI
performance of differential microvia transitions is investigated. Two major types
of misalignment are considered. The first type is hole misalignment, where the
drilled microvia position is shifted with respect to its designed location while the
surrounding metal patterns remain unchanged. This type of deviation is commonly
associated with laser drilling accuracy in HDI fabrication. The second type is
layer misalignment, where one or more PCB layers are shifted as a whole due to
imperfect layer registration during multilayer lamination. In this case, the metal
features on the shifted layer, such as pads, traces, and antipads, move together
relative to the other layers.

Although hole misalignment and layer misalignment are treated separately
in the following analysis for clarity, they may occur simultaneously in practical
fabrication. For example, an inner layer may already be shifted during lamination,
while the subsequent laser-drilled microvia may also deviate from its target
position. The final fabricated structure is therefore determined by the combined
effect of different tolerance sources. Separating these two mechanisms makes it
possible to identify their individual contributions to SI performance degradation
before considering more realistic random tolerance combinations.

The analysis in this chapter is carried out in two steps. First, several
representative misalignment cases are simulated to reveal the physical influence
of specific offset directions and magnitudes. These deterministic cases are
useful for identifying critical misalignment scenarios and explaining how the

95
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broken geometrical symmetry affects the differential response. Then, a Monte
Carlo analysis is performed to emulate the random nature of manufacturing
tolerances. By statistically evaluating the variation of S-parameters and
impedance responses, the robustness of the proposed microvia transition structures
against fabrication-induced staggering can be assessed.

4.2 Hole Misalignment

Hole misalignment is especially important for laser-drilled microvias. Compared
with conventional mechanically drilled vias, microvias have much smaller
dimensions and rely strongly on optical registration during fabrication. Therefore,
the available tolerance margin is limited. In stacked microvia structures, the
misalignment between adjacent microvias can further accumulate, leading to
imperfect vertical alignment along the signal transition path. This may introduce
local impedance discontinuities, increase mode conversion, and degrade the SI
performance of differential interconnects.

In this section, the impact of hole misalignment is investigated from two
perspectives. First, several special misalignment cases are analyzed to clarify how
different deterministic offset directions affect the differential microvia transition.
Then, a Monte Carlo analysis is performed to evaluate the statistical influence of
random hole-position variations caused by manufacturing tolerances.

4.2.1 Special Case Analysis

To investigate the impact of hole misalignment, several representative special cases
are first considered before the statistical analysis. According to the direction of the
hole offset, the misalignment cases are divided into two main groups: misalignment
along the z-direction and misalignment along the y-direction. For each group,
three specific cases are further defined according to the differential-pair symmetry
and the orientation and sequence of the z- or y-direction hole offsets, namely X1,
X2, and X-asymmetric for the z-direction group, and Y1, Y2, and Y-asymmetric
for the y-direction group. In all special cases, the offset Ax; and Ay; is equal to
75 um. Therefore, this represents a critical state, where the larger circular edge of
the tapered microvia hole with the offset is close to the edge of the pad.

In all the simulated models, the differential signal microvias are modeled
using the conical microvia geometry, while the ground vias are modeled using
the polygonal cylindrical geometry. The other structures remain unchanged, so
that the effect of signal-hole displacement can be isolated.

4.2.1.1 x-direction hole misalignment cases.

Fig. 4.1 and Fig. 4.2 illustrate the z-direction hole-misalignment configurations
considered for the differential signal microvias. The original structure without
any hole offset is used as the reference case, denoted as REF. According to the
differential-pair symmetry and the orientation and sequence of the lateral hole
offsets, three misalignment cases are defined: X1, X2, and X-asymmetric, where
X2 is the mirror configuration of X1.
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(c) X2 case, mirror of X1 (d) X-asymmetric case

Figure 4.1: Front-view cross sections of the z-direction hole
misalignment cases. The ground layers are hidden for clarity. The
dark-blue dashed lines indicate the original center positions of
the stacked signal microvias from layer 3 to layer 15. The red
arrows mark the hole offsets along the z-direction.

QOICSY

(a) Reference case (b) X1 case

SUCAY

(c) X2 case, mirror of X1 (d) X-asymmetric case

Figure 4.2: Top-view illustration of the z-direction hole
misalignment cases on Layer 3. The red arrows indicate the
hole-offset directions on this Layer, while the blue dashed arrows
indicate the routing direction of the differential transmission
lines that fan in to the signal microvias.
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Fig. 4.1 shows the corresponding front-view cross sections of the complete PCB
transition, where the ground layers are hidden for clarity. The coordinate axes
shown in the lower-left corner are from the HFSS model, where the red axis denotes
the z-direction. In this view, the signal microvias are modeled using the tapered
conical geometry, whereas the surrounding ground microvias are modeled using
the cylindrical geometry. The dark-blue dashed lines indicate the original center
positions of the stacked signal microvias from layer 3 to layer 15 in the transition
structure. The red arrows mark the hole offsets along the z-direction. Therefore,
this front-view figure directly shows how the z-direction hole misalignment changes
the originally vertical stacked transition into laterally shifted or zigzag-like signal
paths.

Fig. 4.2 gives the top-view illustrations on layer 3. In this section, only the
hole misalignment of the differential signal microvias is considered. Therefore, each
subfigure shows one pair of differential signal microvias. The small light-blue filled
circles represent the actual hole positions, while the larger dark-blue empty circles
represent the corresponding pads. In the reference case without hole misalignment,
the hole and pad are concentric. When hole misalignment is introduced, the hole
center is laterally shifted away from the pad center. The red arrows indicate the
hole-offset directions, while the blue dashed arrows indicate the routing direction of
the differential transmission lines that fan in to the signal microvias. Since the hole
displacement is applied along the z-direction, the offset direction is perpendicular
to the signal-propagation direction in these cases.

These two figures are used together to describe both the hole-to-pad offset in
the top view and the resulting vertical transition path in the front cross-sectional
view.

Reference case The Reference case is shown in Fig. 4.1(a) and Fig. 4.2(a). In
this reference structure, no hole misalignment is introduced. The center of each
signal microvia is aligned with the center of its corresponding pad in the top view.
From the cross-sectional view, the microvias are vertically aligned from layer 3 to
layer 15, forming an ideal stacked transition path.

