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Abstract

This work revisits the framework of physics-based modeling of multilayer substrates with
vias. The first part reviews the model and discuss their limitations for irregular struc-
tures, when there exist cases where high-order modes are excited because of different
situations, such as non-uniform current distributions, coupling between nearby intercon-
nections, etc. Some of these irregular cases are not covered in the current physics-based
modeling framework. From there, two aspects are explored in this work.

First, an extension of the physics-based via modeling is proposed, in order to handle
microstrip line transitions on the bottom or top layers. This is implemented by using a
simple model for the via to microstrip line transition that works up to 12 GHz. Here, the
construction of a generalized network model is also discussed, and the proposed model is
validated against full-wave methods, i.e. FEM, FIT; in order to evaluate the agreement
between baseline cases and the proposed modeling approaches.

Second, the role of asymmetries in differential structures with stub vias is studied. It is
shown that mode conversion can become an important source of degradation in differ-
ential links. These remnants via stubs can be present because of multiple reasons, such
as residual stubs due to process tolerances or errors during back-drilling. Different via
configurations are analyzed through full-wave simulations. Results show a large impact
on mode conversion with an increment of around -35 and -15 dB when the residual stub
difference changes from 2 to 14 mil at the fundamental frequency of 17.5 GHz. Further-
more, an estimation approach of the amount of mode conversion as a function of via stub
asymmetry is analyzed and proposed.

Author Key-words: physics-based via modeling (PBV), printed circuit board (PCB),
signal integrity, microstrip, via modeling, via stubs, mode conversion.
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Chapter 1

Introduction

1.1 Motivation and Context

Modern digital systems feature a high number of interconnects, over tenths of thousands
in a custom printed circuit board (PCB). The increment of data transfer rates, smaller
form factors, different types of agents as well as levels of integration have made the
process of pre-layout design an essential stage for modern implementations. In this way,
high-speed interfaces are reaching data rates up to several GHz [11], and at the same
time, electromagnetic effects appear that degrade the transmitted signal integrity [12].
Power delivery issues must be considered as the data rate increases as well. Off-chip
interconnects, due to their inherent low-pass behavior, have been the bottleneck on the
bandwidth that can be achieved in high-speed interfaces. For these reasons, the design
and validation of electrical links and their performance are one of the most relevant stages
in modern systems and developments [13].

However, in order to design an electrical link, several aspects need to be considered. In
the case of the communication channel, efficient modeling allows a more optimal design
process, superlatively, in terms of computing time. This is a challenging stage because
of the huge number of interconnects presented in modern system developments in the
industry. Thus, different methodologies have been explored and developed for accurate
models that result on more efficient simulations. For instance, physics-based modeling has
shown higher efficiency in terms of computing time than regular full-wave methods. There
exist plenty of research on this approach. As an example, Figure 1.1 (a) depicts the basic
cell of the current physics-based via modeling [1], where the dashed blue lines represent
the regions where some mode conversions occur on. The basic cavity cell is composed by
the interaction of a coaxial and radial waveguides, which defines the propagated modes
inside the structure.

It is well known that parallel-plate modes are excited into the cavity, and can propagate
due to the return current on metal planes. This far-field interaction is described by the
calculus of the parallel-plate impedance Z*?, which defines the return current path on
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Port 01
..} . o —1 o
H B “
Far field Interaction % 3 Far field Interaction Port 01 — Port 02
7 P2 zv Cyu vl
e —— ° °
Port 02
(@) (b)

Figure 1.1: Description of the physics-based via model for a single via, (a) a via crossing two
adjacent metal planes with the consequent electromagnetic fields interaction, (b) and equivalent
m-network representation of a cavity [1].

the structure [14]. Also, the near-field interaction refers to the high-order modes excited
nearby to the via barrel, which are rapidly attenuated. These interactions are described
by including the coaxial and via-to-plane capacitances C, as a first approach. The basic
model representation is depicted in the Figure 1.1 (b). As mentioned, there exist several
research regarding physics-based via (PBV) modeling. For instance, in [15] it is presented
a semi-analytical model for the case shown in Figure 1.1 (a). Moreover, the analysis
covers various types of vias, i.e. thru-hole, buried, blind, etc. This approach has been
validated up to 40 GHz under several simulation scenarios. However, the calculations
of the near fields around the via barrel have shown limitations for certain geometries
and high-frequency ranges. By addressing this fact, there have been developed other
approaches for the modeling of this section, as mentioned in [16]. These approaches
are based on an electromagnetic analysis of the coaxial and radial waveguides junction
[2] and an intrinsic via circuit model by defining a via and plate localized domains [3].
As depicted in Figure 1.2, both approaches are described in terms of equivalent electrical
circuits, which allows that the computing time of the calculus would be faster than regular
full-wave methods.

This thesis is a contribution to extend the state of the art in terms of the modeling and
understanding of the interconnect behavior at high-frequencies, specifically for the gen-
eralization of the physics-based ports descriptions and a better understanding of their
limitations. The aim pursued is the development and validation of an extension of the
current physics-based via modeling, by improving the current description with the inclu-
sion of microstrip ports as well as the transitions between microstrip and vias in multilayer
substrates, which are commonly identified as turning vias.

Additionally, the evaluation of an effect that cannot be modelled with the physics-based
approach is discussed, namely, the asymmetries in differential signaling and the effect on
mode conversion, specifically for via stubs is analyzed. The impact of asymmetries in
via stubs for differential connections is discussed, where it is shown that the effect could
become important depending on the length of the stub and level of asymmetry.
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Figure 1.2: Physics-based via modeling approaches (a) methodology proposed in [2] based
on an electromagnetic analysis of the coaxial/radial line junction, (b) and intrinsic circuit via
modeling based on via and plate domains analysis, presented in [3].

1.2 Objectives

This work is focused on the extension of the current physics-based via modeling and
exploring the limitations and importance of non-regular cases that escape to this type of
modeling, by improving the description of irregular cases with the inclusion of microstrip
ports and a proposal for modeling the transitions between microstrip transmission lines
and vertical interconnects, identified as turning vias, as well as the effect of the asymmetric
via stubs in differential signaling.

In order to achieve this, it was necessary to determine the behavior of electromagnetic
modes for the topologies to analyze through full-wave simulations. Additionally, the
analysis and development of a scheme of modeling for the selected topologies considering
geometric and material properties of these configurations. The intention of the proposed
modeling is to be based on an equivalent electrical circuit, that allows more efficient
simulations. Then, the validation of the proposed modeling against full-wave simulations
is the last section of this analysis, where a comparison of the agreement among them
would determine the viability and accuracy of the proposal with the aim to explore the
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limits of the physics-based modeling approaches. Also, this thesis also explores a case
not reported previously in the literature: the effect of asymmetric via stubs in differential
signaling, where it is presented the effect of the back-drilling process on the electrical link
performance.

1.3 Organization

The core of this thesis is based on six chapters, where each one of these are briefly discussed
as follows:

Chapter 2: presents a bibliographic review about updated topics related the physics-
based via modeling. Also, this review covers topologies where high-order modes are
present and configurations that are not already modeled.

Chapter 3: deals with an analysis of regular configurations where the physics-based via
modeling has good agreement compared to full-wave methods. Moreover, cases that are
not covered in the current modeling approach introduce the aim of this thesis.

Chapter 4: explains the modeling approach for the cases proposed in this work, based
on theoretical concepts introduced as references. Also, deals with the validation of the
proposed model. Here, the examples used to simulate and compare with the full-wave
data reference are presented.

Chapter 5: deals with an analysis and estimation of the amount of mode conversion
because of asymmetrical via stubs in differential signaling. This is caused by the residual
via stubs present during back-drilling processes.

Chapter 6: covers the conclusions and further work based on discussed results.



Chapter 2

Segmented Physics-Based Via
Modeling of Multilayer Substrates

Physics-based modeling has been mighty investigated and validated in the literature, e.g.
[14], [17], [18]. By definition, the formulation of the via modeling considers that the via
interconnection is crossing a cavity enclosed by two parallel metal planes [15]. Figure 2.1
depicts the description of the via model.

R
.
.
o
S
o
.
o
o
o
.
o
.