X1 case The X1 case is shown in Fig. 4.1(b) and Fig. 4.2(b). In the top view,
the hole centers of the two differential signal microvias on the same layer are shifted
in opposite z-directions with respect to their fixed pad centers. More specifically,
each hole center is shifted toward the other signal microvia, so that the two signal
holes move closer to each other on layer 3. As a result, the spacing between the
two signal-hole centers is reduced compared with the reference case. From the
front-view cross section, the lateral offset direction alternates along the vertical
stack, forming a zigzag-like signal transition path. Although the hole centers are
no longer aligned with the pad centers, the opposite offset directions help preserve
the overall differential symmetry to some extent.

X2 case The X2 case, shown in Fig. 4.1(c) and Fig. 4.2(c), is the mirror case
of X1. Similar to X1, the hole centers of the two differential signal microvias
on the same layer are shifted in opposite z-directions with respect to their fixed
pad centers. However, in this case, the two hole centers are shifted away from
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each other, so that the spacing between the signal holes on layer 3 is increased
compared with the reference case. Thus, the differential-pair symmetry is still
largely maintained, but the relative spacing between the two signal-hole centers
is changed in the opposite manner to X1. From the front-view cross section, the
lateral offset direction alternates along the vertical stack, forming a zigzag-like
signal transition path. Therefore, comparing X1 and X2 can be used to evaluate
whether the electromagnetic response is sensitive to the mirrored sequence of the
lateral hole offsets along the LL3-L.15 transition.

X-asymmetric case The X-asymmetric case is shown in Fig. 4.1(d) and
Fig. 4.2(d). In this case, the hole centers of the two differential signal microvias
on the same layer are shifted in the same z-direction with respect to their fixed
pad centers. Therefore, the spacing between the two signal-hole centers on the
same layer remains the same as that in the reference case. Unlike X1 and X2, this
offset configuration breaks the lateral symmetry of the differential transition and
may introduce an imbalance between the two signal paths. This case is therefore
used to examine the effect of differential-pair asymmetry on the signal-integrity
response of the transition.

From the cross-sectional views in Fig. 4.1, all three z-direction misalignment
cases change the originally vertical transition path of each signal microvia into
a zigzag-like path. This is because the z-direction hole offset alternates between
adjacent layers along the vertical stack. Since the same offset magnitude is applied,
the additional geometrical path length introduced by the lateral displacement is
similar among the 3 cases. However, their electromagnetic responses can still be
different because the relative positions between the two signal microvias, the pads,
and the surrounding reference structures are different. Therefore, these special
cases are useful for separating the effects of offset direction and differential-pair
symmetry.

4.2.1.2 y-direction hole misalignment cases.

Fig. 4.3 and Fig. 4.4 illustrate the y-direction hole-misalignment configurations
considered for the differential signal microvias. The original structure without
any hole offset is used as the reference case, denoted as REF. According to the
differential-pair symmetry and the orientation and sequence of the y-direction hole
offsets, three misalignment cases are defined: Y1, Y2, and Y-asymmetric, where
Y2 is the mirror configuration of Y1.

Fig. 4.3 shows the corresponding three-dimensional dimetric views of the
complete PCB transition, where the ground layers are hidden for clarity. The
coordinate axes shown in the lower-left corner are from the HFSS model. In this
view, the signal microvias are modeled using the tapered conical geometry, whereas
the surrounding ground microvias are modeled using the cylindrical geometry. The
dark-blue dashed lines indicate the original center positions of the stacked signal
microvias from layer 3 to layer 15 in the transition structure. The dark-blue
solid lines indicate the fan-in and fan-out routing directions on layers 3 and
15, respectively. The green arrows mark the hole offsets along the y-direction.
Compared with the z-direction cases, the dimetric view is used here to make the
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(c) Y2 case (d) Y-asymmetric case

Figure 4.3: Three-dimensional dimetric views of the y-direction hole
misalignment cases. The ground vias and ground layers are
hidden for clarity. The dark-blue solid lines show the fan-in and
fan-out directions on layers 3 and 15. The green arrows mark
the hole offsets along the y-direction.

QOMO

(a) Reference case (b) Y1 case
(c) Y2 case (d) Y-asymmetric case

Figure 4.4: Top-view illustration of the y-direction hole
misalignment cases on Layer 3. The red arrows indicate the
hole-offset directions on this Layer, while the blue dashed arrows
indicate the routing direction of the differential transmission
lines that fan in to the signal microvias.
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y-direction hole offsets more visible. Therefore, this figure directly shows how the
y-direction hole misalignment changes the originally vertical stacked transition
into laterally shifted or zigzag-like paths.

Fig. 4.4 gives the top-view illustrations on layer 3. In this section, only the
hole misalignment of the differential signal microvias is considered. Therefore, each
subfigure shows one pair of differential signal microvias. The small light-blue filled
circles represent the actual hole positions, while the larger dark-blue empty circles
represent the corresponding pads. In the reference case without hole misalignment,
the hole and pad are concentric. When hole misalignment is introduced, the hole
center is shifted away from the pad center along the y-direction. The green arrows
indicate the hole-offset directions on layer 3, while the blue dashed arrows indicate
the routing direction of the differential transmission lines that fan in to the signal
microvias. Since the hole displacement is applied along the y-direction, the offset
direction is parallel to the routing direction of the fan-in transmission lines feeding
the signal microvias.

These two figures are used together to describe both the hole-to-pad offset in
the top view and the resulting vertical transition path in the 3D dimetric view.

Reference case The Reference case is shown in Fig. 4.3(a) and Fig. 4.4(a). In
this reference structure, no hole misalignment is introduced. The center of each
signal microvia’s hole is aligned with the center of its corresponding pad in the
top view. From the 3D view, the microvias are vertically aligned from layer 3 to
layer 15, forming an ideal stacked transition path.

Y1 case The Y1 case is shown in Fig. 4.3(b) and Fig. 4.4(b). In this case, the
hole centers of the two differential signal microvias on the same layer are shifted
in the same y-direction with respect to their fixed pad centers. Since the offset
is applied along the y-direction, the spacing between the two signal-hole centers
along the z-direction remains the same as that in the reference case. On layer
3, the hole offsets are in the same direction as the fan-in routing direction. On
layer 15, the offset direction is opposite to the fan-out routing direction. From
the three-dimensional dimetric view, the y-direction hole offset alternates between
adjacent layers along the vertical stack, forming a zigzag-like signal transition
path. Because the two signal-hole centers on the same layer are shifted in the
same direction, the differential-pair symmetry is still largely preserved.

Y2 case The Y2 case, shown in Fig. 4.3(c) and Fig. 4.4(c), is the mirror case
of Y1. Similar to Y1, the hole centers of the two differential signal microvias
on the same layer are shifted in the same y-direction with respect to their fixed
pad centers. Therefore, the spacing between the two signal-hole centers along the
z-direction remains unchanged compared with the reference case. However, the
offset direction is reversed compared with Y1. On layer 3, the hole offsets are
opposite to the fan-in routing direction, whereas on layer 15, the offset direction
is the same as the fan-out routing direction. From the three-dimensional dimetric
view, this offset arrangement also forms a zigzag-like signal transition path,
because the y-direction hole offset alternates between adjacent layers. Therefore,
comparing Y1 and Y2 can be used to evaluate whether the electromagnetic
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response is sensitive to the mirrored sequence of the y-direction hole offsets along
the L3-L15 transition. Since the two signal holes on the same layer are shifted
together, the differential-pair symmetry is still largely maintained.

Y-asymmetric case The Y-asymmetric case is shown in Fig. 4.3(d) and
Fig. 4.4(d). In this case, the hole centers of the two differential signal microvias
on the same layer are shifted in opposite y-directions with respect to their fixed
pad centers. On layer 3, one signal hole is shifted forward along the fan-in routing
direction, while the other is shifted backward. Although the spacing between
the two signal-hole centers along the z-direction remains the same as that in
the reference case, their relative positions along the y-direction become different.
Unlike Y1 and Y2, this offset configuration breaks the symmetry of the differential
pair along the transmission-line direction and may introduce an imbalance between
the two signal paths. This case is therefore used to examine the effect of y-direction
differential-pair asymmetry on the signal-integrity response of the transition.

From the three-dimensional views in Fig. 4.3, all three y-direction
misalignment cases change the originally vertical transition path of each signal
microvia into a zigzag-like path. This is because the y-direction hole offset
alternates between adjacent layers along the vertical stack. Since the same
offset magnitude is applied, the additional geometrical path length introduced
by the in-plane displacement is similar among the three cases. However, their
electromagnetic responses can still be different because the y-direction offset
changes the relative positions between the signal-hole centers, the fixed pads, the
fan-in and fan-out transmission lines, and the surrounding reference structures.
In particular, Y1 and Y2 preserve the differential-pair symmetry on each layer
but have mirrored offset sequences, whereas the Y-asymmetric case breaks
the differential-pair symmetry along the transmission-line direction. Therefore,
these special cases are useful for separating the effects of offset sequence and
differential-pair symmetry for y-direction hole misalignment.

4.2.1.3 Results for hole misalignment.

Fig. 4.5 compares the simulated signal-integrity responses of the special
hole-misalignment cases in the x- and y-directions. The conical reference case
is used as the main baseline for evaluating the hole-misalignment effect, while the
cylindrical reference case is included as an additional reference to compare the
relative influence of the nominal microvia geometry.

TDR The TDR responses of the special hole-misalignment cases are shown in
Figs. 4.5a and 4.5b. For both the z- and y-direction cases, the differences among
the curves are mainly confined to the initial 0-50 ps region, which corresponds to
the local microvia transition.

In Fig. 4.5a, the cylindrical reference case shows the deepest initial impedance
dip, reaching approximately 75.5 2. The conical reference case has a shallower
minimum of about 77.5 Q. In comparison, the three misaligned conical cases, X1,
X2, and Xasy, only drop to around 79.5-81 ) in the same time region. Therefore,
the hole offset raises the minimum TDR impedance by roughly 2-3.5 2 compared



Impact of Manufacturing-Induced Staggering on Signal Integrity 63

— 86

S 84 ! g
o) | |==Con.REF
o 82 1
<] 30 | |-e=Con.Xasy||
=z Con.X1

g 78 ' 1+¢-Con.X2

g 76 "|—CyLREF []
(o] n

0 50 100 150 200
Time [ps]

(a) TDR for z-direction cases

250

Saa11 [dB]

0 10 20 30 40 50
Frequency [GHz]

(c) Saai1 for z-direction cases

0

60

1 1
S L o
92N
RO

Sda21 [dB]

1
-
[
W\

1
-
)]

0 10 20 30 40 50 60
Frequency [GHz]
(e) Saa21 for z-direction cases
0
—-0.05
T, -0.1
o -015F L
< .02 . | o
E -0.25
03 |
0 10 20 30 40 50 60

Frequency [GHz]
(g) MAT for z-direction cases

— 86

C 84 ! g
0 g | |==Con.REF]||
Q

< 80 | Con.Yasy||
= -9- Con. Y1

g 78 ' |9-Con.Y2

g 76 "|—CylLREF [
| rn

0 50 100 150 200 250
Time [ps]

(b) TDR for y-direction cases

Saa11 [dB]

0 10 20 30 40 50 60
Frequency [GHz]

(d) Saa11 for y-direction cases

0
025
i 0.5

—.0.75
-1
-1.25
15

Sdaz

0 10 20 30 40 50 60
Frequency [GHz]

(f) Saaz1 for y-direction cases

0
-0.05
-0.1
-0.15
_0.2 4 ! 4 LF
-0.25
-0.3

MAT [dB]

0 10 20 30 40 50 60
Frequency [GHz]

(h) MAT for y-direction cases

20 30 40 50
Frequency [GHz]

(i) Scaz1 for z-direction cases

Figure 4.5:

60

0 10 20 30 40 50 60
Frequency [GHz]

(j) Secaz1 for y-direction cases

Simulated signal-integrity responses of the special

hole-misalignment cases in the z- and y-directions.



64 Impact of Manufacturing-Induced Staggering on Signal Integrity

with the conical reference case, and by about 4-5.5 2 compared with the cylindrical
reference case. The X1 and X2 curves are almost overlapped, and the Xasy curve
is also very close to them.

A similar tendency can be observed in Fig. 4.5b. Compared with the
x-direction cases, however, the separation among the y-direction curves is slightly
more visible. The Y1 and Y2 curves are distributed around the Yasy case, with a
difference of approximately 1-2 2 in the initial 0-50 ps region. This suggests that
the TDR response is slightly more sensitive to the y-direction offset than to the
a-direction offset.

The shallower impedance dip indicates that the offset slightly shifts the initial
TDR response closer to the target differential impedance of 85 €2. One possible
reason is that the displaced microvia introduces a slightly zigzag-like transition
path, which increases the effective current path length and may enhance the
local inductive contribution. This additional inductive effect can push the local
impedance upward and reduce the depth of the initial capacitive dip.