: P ’
“““ : ‘ 1"
| “‘i E
* P Port 01 Cou

Cavity 1 R N _ /—\ u g
™ Coaxial Vlu ‘ Il e

a3 . - ] I Waveguide H

E— L T . ? . E Conversions = . .
B il IV
. . R T O, t  Radial Waveguide = : yl ; :
: i ) :

: “— t 1; :

Cavity o Port 02 Cvl é
| ta

Port 02 v,! :

Figure 2.1: Description of the physics-based via modeling for a single via in a multilayer
substrate [1]. The extracted model is concatenated by using segmentation techniques, in order

to obtain the response of the entire stackup structure.

The representation in the Figure 2.1 [1] is a m-network composed by various elements.
Specifically, there exist two elements that describe the far and near-field interactions in
a via interconnection. For the near-field case, via-to-plane capacitances are proposed to
describe the fringing fields section around the via, i.e. antipad section. The parallel-plate
impedance Z"P represents the far-field interaction of the reference planes in terms of elec-
tromagnetic modes that can propagate into the cavity. Hence, regarding the parallel-plate
impedance, the Z” can be interpreted as the impedance seen by the via barrel, between
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the reference planes. Thus, this impedance can be used to construct the expression:

V=271, (2.1)

According to (2.1), the voltages and currents represent the parameters defined into each
cavity segment, which are directly related to the return path impedance between parallel
metal planes [15].

2.1 Review of Physics-Based Via Modeling Formula-

tion

It has been stated that the formulation of the physics-based via modeling is referred to
include interactions about far and near-fields. Thus, the following subsections show a
brief discussion of the developed methods for each one of these interactions.

2.1.1 Far-field Interaction Modeling

Several investigations have shown that parallel-plate modes can propagate between the
reference metal planes. In this lane, the definition of a parallel-plate impedance Z*?
to model the physical effect of far-field propagation has been successfully validated in
real case scenarios. These electromagnetic modes are excited when a current flows out
through a via barrel, and according to the theory, there exist a magnetic field wave who
propagates with cylindrical symmetry into the cavity, in case of ideal conditions. This
magnetic field excites the parallel-plate modes, and these waves can manifest themselves
as voltage fluctuations between the metal planes, which might be identified as PDN noise.
Among the developed approaches to calculate the parallel-plate impedance, it is possible
to mention the contour integral method (CIM), the cavity resonator model (CRM), and
the radial waveguide method (RWM), as an examples.

In case of CIM, the formulation of this approach allows to handle irregular plane shapes.
Since the distance between planes is smaller than the wavelength of interest, the formu-
lation is reduced as 2D approximation that yields to a decreasing of computing effort
[19]. Furthermore, alternatives of this approach have been developed considering circular
ports with isotropic [20] and anisotropic [21] excitations. By considering the formulation
in [19], the parallel-plate impedance ZPP can be calculated as follows:

7’ =U'H (2.2)

The matrices U and H are used to calculate the impedances and are defined as [4]:
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. B Jo(kryi)Jy(kry ) Ho® (kryg), (i # j) (2.3)
Y j Jo(kry) H® (kry.), (i = §)
and
kb [ Io(krea) (ke ) Ho® (kry), (i # ) (2.4)
N 2 Jo(kry; ) Ho® (k. ), (i=J) '

where Jy and J; are the zero-order and first-order Bessel functions respectively, Hy® and
H,® the zero-order and first-order Hankel functions of second kind. Also, n = \/,u_/e
is the wave impedance and 7, is the radius of the via i, as well as 7;; is the center-to-
center vias separation. As pointed out in [4], the CIM considers the influence of the
backscattering from other vias around, which leads to a more accurate calculations.

Regarding the CRM approach, the principle of the small separation between the metal
planes is still valid and given the boundary conditions, the parallel-plate impedance can
be described using the 2D Helmholtz equation [1]. For rectangular planes, it can be
expressed as follows:

crng _ Jwpd o~~~ 5 5 [BC - [P
2w =T 2 e e (25)
m=0 n=0 m n -

being ¢, ¢, = 1 for m,n =1, and ¢, ¢, = V2 for m,n # 1, ky, = mx/a, and k, = n/b.
Also, fp is expressed as a function of the side length of the ports, i.e. finite port sizes
and it can be expressed:

fp = sinc (km;/[/m) - sinc (k" ;/Vyz) - sinc (km ;/VW> - sinc (k" ?/yj) (2.6)

where the size of the rectangular ports are varied in order to match with the circular

via perimeter, W,; = W, = 7 -r7/2 and r! represents the ith via radius. The function
fB.c. can be defined as follows, by applying a PMC boundary conditions at the edges to
approximate an open boundary:

fB.c. = cos (ky, ;) - cos (kn yi) - cos (ky, ;) - cos (ky y;) (2.7)

Besides, for PEC boundary conditions, the function fp . can be expressed by defining a
short circuit at the edges, as following;:

fB.c. =sin (ky, ;) - sin (k, y;) - sin (kp, @) - sin (k,, y;) (2.8)
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Additionally, the wave number can be defined as:

E—w¢ﬁ£}(1—jvnm5;dJ@}> 29)

where tand is the dielectric loss and ds = \/2/wp.0o. is the electric conductor loss. It
is important to highlight that the port definitions play a relevant role when the physical
dimensions and frequency range increases [22], [1].

In [23], it is explained the RWM, which is a method used considering infinite planes. This
means that there are no reflections from the edges of the board, and in order to consider
finite planes, the formulation can be extended by using image theory. More details about
this can be found in [1]. As mentioned in [23], the parallel-plate impedance Z" can be
expressed as follows:

md
W) = Jn

= - Hy® (kpyj) (2.10)
21 po H, ' (kpo) ’

where Ho® and H;® the zero-order and first-order Hankel functions of second kind,
pij is the distance between the ports and n = \/pc_/e The assumption of the small
distance between the planes is still valid here, which reduces significantly the analysis and
calculations to a 2D approximation as well.

2.1.2 Description of the Near-field Modeling

For the local fields around the via barrel, the presence of electromagnetic modes are not
restricted to fundamental ones. It has been recognized that high-order modes can propa-
gate at the antipad section, but they are strongly attenuated for not-shared antipads [15].
Under this fact, this non-homogeneous field section can be approximated in a simplistic
way by a capacitance value. These ones can represent also, the displacement current
presented between the via barrel and the reference planes.

As the Figure 2.2 depicts, this via-to-plane capacitance can be separated by three con-
tributions. The C, represents the coaxial capacitance between the via barrel and the
reference plane, Cj, is the lateral capacitance between the plane side and the via, and Cf
are the fringing capacitances at the up/bottom planes and the via barrel [1]. Thus, the
capacitance of a via in a cavity can be calculated as follows:

Cy=C.+Cy+Cy (2.11)

For the calculation of these capacitances, [8] proposes an analytical expressions that have
been employed and validated in the several works. For the coaxial capacitance C., it is
well known that can be described as:
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Figure 2.2: Cavity segment to describe the via-to-plane capacitances. The via top segment
presents as reference, the capacitances used for the m-network modeling [1].

2me et

" In (Tap/Tv)

with r, and r,, the via radius and antipad radius, respectively, and ¢ is the plane thickness.
Similarly, in case of the capacitance between the via barrel and the plane, i.e. Cj, in [§]

C, (2.12)

can be also found an expression based on an analytical approach, which is defined:

2N—-1

8me, € 1
O - - ’ Htgz) kn’l“a _H(EQ)(knrv) 213
b n(rg/r) 225 k2 H (ko) U G b e

being h the dielectric cavity thickness, k, = :I:\/w2,uheh — (nw/d)?, and Hy® the zero-
order Hankel function of second kind. For reference, typical values for via capacitances per
cavity are in between 20 fF and 100 fF [1]. These approaches are defined by considering
fundamental TEM modes as excitations. This assumption is valid due to, according
to [8], in coaxial lines the high-order modes attend to appear in frequencies far away
to the frequency range of interest, i.e. up to 40 GHz. Recently, other approximations
have been developed in order to increase the calculation efficiency of these capacitance,
e.g. in [24], [25]. On the other hand, the fringing field capacitances calculation take a
different analysis. For instance, in [26] it is presented a method for the calculation of
the external capacitances, based on an integral equation of the surface charge density in
axially symmetric configurations.