Sad11  The differential return-loss responses of the special hole-misalignment
cases are shown in Figs. 4.5c and 4.5d. For both the z- and y-direction cases,
the main reflection dip of Sgqi1 shifts toward lower frequencies if with hole
misalignment. In the reference cases, the dominant dip appears at approximately
31-32 GHz. After hole misalignment, the dip moves to around 27-28 GHz.

The three misaligned cases in each direction have nearly the same dip
frequency. For the z-direction cases in Fig. 4.5¢, X1, X2, and Xasy all show
the main dip around 27-28 GHz. A similar trend is observed for the y-direction
cases in Fig. 4.5d, where Y1, Y2, and Yasy also dip in approximately the same
frequency range. This indicates that the dip-frequency shift is mainly caused
by a common geometrical change shared by all three misalignment cases, rather
than by the detailed offset sequence. The most likely reason is that the hole
displacement introduces a zigzag-like microvia transition, which increases the
effective current path length and therefore adds local inductance. With a larger
effective inductance, the dominant impedance discontinuity is shifted to a lower
resonant frequency.

The shaded regions in Figs. 4.5¢ and 4.5d indicate the frequency ranges where
the misaligned cases approximately satisfy Sgq11 < —25 dB. For the z-direction
cases in Fig. 4.5c¢, this low-reflection region appears in two separate bands:
approximately 0-10 GHz and 22-30.5 GHz. For the y-direction cases in Fig. 4.5d,
the corresponding shaded regions are slightly wider, covering approximately
0-13 GHz and 19-30.5 GHz. This indicates that the y-direction offset provides a
broader frequency range with Sqq11 < —25 dB than the z-direction offset.

Sdad21  The differential insertion-loss responses are shown in Figs. 4.5¢ and 4.5f.
For both the z- and y-direction cases, Sqq21 exhibits a trend consistent with that
of Sqq11, as shown in Figs. 4.5¢ and 4.5d. In particular, two transition points
are observed in Sgq11 at approximately 30 GHz and 50 GHz, respectively. Since
S4d21 includes both the intrinsic transmission loss and the mismatch caused by
the via transition, therefore these variations are closely related to the return-loss
behavior. In the frequency regions where Syq11 is below approximately —25 dB,
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the corresponding Sgq21 curves remain relatively flat and close to 0 dB, indicating
that good impedance matching leads to small reflection and low transmission
degradation. However, after approximately 40 GHz, S4qq11 gradually increases,
suggesting a stronger mismatch at the via transition. Correspondingly, S4d21
starts to decrease more noticeably, which indicates that a larger portion of the
incident differential power is not transmitted to the output port.

MAT The corresponding MAT responses are shown in Figs. 4.5¢ and 4.5h. The
MAT metric is used as a mismatch-corrected transmission metric to evaluate the
maximum available transmission capability of the interconnect. Compared with
Sdaz21, the MAT curves are much closer to each other, showing that the available
transmission capability is only slightly affected by hole misalignment. This is
mainly because the misaligned microvias introduce a small additional geometrical
path length along the vertical transition. The associated extra loss is weak at low
frequencies but becomes more visible at higher frequencies, as transmission loss
generally increases with frequency.

The magnified MAT results further show that all misaligned cases have nearly
the same MAT response for the same offset magnitude Ax or Ay. This indicates
that the slight MAT reduction is primarily caused by the increased path length
introduced by the misalignment, rather than by the detailed offset configuration.
Therefore, the larger variations observed in Sgq21 are mainly related to impedance
mismatch and local reflection, while the intrinsic available transmission capability
is only mildly reduced by the additional path length of the misaligned vias.

Scd21  The mode-conversion responses of the special hole-misalignment cases are
shown in Figs. 4.5 and 4.5j. Unlike Sqq11, Sqde1, MAT, and TDR, the Scq21
responses show a strong dependence on the specific misalignment configuration.
The asymmetric cases, Con.Xasy and Con.Yasy, cause the most significant increase
in Scgo1, indicating that asymmetric hole misalignment strongly enhances the
differential-to-common-mode conversion.

This increase is caused by the imbalance between the two conductors
of the differential pair. When the two signal vias experience different
local electromagnetic environments, their effective capacitance, inductance, and
coupling are no longer identical. Consequently, the differential symmetry is broken,
and part of the differential-mode energy is converted into common-mode energy.
This also explains why the cases with the same offset magnitude Ax or Ay do not
necessarily overlap in the Scqo1 plots: the mode conversion is governed not only
by the offset magnitude, but also by the detailed offset pattern.

Furthermore, the y-direction asymmetric case shows stronger mode conversion
than the z-direction asymmetric case at high frequencies. In particular, especially
above approximately 40 GHz, the Sc.q21 level of the y-direction asymmetric case
is about 5 dB higher than that of the z-direction asymmetric case, as shown in
Fig. 4.5j. This indicates that the asymmetric offset along the routing direction has
a more pronounced effect on differential-to-common-mode conversion.

Overall, the special hole-misalignment results indicate that the impact of
the offset depends strongly on the evaluated signal-integrity metric. The Sgq11
results show that both z- and y-direction offsets shift the main reflection dip to
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lower frequencies and broaden the return-loss response. The variations in Sgqo1
become more evident at high frequencies, while the MAT curves remain close
to each other, suggesting that the insertion-loss changes are mainly caused by
impedance mismatch rather than a significant reduction in the intrinsic available
transmission capability. In contrast, Scqo1 is highly sensitive to the detailed offset
configuration. In particular, the asymmetric cases produce much stronger mode
conversion, showing that differential symmetry can be severely degraded even when
the differential-mode responses and TDR, are only moderately affected. Therefore,
Sca21 provides the most critical indicator for identifying the signal-integrity risk
caused by asymmetric hole misalignment.

4.2.2 Monte Carlo Analysis

In practical HDI fabrication, signal microvias may deviate from their nominal
positions due to drilling, laser-via formation, or registration tolerances. Such hole
misalignment changes the local geometry of the differential via transition and
may introduce impedance discontinuity, imbalance between the two conductors,
and additional mode conversion. Therefore, a Monte Carlo analysis is performed
to evaluate the statistical influence of random hole-position errors on the
signal-integrity performance of the investigated structure.