Thus, by considering the far and near-field interactions described before, the cavity for-
mulation for a via ¢ can be expressed as follows [15]:

Ily’ Y cav _Yycav ‘/iu’
|:]l’:| = |:_Ycav Y cav :| ) |:Vl’:| (214)

where the Y is defined as:

[Ycav _ycav} B [YC“ 0} {Y”p —Y”p} (2.15)

_yecw  ycav 0 yd _Yypr YyPP
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Figure 2.3: Approach developed by Williamson for a cross-coupled junction. Dashed line refers
to the calculation of the near-field interaction, which is more detailed than m-network modeling.
This approach has shown very accurate agreement compared to full-wave methods [2], [4].

with Y?? = ZPP~! and Y = jwC,. Although this approach has shown good agreement
and high efficiency compared to full-wave methods, for high frequencies presents a con-
siderable deviation from the baseline cases. In this way, in [3] it is suggested that this
approach is valid as intuitively method for low frequencies so, it can estimate the via
capacitance with accurate results in a relative low frequency range, as presented in [4].
As the Figure 1.2 depicts, there exist another approaches for the via modeling, by con-
sidering a physics-based analysis and defining an equivalent circuit model. For instance,
Williamson approach is presented in [2] and offers an analysis of the coaxial/radial lines,
extended for a cross-coupled junction. Figure 2.3 depicts the equivalent circuit about this
approach.

The Williamson method is based on the electromagnetic analysis of the junction of two
different waveguides, which are coaxial and radial lines, by using a TEM approximation
and assuming again that, high-order modes are rapidly attenuated in the antipad geo-
metrical section. According to the Figure 2.3, the modeling parameters can be calculated
as follows:

21 >
By =—————coth(kh)+2 D,.° 2.16
0 T (rg ) B 20 (216)
o 1 >
By — — 2N (-1)"D,,° 2.17
21 non (rap/7y) sin kh + mZ:l (=1) ( )
R — (2/7T) ln (TGP/TU> (218)

Jo(kry)Yo(krep) — Jo(krap)Yo(kry)
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27 1 Ko(gmkrap)
mC: I mka mka — I mkaK mkv
I i) 2 Ko (@b Kalankr) = Toankrap) Ko(anir)|
(2.19)
where,

Ba — Bc — Bll - BQl; Bb - B21 (220)

2 Y( — Y]
B, wry  Ji(kry)Yo(krep) — Jo(krap)Ya(kry) (2.21)

T b Jo(kra)Yo(kray) — Jo(krap)Yo(kry)

In order to get more details related to the calculations and model parameters, [2] presents
a deeper analysis and reference. Therefore, for this approach, the via model, by including
the parallel-plate effects, is formulated similarly as (2.15), which is [4]:

(jBa + By + 75 (1Bs + Yi™), (i =)

Yo = B+ g (7B + Y5, (=j+Nori+N=j) (222
Lt (else)

where N is the number of vias. The Williamson approach has shown very good results in
terms of accuracy at high frequencies, mostly because of the more detailed calculation of
the near-field effects. Furthermore, a very similar results have been obtained by Zhang
in [3]. This another approach is based on the definition of a domains for the via and
the plane, and construct the analysis with a given boundary conditions. The equivalent
circuit is quite similar as Williamson approach, with the difference of the presence of
the inductance in series to the parallel-plate impedance. Figure 2.4 shows the equivalent
circuit for the Zhang approach, identified as intrinsic via modeling.

The expressions to calculate the model parameters are defined as follows [3]:

2N—-1

_j27TTv 267”607( >
o= R Z F(ry) (2.23)
ap/ v n=1,3,5,..
Cl_jm”v 2ec0m N (—1)"F; (ro) .
v h In(rap/ry) n=135,.. o |

For the cases where the boundary conditions are defined as PML (infinite planes), S = L
is valid and the function F¥ can be re-defined as [3]:
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o Port 01

Figure 2.4: Intrinsic via modeling developed by Zhang in [3]. This approach is based on
an electromagnetic analysis of the via and plane domains with their corresponding boundary
conditions. Dashed lines represent the modeling for the via near-field propagation.

H(Q) _ H(z)
Fl(r)) == (kT op) (g) (kan)Wm(knka’nT) (2.25)
k‘n(l + 5n0)H0 (]CnT)

where 0,9 is the Kronecker delta function and W,,,,(x, y) is an auxiliary function expressed
by m-th Bessel and n-th second-order Hankel functions, given by:

I (T In
W) = [Hﬁ?((;) Hf%] 220

The another model parameters are defined as following:

,uh Woo(k’l, ]{37”)
L, = — 2.27
27kb Wl()(k?l, k?") ( )

o JrruWio(kry, kr)  2€.6om
- kL, k — kL, k 2.2
Cy ijhwlo(kl,kjr) ln(rap/rv) |:W10( ) Tap) WIO( y TU> ( 8)
Ry =/~ Rl (2.29)
where the parameters R,, and R, are:
Jm Who(kl, kl)
B = T (rapra) Wao(kl, ) [WOO( r) = Woo(ka 7")] (2.30)

_ 1o Woo(kry, kr)

= 2.31
R I Woo(kl, kr) (231)
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2.1.3 Modeling Extension Including Power/Ground Vias and
Stripline Traces

The literature refers to several studies related to the importance of power integrity issues
in modern developments. The need to reduce the equivalent impedance of the power
delivery network (PDN) has became relevant in high-frequency ranges, where the effects
are more notable. Some techniques have been applied in order to compensate these
issues, such as grounding, decoupling, etc [27]. In multilayer substrates, reference planes
are connected to a defined voltage value that are generally the pull-up or pull-down
references. The reference planes (power/ground) are part of the power delivery network
of the system, and can be used for the placement of components of the PDN. This fact
allows better localized voltage references for the agents involved on the system, increase
the grounding in case of both planes connected to ground, and the decoupling for mixed-
reference planes connection. Moreover, vias connected to reference planes are used as well,
which allows the improvement of the return path, i.e. by reducing the Z"” impedance and
the coupling between vias and planes [27]. Hence, in case of the physics-based modeling
of power/ground vias, in [28] a formulation is proposed for vias connected to metal planes.
Figure 2.5 depicts the interconnection cases for a single cavity structure. Following the
convention shown in the Figure 2.1, the via barrel can be connected to both adjacent
planes, connected to only one of those, and not connected at all. According to the via
connection, the physics-based via model must be re-defined. These connections refer to
a short circuit between the via and planes, which electrically means that the effects of
the near-field are cancelled out and the resulted effect of the via is referred only to the
far-field propagation, i.e. Z"P.

In case of a via connected to both planes, the Z*? can be reduced after a 2D computation
[1]. Once the expansion of the impedance between the ports is developed, it is assumed
that the voltage across the ground via is zero, thus:

V.l [ze ozm) [
M - [Zgﬁ ng”] | H (2:32)

g

In (2.32), the terms were re-ordered by grouping the shorted-circuit ports, where the
subscripts s and g refer to signal and ground vias, respectively, and the impedance matrix
defined as ZI”. Furthermore, the reduced impedance matrix contains only parameters
related to signal vias in (2.32):

-1

P =20 - 7% (ng) e (2.33)
where Z}” is the Schur complement of Z7” [29]. At the end, the resulted matrix would
present a size given by the number of signal vias, i.e. non-shorted ports.

Moreover, current physics-based via modeling is capable to include stripline traces mod-
eled as transmission lines. In this lane, it has been developed and validated the extension
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Figure 2.5: Different via-to-plane connectivity configurations. The connection or short circuit
between the via and the plane results in a non-effect of the near-field interaction in the specific
via segment, i.e. upper and lower [1].

of the modeling to include this interconnection [5]. The fact to model a via-to-trace tran-
sition represents a not-trivial topic due to the parallel-plate and transmission line modes
are coupled at the cavity geometrical section. This coupling occurs at the via locations,
which allows to compute each one separately. The analysis of these modes are based on a
signal coming from a via and travelling through the stripline so, both modes can co-exist
between the parallel planes. The Figure 2.6 shows a description of this physical effect.

Hence, modal decomposition [30] allows to analyze the presented modes as separate con-
tributions. According to [31], it is possible to define a factor k who serves as coupling
coefficient between the modes. This coefficient can be described as follows:

hy
h; + hy

(2.34)

where h; and h, are the dielectric lower and upper heights, shown in the Figure 2.6.
More details about the extraction of the coupling coefficient can be found in [31]. The
integration and formulation of the inclusion of stripline traces are presented in [5].

Thus, the formulation is expressed as following [1]:

YT _ Yy cav _Yycav —k- Ytl 0 (kJZ + k‘) . Ytl —(k‘2 + k?) 3 Ytl
_Yycav Yy cav 0 (]C + 1) 3 Ytl —(k’2 + k’) A Ytl (kZ + k‘) X Ytl
(2.35)

The final effect Y7 is a contribution of three components: the cavity model which contains
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Figure 2.6: Electromagnetic modes presented in a cavity, as pointed in [5]. The transmission
line and parallel-plate modes are coupled in case of a stripline trace routed into the cavity, and
can be computed separately by using modal decomposition.
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Figure 2.7: Stripline port definition for a trace embedded in a cavity. I5 and V5 are the

electrical parameters that describe the stripline port, decoupled from the parallel-mode that
co-exist into the cavity.

the via-to-plane interactions and the parallel-plate impedance, the trace transmission line
model, and the modal transformation on the parallel-plate impedance and the transmis-
sion line mode [1]. This extension have been validated in several scenarios, as shown in
[5]. Besides, a formulation to include stripline ports is proposed in [32] as well. The main
aspect in this method is to get access to the electrical parameters of the port geometrical
section. For instance, the Figure 2.7 presents the structure with the defined parameters
for the analysis.

Theoretical formulation is expressed also in terms of the coupling coefficient k because of
the need to obtain the transmission line mode, i.e. stripline mode, decoupled from the
parallel-plate mode. Thus, the extended physics-based modeling is formulated as:

Iy v
I =YY% . |V} (2.36)
13 vy

where the matrix Y contains the contribution of each element, and it is defined as:
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yeav  _yeav _kY'ltll 0 k?YYQZ i
Y = | —yew yew ol 4| 0 (k+ DV (—k— 1)V
0 0 0 KYH (k- 1)YH Y3

- (2.37)

(K +R)YH (k= k)Y{ 0
+ | (= =RV (FHRYT 0
0 0 0]

A more detailed analysis and validation can be found in [32], [33]. Until this point,
there have been reviewed the analytical approximations to cover regular cases, where
involves mostly fundamental modes that propagate across the conductor, whereas there
exist several cases that do not present these characteristics, e.g. non-uniform currents,
coupling and scattering between conductors, mode conversions, etc. Next section covers
a review of some cases where physics-based modeling has not been enough to model these
irregular behaviors.

2.2 Analysis of Irregular Configurations in Multilayer
Substrates

Typically, in modern platforms exist more configurations and types of interconnects that
differ with regard to what has been analyzed until this point. For instance, microstrip
traces, differential signaling, coupling, shared antipads, non-ideal materials, etc., are some
of the typical ones. In majority of these cases, anisotropic modes are excited and the
current physics-based modeling cannot consider these kind of excitations. Several efforts
have been made in order to close some of these gaps, e.g. [21]. In this work only the case
of the microstrip transition and the mode conversion due to asymmetries are addressed.

2.2.1 Microstrip-to-Via Transitions

The transition between a microstrip trace and a via crossing into a cavity is called in the
literature as turning via. These are smaller sections than a regular via crossing a cav-
ity, and according to the literature, can present high-order propagated modes [34]. For
instance, it is well known how the microstrip transmission lines present a non-uniform
current across the conductor [35]. This produces that the current flowing through the turn-
ing via would also present the same characteristic so, the assumption of radial waveguide
propagation by excited fundamental modes are not valid, and the effect can be extended
to the parallel-plate propagation. Figure 2.8 depicts a representation of a turning via
topology. According to [35], the field distribution here can be described as a function of
the Fourier series of the azimuthal modes, as follows:
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Figure 2.8: Turning via representation in top and side views. Quasi-TEM modes are propa-
gated through the microstrip trace due to the difference of dielectrics. These modes arrive to the
turning via and excite high-order modes in around the antipad geometrical sections, depicted
with the dashed lines.

o0 N
E.(¢) = Z E, " ~ Z E, e (2.38)
n=—N

n=—oo

This expression in (2.38) is a general solution of the 2D cylindrical wave function. The
E. represents the electric field strength in phasor notation, ¢ the azimuthal angle, and n
the mode order, whereas the Fourier coefficients can be expressed as:

1 27

N-1
E, E.-ed¢ ~ Y E.(k)- e /N (2.39)
k=0

where these coefficients represent the nth azimuthal mode of the electric field on the
circumference of the port [35]. Nevertheless, in [7] it is proposed a model to this section,
which is based on experimental results and extrapolates to geometrical parameters. This
approach is proposed as T-connection made by lumped elements, similar as shown in the
Figure 1.1 (b). It is important to denote that this model covers the turning via for the
upper and lower stackup sections, but one turning via is modeled only as LC network. In
the Chapter 3, it is presented an analysis about the convergence and agreement based on
some simulation cases.
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Figure 2.9: Microstrip line topology under analysis, where the characteristic impedance is a
function of the geometrical parameters shown here. Besides, the frequency dependence is defined
the propagation constant, and appears by the effect of the dielectric and conductor losses.

2.2.2 Analytical Description for Microstrip Lines

First of all, the analysis of the microstrip line is presented here, which has been mighty
studied in literature. For instance, in [36], [37], and [38], it is formulated a robust anal-
ysis related to the description of this transmission line, main parameters and frequency
dependencies, etc. In this work, a 2D definition is followed, similar as shown in [26]. This
2D representation is depicted in the Figure 2.9, where the structure is defined as 2 x 2
admittance matrix, as a function of the geometrical and electrical parameters. Thus, the
Y™ can be described as follows:

vm 1 | cothyl  —1/sinh~l

2.4
Zy |—1/sinh~l  coth~yl (2.40)

As shown in (2.40), the admittance matrix has roots on the characteristic impedance for
each matrix entities, which everyone is scaled by this parameter and a function of the
length of the microstrip [ and the propagation constant . Both parameters can be com-
puted analytically, with the exception that the dielectric material is non-homogeneous in
the structure. This statement must be addressed by considering an effective permittivity
that includes the substrate and air permittivities, respectively. In [37], it is presented an
analysis for these considerations, which deal in more accurate results for high frequencies.
Regarding the characteristic impedance parameter, in [36] is pointed a dependency in
terms of the relation w./hg, and can be approximated as following:

60 8h We
S0 (8 e ), we/ha < 1
Zo = (2.41)

120
m[wc/hd+l.393+0.g67ln (we/hyt 1.444)]° we/ha > 1

being hy the height of the dielectric, whereas w. and t. are the conductor width and

thickness, respectively. As mentioned, the effective calculation of the permittivity con-

sidering both dielectrics can be more accurate, and also considers the different sources of

losses in the structure that can predominate at high-frequency ranges. In this lane, three
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approaches have been explored in terms of different calculations of the effective permit-
tivity e.rr and propagation constant . The first approach is presented in [36], where the
effective permittivity is expressed by:

e +1 € —1 1

€cff = +
D 2 1+ 12w, /hy

This effective permittivity parameter is important when the dielectric losses is considered.

(2.42)

A wave propagation across the microstrip line deals with an approximation, different as the
stripline which faces an homogeneous material in its cross-sectional area. Furthermore,the
second approach proposed a different calculation for this effective permittivity, based on
Kirschning and Jansen’s relations [38], where define an expressions as a function of the
frequency and geometrical parameters. Thus, the effective permittivity is expressed as:

€r — Eoff
o (f) = e — 2 Cell. 2.43
cerf(f) =€ T+ PF) (2.43)
where
1.5763
P(F) = PP, [(0.1844 + P,P)10FH (2.44)

The P expressions that describes the equation (2.44) are defined as:

P, = 0.27488 + [0.6315 +0.525/(1 + 0.157FH)20} (we/hg) — 0.065683 ¢~ 8 To13we/ha

(2.45)

Py = 0.33622 [1 — exp (—0.03442@)} (2.46)

Py = 0.0363 exp (—4.6w./hy) [1 —exp[— (FH/3.87)4'97H (2.47)
Py =1+2751 [1 —exp[ - (er/15.916)8]] (2.48)

The third approach considers a better calculation of the conductor losses, based on what
is proposed in [37]. This calculation involves the re-definition of the v parameter with
several dependencies. But, in terms of validation, the three approaches would be covered
in order to find out the most convenient to include on the modeling proposal, according
to accuracy, simulation time, etc.
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e, fringing
fields lines

metal plane

Figure 2.10: Via barrel crossing a metal plane, formulated in [6]. In this case, fringing
capacitances between the via and plane can be calculated by using an integral equation. The
calculation is defined by assuming axially symmetry around the via barrel.