In the Monte Carlo simulations, this model is applied to the stacked microvia
transition from L3 to L15. Since the transition consists of several cascaded signal
microvias, each signal microvia is assigned an independent random in-plane offset.
For the i-th microvia in the stack, the nominal position (z;,y;) is therefore shifted
to

(@i, yi) = (zi + Aziy yi + Ays). (4.1)

The random variables Az; and Ay; are independently sampled for different
microvias and for the two in-plane directions. This produces a randomly staggered
stacked-microvia configuration, instead of simply translating the entire stack by
the same amount.

The random deviations are assumed to follow independent zero-mean Gaussian
distributions,

Az; ~N(0,02), Ay ~N(0,0)). (4.2)

In the Monte Carlo setup, the same standard deviation is used for the two in-plane
directions,
Oy = 0y = 25 pm. (4.3)

The zero-mean assumption represents an unbiased fabrication tolerance, where
the microvia positions fluctuate around their nominal design locations without a
systematic shift.

A cutoff probability of 0.0027 is used, corresponding approximately to a
430 truncation of the Gaussian distribution in each direction. In total, 200
Monte Carlo samples are used in this analysis, with each sample corresponding to
one randomly staggered stacked-microvia configuration. Therefore, most random
samples are confined within the range of approximately +£75 ym along both the
z- and y-directions. Each signal microvia is assigned independent random offsets
Ax; and Ay; in the Monte Carlo analysis. This represents the case where the
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positioning error of each microvia is dominated by local drilling or via-formation
uncertainty rather than a systematic displacement of the entire structure.

It should be noted that this hole-misalignment model only perturbs the
positions of the signal microvias, while the surrounding pads, anti-pads, reference
planes, and routing structures remain at their nominal positions. This is different
from layer misalignment, where the copper features on an entire layer are shifted
together.

Results for analysis. The Monte Carlo results of hole misalignment are
summarized in Figs. A.1-A.4. The differential return loss in Fig. A.1 shows a
noticeable statistical spread, indicating that random hole-position errors can affect
the local impedance matching of the via transition. In comparison, the differential
insertion loss in Fig. A.2 remains more concentrated, with the spread becoming
more visible only at high frequency. The MAT distribution in Fig. A.3 is even
narrower, suggesting that the maximum available transmission capability is only
weakly affected by random hole misalignment. Therefore, the variation observed
in Sqqo1 is mainly related to mismatch and local reflection rather than a significant
degradation of the intrinsic transmission capability.

In contrast, the mode-conversion coefficient in Fig. A.4 exhibits the largest
statistical variation. This indicates that S.q2:1 is much more sensitive to
random hole-position errors than the differential-mode metrics.  Although
the differential-mode transmission remains relatively stable, random hole
misalignment can strongly disturb the symmetry of the differential via pair and
lead to large uncertainty in differential-to-common-mode conversion. Therefore,
mode conversion is the most critical response for evaluating the signal-integrity
risk caused by random hole misalignment.

As discussed in Section 3.2.3, very small mode-conversion coefficients may
approach the numerical convergence level of the full-wave simulation. Therefore,
the absolute values of Scqo1 at very low levels should be interpreted with
caution, and the results are mainly used to compare relative trends and statistical
variations.

4.3 Layer Misalignment

Layer misalignment refers to the positional offset between different PCB layers
caused by manufacturing registration errors during the multilayer lamination
process. Unlike hole misalignment, where only the drilled microvia position
is shifted with respect to the designed location, layer misalignment affects
all geometrical features located on the shifted layer. Therefore, both signal
and ground microvias, as well as the associated pads and traces on the
misaligned layer, are displaced together. Besides its direct impact on SI
performance, layer misalignment may also modify the copper distribution, local
electric-field distribution, and thermal/mechanical paths in the three-dimensional
PCB interconnect structure, thereby reducing the overall interconnect reliability.

In this section, the impact of layer misalignment on the considered differential
microvia transition is investigated. Similar to the hole-misalignment analysis,
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several representative deterministic misalignment cases are first studied to reveal
the underlying physical mechanisms. Afterwards, a Monte Carlo analysis is
performed to evaluate the statistical influence of random layer-to-layer registration
errors.

For the layer-misalignment analysis, all microvias in the transition structure
are modeled as conical microvias, including both signal and ground microvias. This
is different from the hole-misalignment analysis, where only the signal microvias
were replaced by conical models to reduce the simulation cost, while the ground
microvias were kept as cylindrical models. Therefore, the reference case denoted
as Con-REF corresponds to the fully conical microvia model without any layer
misalignment.

4.3.1 Special case analysis

In this section, several special cases of layer misalignment are investigated. Unlike
the hole-misalignment analysis, where only the signal microvias are modeled
with a conical geometry to reduce the simulation cost, all microvias in the
layer-misalignment models are replaced by conical microvias, including both
signal and ground microvias. Therefore, the reference case denoted as Con-REF
corresponds to the fully conical microvia model without any layer misalignment.
In all special cases, the offset Az; and Ay; is equal to 94.4 um. Therefore, this
represents a critical state, where the small circular edge of the tapered microvia
hole with the offset is close to the edge of the pad on next layer.

Port2

Layer 3 Layer 3

Portl =
Layer 15 Layer 15

Figure 4.6: Comparison of two routing configurations after the
microvia layer transition. Left: opposite fan-out transition.
Right: same-direction fan-out transition.

The labels Same and Opp denote the same-direction and opposite-direction
fan-out transitions, respectively. As shown in Fig. 4.6, in the same-direction
fan-out transition, the upper and lower traces extend toward the same lateral
direction. In the opposite-direction fan-out transition, the upper and lower traces
extend toward opposite lateral directions. For each fan-out configuration, layer
misalignment is applied along both the x- and y-directions. The investigated
layer-misalignment cases are illustrated in Fig. 4.7. The red arrows indicate the
layer displacement in the z-direction, while the green arrows indicate the layer
displacement in the y-direction.

Two representative layer-misalignment cases are considered. Case 1 represents
the misalignment of the signal layers only. Case 2 represents a staggered
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Figure 4.7: Three-dimensional geometrical models of the
investigated layer-misalignment cases, where Same and
Opp denote same-direction and opposite-direction fan-out
transitions, respectively. Case 1 includes only signal-layer
misalignment, while Case 2 includes staggered misalignment of
both signal and ground layers, forming a zigzag-like transition.
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misalignment of all layers, including both signal and ground layers. This produces
a zigzag-like transition geometry, where the signal and ground microvia stacks
are displaced in a staggered manner. Therefore, Case 2 introduces a stronger
perturbation to both the differential signal path and the return-current path.

Results for layer misalignment.

TDR For the TDR results, Case 1 and Case 2 exhibit different levels of
sensitivity to layer misalignment, as shown in Fig. 4.8a and Fig. 4.8b. In Case 1,
only the signal layers are shifted, so the additional routing path introduced by the
misalignment is relatively short. As a result, the TDR curves remain very close to
the conical reference case. The minimum impedance is approximately 76.5-77.5 €2,
while the reference case has a minimum impedance of about 77 2. Therefore, the
variation of the minimum TDR impedance in Case 1 is less than approximately
1 Q. This indicates that shifting only the signal layers introduces only a weak
local impedance perturbation.

In contrast, Case 2 shows a much stronger TDR variation because the relative
shift is introduced between every layer. This results in a longer additional
signal path and a larger accumulated geometrical discontinuity along the vertical
transition. The minimum impedance decreases to approximately 73-74 ),
depending on the misalignment configuration. In particular, the Same.2dx case
gives the lowest impedance, around 73 €2, corresponding to a reduction of about
4 Q compared with the conical Con.REF case. The Same.2dy case and Opp.2dx
case show a clear impedance reduction, with a minimum value of approximately
73 Q. By comparison, the Same.2dy and Opp.2dy cases remain closer to the
Same.2dy case and Opp.2dx case response, with minimum impedances around
74 Q). The deeper impedance dip in Case 2 confirms that misalignment between
multiple layers has a stronger cumulative effect than shifting only the signal layers.

Sdad11  As shown in Fig. 4.8c and Fig. 4.8d, the effect of layer misalignment
on Sqqi11 is generally small. Although variations appear at some frequencies, the
overall reflection responses remain close to the Con.REF structure, indicating that
the transition has a certain tolerance to layer misalignment.

If the two cases are compared in more detail, Case 1 produces only a weak
perturbation because only the signal layers are shifted, whereas Case 2 shows
slightly larger variations due to the accumulated layer-to-layer displacement.

In the frequency range from 0 to 30 GHz, the 4 misaligned cases in Case 2
show an approximately 3-5 dB degradation in Sqq11 compared with the Con.REF
case.

However, the trend becomes different above approximately 45 GHz. In Case 1,
all 4 misaligned cases show a degradation of about 1-3 dB compared with the
Con.REF case. In contrast, in Case 2, the 4 misaligned cases exhibit better Sqq11
performance than the Con.REF case in this high-frequency region. The maximum
improvement occurs near 60 GHz, where the best misaligned case improves the
return loss by approximately 8 dB. This improvement also leads to a corresponding
improvement in Sgq21, especially because the return-loss level above 45 GHz is
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Figure 4.8: Simulated signal-integrity responses of the special
hole-misalignment cases in the z- and y-directions.
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relatively poor and is mostly higher than —10 dB. Therefore, in this frequency
range, the transmission response is strongly affected by the mismatch condition.

Sddaz1  As shown in Fig. 4.8¢ and Fig. 4.8f, the Sqgo1 results show that the
influence of layer misalignment is mainly visible above 40 GHz.

For Case 1 shown in Fig. 4.8e, the curves are almost identical below
35 GHz, with Sq401 remaining within about 0 to —0.25 dB. At 55-60 GHz, the
Con.REF case is around —1.3 dB, while the other 4 misaligned cases decrease to
approximately -1.4 to —1.9 dB.

For Case 2, shown in Fig. 4.8f, the 4 misaligned cases remain very close to
the Con.REF response below 45 GHz, with a difference generally within about
0.1 dB. Above 45 GHz, the 4 misaligned cases become better than the Con.REF
case. At 60 GHz, the Con.REF case is approximately —1.25 dB, whereas the best
misaligned case is around —0.5 dB, corresponding to an improvement of about
0.7 dB.

Above 45 GHz, the Con.REF case suffers from relatively poor matching, which
causes a larger portion of the incident power to be reflected. In contrast, the 4
misaligned structures in Case 2 slightly improve the matching condition, thereby
reducing the reflected power and allowing more power to be transmitted through
the transition. As a result, an apparent improvement in Sgqo1 is observed.

MAT The corresponding MAT responses are shown in Figs. 4.8¢ and 4.8h.
Since MAT is a mismatch-corrected transmission metric, it is less affected by the
reflection behavior than Syq21, and therefore better reflects the intrinsic available
transmission capability of the microvia transition.

For both cases, the MAT curves are almost identical below approximately
35 GHz. This is because the additional path length introduced by layer
misalignment is electrically small compared with the guided wavelength in this
frequency range. Therefore, its influence on the intrinsic transmission capability
is negligible.

At higher frequencies, small but visible differences appear. In Case 1, the
Con.REF case and Opp.1ldy remain almost the same at high frequencies, reaching
approximately —0.25 dB at 60 GHz. In contrast, the other misaligned cases
decrease to about —0.28 dB, corresponding to an additional degradation of
approximately 0.03 dB. This difference can be explained by the effective path
length. For Opp.ldy, the fan-in and fan-out directions are opposite, so the
path-length change introduced by the layer shift is largely compensated. As a
result, its effective path length remains close to that of the Con.REF case. The
other misaligned cases introduce a small net increase in path length, leading to
slightly lower MAT values.

For Case 2, the 4 misaligned cases are very close to each other over the whole
frequency range. At 60 GHz, they are mainly around —0.27 dB, while the reference
case is slightly higher, around —0.24 dB. This indicates that when the relative
shift is introduced between every layer, the accumulated additional path lengths
of the misaligned configurations become similar, so their MAT responses almost
overlap.
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Overall, for the layer-misalignment cases studied here, the small differences
in MAT are mainly associated with the change in effective path length. Since
MAT is a mismatch-corrected metric, the influence of input reflection is reduced.
Moreover, the material properties, via dimensions, and stack-up remain unchanged
among these 8 cases. Therefore, the remaining difference in the intrinsic available
transmission capability is mainly caused by the small change in the effective signal
path length.

Scda21  In both Case 1 and Case 2 shown in Figs. 4.8i and 4.8j, the z-direction
misalignment cases produce a much higher Sc4o; than the Con.REF structure,
showing that this direction more strongly breaks the symmetry of the differential
transition. In contrast, the y-direction misalignment cases remain closer to the
Con.REF response, indicating a weaker influence on differential-to-common-mode
conversion.