2.2.3 Extraction of Fringing Capacitances of Turning Vias

The calculation of the contribution of the turning vias has been defined as a first approach
in Section 2.2.1. It has been presented a briefly analysis where the effect of the presence
of turning vias is analyzed, specifically in terms of the propagation of parasitic and fun-
damental modes. Thus, it has been shown that the contribution is mostly in terms of
losses and scattering effects. Also, the statement of the physical height is pretty much
shorter than the wavelength of interest addresses that the turning vias can be modeled
with lumped elements.

Following this lane, there exist some approaches that have been characterized structures
as similar to the turning vias. For instance, in [6] is presented a numerical method based
on an integral equation, that describes the capacitance calculations between a via barrel
crossing a metal plane. In case of regular platform implementations, pads need to be
considered due to their presence in the majority of applications. Hence, a similar method
is shown in [26], where the calculation of static capacitances due to the external fringing
fields is presented as well, in presence of non-homogeneous dielectrics. The formulations
of both methods are presented here.

In Figure 2.10 is shown the configuration under analysis to extract the via-to-plane ca-
pacitance, where some electric field lines are shown due to the excitation of propagation
modes in the radial line. According to [6], an analysis of both structures, i.e. the via and
plane, points the discretization of each conductor, and the respective calculation of each
short-circuit capacitance. It is important to denote that, in this analysis, it is assumed
both conductors are axially symmetric and the charge distribution as well. Thus, the
short-circuit capacitance can be described as:

Q=C, & (2.49)

where C; represents the short-circuit capacitance matrix, Q is the vector with all conduc-
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tors charge, and ® is the potential of each conductor with regard to the infinity. Thus,
in case of the via (conductor 1) and the plane (conductor 2), it can be defined:

|:Q1:| — |:Osll 0812:| . |:@1:| (250)
QZ 0521 0322 @2
In case that the plane is connected to reference potential at the infinity, i.e. ®5 = 0,

it is possible to obtain the evaluation of the short-circuit via-to-plane capacitance, as
following;:

Cvia—to—plane = C1321 = = (251)

For the calculation of the relation between the charge density at the surface of conductors
and potentials, an integral solution of Maxwell’s equations based on the Green’s function
at the free space can be obtained. In this way, the discretization of each conductor and the
integration across the geometrical parameters of each cell would lead to the calculation
of the short-circuit capacitances. According to the geometry of the conductors, the cells
are defined as vertical (via) and horizontal (plane) rings. Thus, assuming that there exist
R ring cells, it would result in a R x R system of equations, that can be shown as [6]:

®=P, Q, (2.52)

where Q, is the vector of charge of all the ring cells, ® is the vector of potentials of all ring
cells, and P, is the matrix of ps,; terms, that would be evaluated in the surface integrals
to calculate the short-circuit capacitances. A set of integrals can be defined in order to
calculate the mutual or self capacitances. For vertical (2.53) and horizontal (2.54) ring
cells, the self-integrals can be defined as:

1 h h 27 d /d /d
psii = 8 2 h2/ / / ¢ -4z (253)
T=€q o Jo Jo \/2p2(1 _ z’)2

—cos¢') + (2

1 b b 2T /d /d /d
ps, — . / / / pdgdpdp (2.54)
2m2eo(b? — a?)” Ja Ja Jo \/p? + p? —2pp cos @

where the parameters p is the radius of the vertical cell and h is the height of the same cell,

and a and b are inner and outer radius of the horizontal cells. Following, the three different
integrals are depicted in order to evaluate: a) vertical-to-vertical cell, (b) horizontal-
to-horizontal cell, and (c) the vertical-to-horizontal cell. Thus, the expression for the
vertical-to-vertical cell is defined as following:

l2 fh 2m do'dz' dz
L7000 o242 —0pp! cos ¢/ +(2— ')
ps,. =
K 87T260h(l2 - ll)

(2.55)
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being h the height of the source cell, [; and [5 the relative bottom and top elevations of the
observation cell with regard to the bottom elevation of the source cell, and p’ and p are the
radius of the source and observation cells, respectively. For the horizontal-to-horizontal
term, the integral is defined as:

fb fd f027r \/ pp'de'dp’ dp
a-e p2+p'2—2pp’ cos ¢/ +(z—2')*
P 2% (b? — a?)(d® — &) (2.56)

where a and b are the inner and outer radius of the observation cell, ¢ and d the inner
and outer radius of the source cell, z and 2z’ are the z-coordinates of the observation and
source cells. Now, the integral formulation for vertical-to-horizontal cell is expressed as:

fb fh 27 pd¢’dz’dp
B a JO JO \/p2+p/272pplCOS¢/+(272/)2
Am2eph(b? — a?)

Psi; (2.57)
and a and b are inner and outer radius of the horizontal cell, p is the radius of the vertical
cell, h is the height of the vertical cell, and z is the relative elevation of the horizontal
cell to the bottom of the vertical cell, as pointed in [6]. The calculation of the terms ps;
leads to obtain the matrix Py, depicted in (2.52). In general, let it assumes that there
exist m conductors, and each conductor i (: = 1,2,...,m) is discretized into n; cells, it is
possible to define, considering (2.49) that:

mel = A/PS_IA(I)mxl (258)

where A is a matrix with vectors at the entities that relates the capacitances between con-
ductors. Thus, considering all these parameters, the short-capacitances can be described
as:

[Cll]n1Xn1 ) [Cli]nlxm [Clm]annm

Ps_l _ . e . . 959
[Cislnixn, [Ciilnyxn,  [Cimlnsn, (259
[le]nmxnl ’ [Cmi]nmxni [Cmm]nmxnm

where the total charge of the m-conductor can be assumed to zero. These formulations
summaries the method of calculation of the via-to-plane capacitance in [6]. Now, the
formulation for the pad-to-plane fringing capacitances is explored, based on the analysis
in [26]. The Figure 2.11 depicts the configuration that refers as baseline of the analysis.
One of the main concerns related to this calculation is to address the treatment of different
dielectrics, which can be shown in the Figure 2.11. For instance, €,; is commonly defined
as air, whereas the parameter €. refers to the substrate used to build up the stackup.
According to [26], the surface charges are considered as a single layer, and at the interface
the field strength presents a discontinuity, as similar case than the field lines distribution
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Figure 2.11: Upper segment configuration that represents the fringing fields lines between the
pad and the metal plane.

around a microstrip line. Thus, the electric field in r and z-coordinates can be expressed
as:

! /am)).p@.b2-K<k>—[pé—p2+<z—zQ>1-E<k> e 260

So a'b2

g — L o(7q) - po- (= = )" E(k) drq (2.61)

T€o Js, a- b?
where o is the surface charge density, pg and zg are the coordinates of the source point,
and p and z are the same for the observation point. Also, K (k) and E(k) is the complete
elliptic integral of first and second kind respectively, with modulus k& = /4ppg/a, and
V= (p—pg)’+ (2 — 20)” and a® = (p + po)* + (2 — 20)°, where are the distance between

the observation and source points. In case of the matching condition at the interface of
dielectrics, the normal components of electric fields F,, is given by:

€r1En1 = €0 (262)

Following the same relation in (2.52), the matrix that relates the potentials in the con-
ductors with the surface charge density in the via, plane and dielectric, is expressed as:

Qvia pvia,via pvia,plane pvia,diel O via
(I)plane = pplane,via pplane,plane pplane,diel * [ O plane (2 63)
0 Mdiel,via Mdz‘el,plane Mdiel,diel O diel

where the sub-matrices p is the potential between each contour segment defined in each
conductor, and M is the matching condition on the dielectrics interface. The o 4, repre-



24 2.2 Analysis of Irregular Configurations in Multilayer Substrates

sents the surface density charge on each segment of the dielectrics interface. In order to
calculate the free charge for the calculation of the capacitances, each element in o,;, and
O plane Must be multiplied by the ¢, of the adjacent substrate. At the end, the calculation
of the capacitance is calculated by considering the relation in (2.49).