Moreover, the curves with the same misalignment direction are similar for
the same-direction and opposite-direction fan-out cases. This suggests that the
mode-conversion level is mainly governed by the misalignment direction, while the
fan-out direction plays a secondary role. Therefore, z-direction layer misalignment
is the more critical condition for Scqo1.

Overall, layer misalignment perpendicular to the routing direction has
a stronger impact on mode conversion because it more directly breaks the
geometrical and electrical balance of the differential pair. This imbalance causes
the two conductors to experience different local discontinuities, thereby increasing
the conversion from differential mode to common mode.

4.3.2 Monte Carlo Analysis

In multilayer PCB fabrication, layer misalignment may occur during the
lamination and registration process. Different layers may not be perfectly
aligned with respect to each other, which changes the relative positions between
signal pads, traces, antipads, reference-plane openings, and microvia landing
structures. As a result, the local electromagnetic environment of the differential
via transition can be modified, leading to impedance mismatch, transmission
degradation, and possible mode conversion. Therefore, a Monte Carlo analysis
is performed to evaluate the statistical influence of random layer misalignment on
the signal-integrity performance of the investigated structure.

In this work, the signal layers L3 and L15 are kept fixed in the simulation
coordinate system and are used as reference layers. The other layers in the PCB
stackup are allowed to have arbitrary in-plane positional deviations with respect
to these reference layers. For the (1)-th misaligned layer, the layer displacement is
described by two lateral offset components, Ax; and Ay;. Therefore, for a nominal
position ((x,y)) on layer (1), the shifted position is written as

(:Evy) — (x+A$luy+Ayl)7 (44)

where Az; and Ay, denote the layer-level misalignment in the (x)- and
(y)-directions, respectively.
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The misalignment components are modeled as independent zero-mean
Gaussian random variables,

Ay ~ N(Oa 05)7 Ayl ~ N(Oa 0’5) (45)

In this analysis, 0, = o, = 25 pum is used. The zero-mean assumption
represents an unbiased manufacturing tolerance, where the layer position
fluctuates around its nominal location without a systematic offset. A cutoff
probability of 0.0027 is applied to the Gaussian distribution, which corresponds
approximately to a +3¢ truncation. Therefore, most random samples are confined
within approximately +75 pm in each direction. In total, 200 Monte Carlo
samples are used in this analysis, with each sample corresponding to one randomly
generated layer-misalignment configuration.

It should be emphasized that the layer misalignment is applied at the layer
level. All relevant geometrical features on the same misaligned layer share the
same displacement values Ax; and Ay;. Therefore, the whole layer is translated
as a rigid body in the lateral plane. This is different from the hole-misalignment
case, where only the signal microvia positions are perturbed independently.

Results for analysis. Monte Carlo analysis is performed to evaluate the
statistical robustness of the transition under random layer misalignment caused
by fabrication tolerances. Compared with deterministic misalignment cases, it
provides the distribution, mean value, and variation range of the signal-integrity
metrics. Therefore, it can be used to determine whether the transition is sensitive
to random misalignment and whether the same-direction or opposite-direction
fan-out configuration shows better tolerance.

As shown in Fig. A.5, the distributions of Sqq11 for the Same and Opp fan-out
configurations largely overlap at 5, 25, and 60 GHz. Their mean values and 30
ranges are very close, indicating that the fan-out direction has little influence on the
statistical variation of the differential-mode reflection coefficient. A similar trend
is observed for Sgq21, as shown in Fig. A.6. The two fan-out configurations exhibit
nearly the same transmission-loss distributions, suggesting comparable robustness
in terms of differential-mode transmission.

The MAT results in Fig. A.7 further confirm this observation. The Same and
Opp distributions are very close at all selected frequencies, which indicates that
the maximum achievable transmission capability is only weakly affected by random
layer misalignment. Therefore, no clear statistical advantage of either fan-out
direction can be identified from the reflection, transmission, or MAT results.

For the mode-conversion coefficient Scqo1, shown in Fig. A.8, the distributions
are wider than those of the other metrics, especially at higher frequencies. This
suggests that differential-to-common-mode conversion is more sensitive to random
layer misalignment because it is directly related to the geometrical imbalance of the
differential transition. Nevertheless, the Same and Opp distributions still largely
overlap, indicating that the fan-out direction is not the dominant factor for the
statistical mode-conversion behavior.

Overall, the Monte Carlo results indicate that the same-direction and
opposite-direction fan-out configurations show very similar statistical performance
under random layer misalignment. No consistent superiority is observed for either
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fan-out direction. The investigated transition therefore shows reasonable tolerance
to random layer misalignment, while mode conversion is identified as the most
sensitive metric among the considered signal-integrity responses.

4.4 Summary

This chapter investigated the impact of manufacturing-induced staggering on the
SI performance of differential microvia transitions. Two types of fabrication
tolerances were considered: hole misalignment and layer misalignment. For
each case, deterministic offset cases were first analyzed to identify the physical
mechanisms, followed by Monte Carlo analysis to evaluate the statistical
influence of random manufacturing variations. Overall, the results show that
manufacturing-induced staggering affects mode conversion more strongly than
differential-mode reflection and transmission.

The differential return loss Sgqq11 shows a shifted and broadened reflection dip.
The insertion loss Sqqo1 varies mainly at high frequencies, while the MAT curves
remain close to each other, indicating that the degradation is mainly caused by
impedance mismatch rather than a significant reduction in intrinsic transmission
capability. Among all metrics, Scq21 is the most sensitive to hole misalignment,
especially for asymmetric offsets that break the balance of the differential pair.

For layer misalignment, shifting only the signal layers has a limited
impact on the overall signal-integrity response, whereas staggered misalignment
involving both signal and ground layers causes more visible local impedance
variations. However, Sgq11, Sdda21, and MAT remain relatively stable, showing
that the investigated transition has reasonable tolerance to random layer
misalignment. The mode-conversion response is again more sensitive, especially
for x-direction layer misalignment. The same-direction and opposite-direction
fan-out configurations show no clear statistical difference in the investigated cases.
Therefore, S.q21 should be carefully evaluated together with conventional metrics
such as Sgq11, Sadae1, MAT, and TDR.
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Chapter 5

Conclusion and Future Work

5.1 Conclusions

This thesis investigated the impact of microvia vertical geometry and
manufacturing-induced staggering on the SI performance of high-speed differential
interconnects in multilayer PCB structures. The study was motivated by the
fact that practical microvias are affected by fabrication-related non-idealities,
including tapered via profiles, hole-position errors, and layer-to-layer registration
errors. To support the analysis, the theoretical background of microvias,
transmission-line behavior, mixed-mode S-parameters, TDR, isolation, MAT, and
power-balance-based loss estimation was first introduced. These quantities were
then used as the main evaluation metrics throughout the simulation study.