Chapter 3

Validation of Physics-Based Via
Modeling and Irregular
Configurations

As mentioned before, physics-based modeling has been developed by considering funda-
mental electromagnetic modes propagating through different configurations and intercon-
nects, such as a via crossing adjacent metal planes, striplines traces, etc. In this chapter,
different topologies are explored in order to explore the limits of the current modeling ap-
proach, compared with full-wave simulations. Thus, some structures and configurations
with different numbers of metal layers are correlated here, which will cover the baseline
about the aim of this thesis. For instance, regular and irregular cases are built and the
extraction of their frequency response by using scattering parameters would present the
comparison among them.

First of all, the analysis of regular cases is presented. Three different topologies with the
exactly same geometrical parameters, but different number of metal layers are shown,
and these will depict the effect of the number of cavities for each stackup in frequency
domain. For these cases, the structures are excited by fundamental modes and fringing
capacitances are not considered due to the coaxial ports. On each of these cases, two
different modeling approaches are evaluated, i.e. Williamson [2] and m-network model
[15], in order to analyze the agreement against full-wave solvers [39]. These modeling
approaches are extracted by using CONMLS [40], which is a simulation framework for
multilayer substrates developed at the Institute of Electromagnetic Theory, TUHH. Once
the regular cases are validated, cases of study related to microstrip-to-via transitions are
analyzed. This irregular case has been mentioned in Section 2.2.1 of this thesis, where
these via transitions are called as turning vias. A first approach is presented based on a
experimental results, and the correlation in a segmented environment against full-wave
solutions is validated as well.

25
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Figure 3.1: Top view of the structure under analysis for regular cases. As depicted, a signal
via is surrounded by two ground vias to improve the return path performance, and coaxial ports
are placed at the top and bottom of the each stackup.

3.1 Simulation of Physics-Based Via Modeling in Mul-
tilayer Substrates

In order to validate the current physics-based via modeling, the three structures shown
in Figure 3.1 and Figure 3.2 are simulated under different modeling approaches. First,
the baseline reference is FEM [39], which is the most accurate method considered in this
thesis. Besides, approaches based on Williamson method and the m-network model are
included as well. The Williamson approach is described in (2.22), considering the effect
of the parallel-plate impedance. Related to the m-network model, it is described in (2.15),
where the capacitance values are calculated in (2.12) and (2.13). It is important to note
that the CIM was used for the calculus of the far-field interaction, and all these results
are obtained from CONMLS [40] framework. The via and antipad radius are defined as
5 and 15 mil respectively, the cavity thickness is 13 mil, infinite planes are considered as
boundary conditions, the coaxial ports are described by 20 mil length, but they have been
de-embedded in order to dismiss their effects, and two ground vias are placed in a 40 mil
equidistance with regard to the signal via.

Regarding to the model characteristics, the Figure 3.1 presents the top view for the
configurations. In fact, all the analyzed cases here present same geometrical parameters,
with the corresponding additions according to the case of study. The Figure 3.2 depicts
the side view of the structures. As mentioned in [15], a topology with more than one cavity
is modeled by using segmentation techniques, where each cavity is processed separately,
assuming no interaction between them due to the skin effect, which is expressed by the



3 Validation of Physics-Based Via Modeling and Irregular Configurations

27

Port 01 Port 01
| I Coaxial Ports: 20 mil | I
: Port 01
CaVlty 01 Cavity 01
— — — — . . e
e ] — O m— —— === Cavity 01
Cavity 11 Cavity 05
Port 02
| I | I Coaxial Ports: 20 mil
Port 02 Port 02
(a) (b) (c)

Figure 3.2: Side view for the simulated structures, i.e (a) 11-cavities, (b) 5-cavities, and (c)

1-cavity stackups. All the configurations present coaxial ports of 20 mil of length, which have

been dismissed by using de-embedding techniques.
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Figure 3.3: Scattering parameters for the 11-cavities model. Left graph refers to the trans-
mission coefficient, similarly the right one represents the reflection parameter. The m-network
model presents an important deviation from the FEM solutions around 20 GHz and beyond.

return currents flowing across the metal plane surfaces. It is expected to obtain higher
losses on cases that present high number of cavities, because of the interconnection would
increase the electrical length, and more scattering effects and interactions are produced
due to the multiple cavities. Hence, the frequency responses for the cases depicted in the
Figure 3.2 are presented in the Figures 3.3, Figure 3.4, and Figure 3.5. As it is possible
to note, it is confirmed that the 11-cavities configuration presents more losses than the
rest ones, and the resonance frequencies increase as well.

The correlation between modeling approaches confirms what it is pointed in the liter-
ature [4]. For instance, the m-network model presents a good agreement in relative low
frequencies, but as the frequency increases, an important deviation begins to appear. This
deviation starts to be relevant up to around 20 GHz, and as mentioned in [3], the calcu-
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Figure 3.4: Scattering parameters for the 5-cavities model. Same as 11-cavities case response,
the m-network model presents an important deviation from the FEM results in around 20 GHz,

which is more denoted in the insertion losses parameter.

Insertion Loss - 1-cavity Model
T T T T -10

"y s
Ty PR A L
T, Freto e
05+ oy 1 -20 [ i = T
-0. A R e
*"~ by e
LN ,“*/
RS 30 f -
Z RN - o
o « N = Py
= RS =40t 0
N P
Q 15f LU RN 1 Lo} /‘ O
st “ N st
=] ‘s S S 50+ /',o
= “ N = &
gﬁ 2 F . ‘§ gn I:
5 5
o o0 60 1
= 25 = = FEM “\‘ | = -70f = = FEM
=== \Williamson ".‘ [ === Williamson
BF |ewean m-network ? 80  |=ssss T-network
35 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 90 ‘ . ‘ . ‘ . ‘
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Frequency [GHz] Frequency [GHz]

Figure 3.5: Scattering parameters for the 1-cavity model. Similar as the other regular cases, the
m-network model presents itself a lesser accuracy than Williamson approach for high-frequency
ranges. For short vias, this effect is more pronounced in the m-network model, as denoted in [1].

lation of the near-field interaction is more intuitively for low-frequency ranges. However,
in case of Williamson approach, it presents a better agreement compared to the FEM
solution, mostly at high frequencies. According to [4], the deviation between Williamson
approach and the m-network model refers to, in frequencies up to 10 GHz, the ratio R
of the transformer in the equivalent circuit (Figure 2.3) is around 1, and the magnitude
of the susceptances jB, and jBj;, who behave as a positive and negative inductance re-
spectively, are similar to each other so, they might be canceled out. Thus, based of these
topics, the Williamson approach would be a better option to use in multilayer substrate
simulations, in order to get more accurate results. An analysis about the behavior of the
elements in the Williamson equivalent circuit as a function of the frequency is presented
in [4].
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Figure 3.6: Configuration that contains microstrip-to-via transitions. These transition struc-
tures are commonly present in break-out/in sections, e.g. memory interfaces. The analysis of
the structure by using FEM allows the visualization of the turning via effects represented by
using scattering parameters.

3.2 Analysis of Irregular Configurations for Via Mod-
eling

3.2.1 Considerations of Microstrip-to-Via Transitions

The microstrip-to-via transition configuration is categorized as irregular case, according
to the characteristics mentioned in the Section 2.2.1. The microstrip excited by a cur-
rent would create a quasi-TEM modes that propagate across the trace, i.e. due to the
differences on the substrates, and produces a variation of the field propagation around
the microstrip. Additionally, the current distribution across the trace is non-uniform,
oriented to the bottom side of the microstrip, which is the closest one to the metal plane.
Once the non-uniform current arrives to the turning via, it must be re-oriented to flowing
vertically out across the via section, which deals to the excitation of high-order modes
in the structure. In [35], it is possible to get a deeper insight of this behavior. Figure
3.6 presents the structure to analyze these effects, where it is presented a microstrip-
via-microstrip configuration with the respective transitions. The via barrel is enclosed
between two metal planes, being the regular cavity model defined for a via in the physics-
based via modeling approaches. Among the geometrical parameters, the via and antipad
radius are defined as 5 and 10 mil respectively, cavity substrate thickness is 13 mil, metal
plane thicknesses are both 1 mil, and ground vias are placed with 40 mil of equidistant
with regard to the signal via as well. The microstrip thickness and width are 1 and 10 mil,
and top/bottom substrate thicknesses are defined as 5.6 mil; in order to obtain around 50
Ohm of characteristic impedance. As same as before cases, infinite planes are considered
as boundary conditions, and all these parameters are used for the next cases of analysis.

Hence, this structure is simulated by using FEM method, and the scattering parameters
are depicted in the Figure 3.7. These results can show the effect of the turning vias,
and conclude whether they have relevance to consider in pre-layout simulations or can
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Figure 3.7: Comparison between full-wave results of the complete topology, shown in the
Figure 3.6, and the scattering parameters by including only the pair of microstrip transmission
lines and the cavity section. The effect of the turning vias is reflected mostly for frequencies
beyond 8 GHz.

be neglected. In that way, it is possible to construct a segmented model for comparison
purposes, such as two microstrip transmission lines, separated by a cavity model. The
difference between both models is that the segmented model does not consider any turning
via. The scattering parameters about this segmented model is shown in the Figure 3.7
too. The microstrip models are extracted by using FEM as well as the cavity mode, shown
in the Figure 3.2 (¢). As it is possible to visualize, the effect of the turning vias has roots
on the return loss values. Regarding these ones, a good agreement is achieved for values
up to around 8 GHz, with the differences in the respective anti-resonant frequencies. In
terms of insertion losses, the interconnects do not present a considerable deviation with
regard to complete FEM results. Moreover, it is also possible to see how the turning
vias become more important as the frequency increases, which it is the trend in modern
interfaces.

Furthermore, as it was analyzed in Section 2.2.1, the structure shown in Figure 3.6 (a) can
propagate high-order modes, depends on the frequency range of interest. In this lane, it is
possible to extract the effect of these modes, by looking the propagation constant . This
is a common parameter in transmission lines theory, which provides information related
to the change that a signal undergoes by the amplitude and phase when it propagates in
a given direction. Specifically, by analyzing the phase constant 8 [deg/m], it is possible
to observe the frequency ranges where the high-order modes would be significant for the
mode propagation of the topology. For instance, the same scenario in the Figure 3.6 is
considered, whereas another one similar is defined, with the difference that includes a 10
mil pads at top/bottom on the structure. The Figure 3.8 presents the effect of these high-
order modes up to 100 GHz. The effect on the pads in the parasitic mode propagation
is basically very low, because of the 1% and 2"? high-order modes present very similar
cut-off frequencies. Moreover, the 15 high-order mode is presented up to around 40 GHz,



3 Validation of Physics-Based Via Modeling and Irregular Configurations 31

4000 4000
'g' 3500 | |==== Fundamental Mode 'g' sso0 L ™= Fsutndjclmental Mode L
= 1! High-order Mode = | 1 dngh—order Mode /'/

Q 3000 - [ssnes nd prion © 3000 |*"""" 2" High-order Mode .
o, 27" High-order Mode '/ < ‘/
s -’
Q. 2500 /’ Q2500 /¢
! .’ ' .
= ¢/ = '/
S 2000 - R S 2000 f 7 o
@ s < -,
g ’ & . Lt
S 1500 7 S 1500 | .’ e
@] 7’ &) 7 e
,° ° ot
Q 1000 | PRe © 1000 | o7 e
< /¢ < /, ““
= . £ . -
500 - R Ay 500 R o
7’ R
" 0 .

Propagation Constant - ~y

20 30 40 50 60 70 80

Frequency [GHz]

(a)

Propagation Constant - ~y

20 30 40 50 60 70 80 90 100

Frequency [GHz]

(b)

Figure 3.8: Phase constant for different configurations of Figure 3.6 (a) with no pad, and (b)
including a 10 mil pads at top/bottom segments. High-order modes are present in relative high
frequencies, where the 1% one appears up to around 40 GHz. The effect of the pad can be
neglected during the analysis of propagation of the high-order modes.

which indicates that for these types of configurations, a modeling approximation can be
estimated by assuming fundamental modes propagating through the turning vias with no
high relevance from parasitic modes. This statement would give a baseline for the turning
via modeling approach.

Following the turning via modeling considerations, in [7] is presented a proposal for
microstrip-via-microstrip configuration, which can be extended to model a single turning
via. Thus, the Figure 3.9 shows the proposed topology. As mentioned, some approaches
before have tried to model it out as a m-network, but it has been found that a T-network
would be more suitable according to the equivalent admittance seen by each port [7].
The lumped parameters come from experimental results, as a function of the geometrical
parameters of the configuration, such as dielectric height, via barrel and antipad radius,
and pad radius. In case to describe a configuration that contains turning vias at the
top and bottom of the stackup, the model can be separated, by dividing the equivalent
capacitance C; by the half. Hence, the modeling for a single turning via is proposed by
one inductance L; and a capacitance C;/2. As a method that came from experiment
analysis, it can be used as first approach to model the turning via, but it is insufficient to
consider it into a formal description. Even though, this modeling provides a good feeling
about the inherent nature of this section. These ones are shorter than a regular cavity
height, and this permits that the sections can be described with lumped elements, as a
first approximation. This statement can be also supported by the physical height is pretty
much shorter than the wavelength of interest.

Thus, the T-network model formulation can be used to compare the agreement against
full-wave solutions, similar as the Figure 3.7. For instance, the same segmented structure
has been modified by adding the LC lumped models for each turning via, as the Figure 3.10
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Figure 3.9: The (a) microstrip-via-microstrip configuration and (b) the equivalent T-network
representation. Each single turning via is represented by a inductance L; and a capacitance,
defined as Cy/2.
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Figure 3.10: Segmented model including the turning vias for top and bottom at the stackup
under analysis. This representation is based on the T-network proposed in [7].

depicts. In case of the physical parameters used in the configuration, the approximation
for these elements are L, = 110.7 pH and C; = 41.2 fF [7] though, these values are not
exactly for the configuration under analysis. The scattering parameters comparison is
shown in the Figure 3.11, where the agreement has been improved compared to the Figure
3.7. There exist some deviations, for example the anti-resonant frequency at around 15
GHz, but in general the model presents good agreement against full-wave results. Hence,
this confirms the nature of the turning vias behavior, which can be approximated as
lumped elements model.

Regarding the modeling comparison, a second structure is proposed to analyze. This
consists in two via barrels embedded in a cavity, connected to each other by a microstrip
line of 200 mil of length. As similar than before cases, each signal via is surrounded by two
ground vias to improve the performance of the return path. Geometrical parameters are
the same as before as well, and the Figure 3.12 shows the cross-section of the configuration
under analysis. The structure is composed by a segmented model with a 4-port cavity
model which includes the far and near-field propagation into the cavity and between
the vias, connected to the external structure, i.e. a couple of turning via models and
the microstrip transmission line. The compared scattering parameters are depicted in
the Figure 3.13. Similar to the before case, in high frequencies present the relevant
disagreements, which can be associated with the frequency-dependence effects of lumped
elements. However, a formulation to describe these sections are proposed in chapter 4,
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Figure 3.11: Scattering parameters comparison between the structure shown in the Figure 3.6
and the segmented topology in Figure 3.10, which includes the modeling for the turning vias.
There seems acceptable agreement between models for relatively low and high-frequency ranges.

as part of the extension of physics-based modeling including the turning via description,
as well as microstrip ports. These formulations are based on previous investigations, but
the extension of these approaches to the existing physics-based modeling framework, is
part of the main contribution of this work.

Similarly as the analysis in the Figure 3.8, the propagation constant v provides a sense
about the modes propagating through the structure. The Figure 3.14 depicts the response
of the phase constant § as a function of the frequency up to 100 GHz. It is interesting to
note that fundamental mode is almost the only that propagates in the structure, whereas
the high-order modes are suppressed. This effect can be explained because of the excita-
tions are made by circular ports, de-embedding the effect of the coaxial extensions. The
modeling of coaxial lines is based on fundamental modes propagating to the structure, due
to the high-order modes cut-off frequencies appear around 300 GHz for regular geometries
[8]. Hence, in this case of study in Figure 3.12, the parasitic modes are attenuated and it
is expected to not get high influence for relative interested frequency ranges, as shown in
Figure 3.14.