In Chapter 3, the influence of microvia vertical geometry was investigated.
First, the conventional polygonal cylindrical microvia model was analyzed under
different transition lengths and antipad sizes. The results show that shorter
transitions exhibit smoother and more stable broadband responses, whereas
longer transitions show stronger high-frequency variation and higher sensitivity
to antipad size. The TDR results also show that the antipad size changes
the local impedance profile in the microvia-transition region. These results
provide a baseline for understanding the behavior of the conventional cylindrical
approximation before comparing it with more realistic microvia geometries.

The cylindrical microvia model was then compared with conical microvia
models. Three cases were considered: the default cylindrical reference model,
the model with only conical signal microvias, and the model with both signal
and ground microvias represented by conical geometries. The comparison shows
that the three models have similar differential insertion-loss behavior at low and
middle frequencies, but visible differences appear in return loss, mode conversion,
TDR, impedance, and isolation, especially at higher frequencies and for longer
layer transitions. The port-impedance analysis further shows that the extracted
intermediate impedance Z, is affected by the microvia geometry, and the difference
becomes more noticeable as the transition length increases. The isolation analysis
also shows that different microvia geometries lead to different predicted coupling
levels and radiation-related loss. Therefore, the conical microvia model provides a
more realistic representation for deep-layer and high-frequency interconnects. At
the same time, the computational-cost comparison shows that modeling all vias

7
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as conical structures is significantly more expensive. As a practical compromise,
applying the conical geometry mainly to the signal microvias can be used for a
preliminary signal-integrity estimation with reduced simulation cost. However,
this simplified model is not suitable when the isolation performance is of primary
interest, because the coupling behavior is also influenced by the geometry of the
surrounding ground microvias.

In Chapter 4, the impact of manufacturing-induced staggering was studied.
Two types of misalignment were considered: hole misalignment and layer
misalignment. For hole misalignment, several deterministic offset cases were first
analyzed in both the z- and y-directions. The differential return loss Sqq11 shows
that hole misalignment shifts the main reflection features toward lower frequencies
and broadens the frequency range where Sqq11 < —25 dB. The differential
insertion loss Sqq21 shows more visible variation at higher frequencies, while MAT
remains relatively stable. This indicates that the overall available transmission
capability is only weakly affected by the investigated hole-position variations.
In contrast, the mode-conversion coefficient S.q21 is much more sensitive to the
detailed offset configuration. In particular, asymmetric hole-misalignment cases
produce a larger increase in differential-to-common-mode conversion. The Monte
Carlo analysis further confirms this trend: Sqqi11, Sdadze1, and MAT show relatively
limited statistical variation, whereas S.qo1 has a much wider distribution.

Layer misalignment was also analyzed through deterministic cases and Monte
Carlo simulations. In the deterministic study, two representative cases were
considered. Case 1 involves the misalignment of the signal layers only, while Case
2 includes staggered misalignment of both signal and ground layers. The results
show that Case 1 has only a limited influence on the overall response, whereas
Case 2 produces more visible local impedance variation and high-frequency
differences. For the differential-mode quantities, Sqq11, Saa21, and MAT remain
relatively close to the reference case, indicating that the investigated transition
is reasonably robust in terms of differential-mode reflection and transmission.
However, S.q21 again shows stronger sensitivity, especially for the z-direction layer
misalignment, where the layer offset is perpendicular to the differential-pair routing
direction. The comparison between same-direction and opposite-direction fan-out
configurations shows no clear statistical advantage for either case. Their Monte
Carlo distributions largely overlap, indicating that the fan-out direction is not the
dominant factor in the investigated layer-misalignment cases.

Overall, this thesis shows that microvia vertical geometry and
manufacturing-induced staggering can both influence the signal-integrity
prediction of high-speed differential interconnects, especially for long-layer
transitions and high-frequency operation. Simplified cylindrical models and
ideal-alignment assumptions can be used for preliminary differential-mode
analysis, but more realistic geometry and misalignment modeling are needed for
long transitions and high-frequency operation, especially when TDR variation,
isolation, and mode conversion are of interest.Therefore, Sqqi1, Sqaz1, MAT,
and TDR should be evaluated together with Scq21, which is more sensitive to
geometrical asymmetry. These findings provide practical guidance for microvia
modeling, tolerance evaluation, and robust SI design in high-speed HDI PCB
interconnects.
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5.2 Future Work

Although extensive simulations and theoretical analyses have been carried out
in this thesis, experimental validation and comparative measurements have not
yet been performed due to limitations in time. Therefore, future work could be
directed toward prototype fabrication and physical testing to further verify the
simulation results presented in this work.

In addition, the manufacturing-induced staggering considered in this thesis is
modeled using simplified hole-misalignment and layer-misalignment assumptions.
In practical fabrication, these two effects may occur simultaneously and may also
be correlated with other process variations. Therefore, future work could further
investigate more realistic tolerance models, including combined hole and layer
misalignment, systematic process offsets, and different statistical distributions of
manufacturing errors.

Furthermore, to simplify the analysis, this study only considers conical
microvias with a specific taper angle. In practical manufacturing, however, via
geometry can be affected by many factors, including the aspect ratio of the hole,
the material properties of the dielectric and metal, and the details of the fabrication
process. Different geometrical variations may lead to different levels of impact
on SI performance. Recent studies have also investigated void defects formed
inside via holes during fabrication, as well as the influence of their geometrical
characteristics [39]. These topics provide valuable directions for future research
and could contribute to a more comprehensive understanding of the relationship
between fabrication-induced geometrical variations and SI performance.
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Monte Carlo Results for Staggering

Figs. A.1-A.4 show the Monte Carlo results for the L3-L15 transition with
random hole misalignment, including S4q11, Sade1, MAT, and Scq21. Figs. A.5-A.8
show the Monte Carlo results for the same L3-L15 transition with random layer
misalignment. These figures are used to evaluate the statistical influence of layer
shifts and fan-out configurations on the same performance metrics.
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