Moreover, it has been stated the influence of microstrip and turning vias in the excitation
of parasitic modes propagation, but it is interesting to analyze also the effect under
different configuration contexts. For instance, these external structures can be connected
to several cases and topologies, e.g. stackup with different number of cavities, striplines
traces, differential configurations, etc. Thus, a couple of scenarios have been defined
in order to analyze the effects. These configurations are depicted in the Figure 3.15,
where a case with microstrip-to-microstrip interconnection through 5-cavities stackup
is analyzed, and the frequency response is shown in the Figure 3.16. The scattering
parameters response in Figure 3.16 (a) presents the insertion and return losses which
presents similar trend as the results of 5-cavities stackup shown in Figure 3.4, but the most

interesting behavior is shown in Figure 3.16 (b), where the high-order modes response is
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Figure 3.12: Additional configuration that contains microstrip-to-via transitions. The cavity
model includes the effect of the far and near-field interaction, as well as the scattering among
vias. External structure includes a 200 mil microstrip trace connected in both sides by a turning

via.
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Figure 3.13: Scattering parameter of the structure shown in Figure 3.12. Main deviations are
presented in high frequencies, where the frequency-dependence effects of lumped element appear
and affect the model accuracy.

quite similar as the obtained for only 1-cavity case. This statement is expected because of,
as analyzed in Chapter 2, the assumption for the cavity modeling is that only fundamental
modes propagates in the structure so, in this case the effect of parasitic modes is still
caused by the external connection, i.e. microstrip and turning vias.

Another case to analyze is depicted in the Figure 3.15 (b). A transition to a stripline trace.
which is commonly used in multilayer applications is shown. This is a structure where the
near-field interaction is not completely described in literature, but good approximations
have been developed in order to include stripline trace descriptions in physics-based mod-
eling [15], [32]. Similar as before, scattering parameters and propagated modes responses
are extracted, and results can be visualized in the Figure 3.17. It is interesting that there
is no relevant differences again compared other cases, and the the external connections
are still the dominant in terms of the propagation of high-order modes. According to
full-wave simulations, these stripline transitions can lead to the propagation of parasitic
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Figure 3.14: Phase constant [ for the configuration in Figure 3.12. Parasitic modes are highly
attenuated due the the excitations of coaxial ports, where these modes tend to appear around
300 GHz for regular cases, according to [8].
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Figure 3.15: Different configurations to analyze the effect of parasitic modes propagation
due to turning vias (a) 5-cavities stackup, and (b) microstrip-to-stripline transition. It has been
shown the effect of these transitions in terms of the propagation of high-order modes, e.g. Figure
3.8.

modes when there exists an impedance mismatching in the structure, as depicted in Fig-
ure 3.18. These frequency response graphs correspond to a stripline-to-stripline transition
structure, where the difference between each other is the characteristic impedance. The
Figure 3.18 (a) shows the propagated modes for an impedance of around 51 Ohm, whereas
the Figure 3.18 (b) correspond to a 31 Ohm. It is possible to visualize from results that
the cut-off frequencies for parasitic modes are decreasing by around the half, in case of
31 Ohm. In this way, in physics-based modeling, the inclusion of stripline traces must be
considered with the disclaimer of matched transmission lines. However, in manufacturing
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Figure 3.16: Frequency response of the topology depicted in Figure 3.15 (a), where in (a) is
shown the scattering parameters for insertion and return losses, and (b) presents the response
of the propagated modes. Comparing with Figure 3.8, there is no evidence of the influence

for parasitic modes due to higher number of cavities. It is expected due to the assumption of

physics-based modeling that only fundamental mode propagates across these structures.
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Figure 3.17: Response of (a) scattering parameters - return and insertion losses, and (b)
propagated modes of the in Figure 3.15 (b). As same case as Figure 3.16, there is no influence
of stripline transition for a matched stripline trace.

process, this can be a potential issue for implementations of high-speed interfaces.

Based on the approaches presented, it is interesting to make a comparison between them,
in order to analyze the agreement in terms of the scattering parameters, as well as the
phase response for each case. In this particular, an analysis of the topology shown in the
Figure 3.6 is the case of study. As same as the cases before, FEM method is the baseline
to compare the convergence of the modeling approaches. In Section 2.2.4, it is considered
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Figure 3.18: Propagated modes in a stripline-to-stripline transition for (a) matched and (b)
mismatched striplines. By considering an impedance mismatch in the striplines traces can lead
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Figure 3.19: Comparison of scattering parameters for different modeling approaches of the
structure shown in Figure 3.6, where all the cases presents acceptable agreement compared to
the baseline case (FEM) for all the approaches. However, in case of return losses, a segmented
modeling by considering a LC network for turning vias, reflects a better agreement compared
with the FEM method.

some approximations to calculate the fringing capacitances of a via barrel crossing a metal
plane. A method proposed in [6] uses an integral equation to calculate numerically these
capacitances. Here, this method is going to be identified as Integral Equation. As shown
in Figure 3.11, this additional method to compare provides a better understanding of the
possible approach to extend and improve the turning via modeling, in order to propose
a more accurate approximation. Thus, the LC model is considered in the comparison,
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Figure 3.20: Phase parameter for same cases presented in Figure 3.19. In case of the phase
response, as same as the scattering parameters, a modeling approach based on a LC networks
is more suitable to represent the turning vias.

which is shown in Figure 3.19 and Figure 3.20. As it is possible to see, by combining
an LC model different than the case in [6], which involves the consideration only of a
capacitance, provides a better fitting for the insertion and return losses, as depicted in
Figure 3.18 (a) and Figure 3.18 (b) respectively. The main variance for this simple case is
presented mostly on reflections beyond 2.5 GHz. Besides, in Figure 3.20, it is depicted the
analysis of the phase in case of the response for transmission and reflections as well. This
can be observed in Figure 3.20 (a) and Figure 3.20 (b). Similarly, the main deviations
are presented for return losses. Thus, it is corroborated that the LC model can describe
accurately the turning vias. In this lane, the intention of this work is to represent this
interconnection in a more appropriate and accurate way, which will be covered in the
Chapter 4.



Chapter 4

Extension of Physics-Based Via
Modeling for Microstrip Transitions

In some platform implementations, microstrip routing is commonly used in break-in,out
sections, in particular, for thin PCBs. For instance, channel implementations for different
memory technologies consider these types of surface routing, due to the high-density
interconnects. In more recent technologies, the stripline routing is directly implemented
because it inherently presents lesser losses rather than the microstrip lines. Regarding
this case, the current physics-based modeling framework does not consider external cavity
agents, such as transition vias, microstrip traces, microstrip differential signaling, etc,
even though there exist approximations based on some individual analyses of the different
interconnects and effects inside and outside the cavities. Therefore, this part of the work
presents an extension of the physics-based modeling and its description, in order to include
the approach in the current simulation framework, that may be useful for high-efficient
simulations that include microstrip line traces connected to vias. The modeling approach
is chosen from a comparative analysis of solutions proposed in the literature, inserting an
equivalent circuit model in a generalized network structure.

Thus, based on the stated before, an analysis of some structures that include these types
of external and internal agents is presented, and the definition of the electrical parameters
which are the baseline statement of the modeling of each external agent. Furthermore,
turning vias description is proposed based on the formulation in [26], which presents a via
barrel crossing a metal plane and the calculation of the equivalent fringing capacitances
of these interconnects, under non-homogeneous dielectrics. Besides, by complementing
the modeling approach, a calculation of an inductance value as a function of the fringing
capacitance based on filter design criteria is developed to create a complete modeling for
turning vias description, based on the LC approach analyzed in Section 3.2.1.

39
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external section

Microstrip Port

internal section

Port 01 Port 02

Figure 4.1: Configuration under analysis for the inclusion of microstrip ports in physics-based
modeling. The topology includes the turning vias and microstrip traces, which are the external
agents from the regular cavity modeling.

4.1 A Formulation of Physics-Based Via Modeling
Including Microstrip Transitions

The analysis of the physics-based modeling with the inclusion of microstrip ports and
via transitions is based on the configuration shown in Figure 4.1. As similar as in [32], a
segmented approach that includes these agents can be integrated into the current modeling
formulation. In this case, the Figure 4.1 depicts a cavity configuration with two signal
vias embedded between the pair of metal planes, and these ones are connected to the
microstrip trace, by the turning via interconnections. As shown in Chapter 3, these
turning vias can lead to high-order modes propagation for a specific frequency ranges,
due to non-uniform current distributions. This configuration is divided by two sections,
such as the external and internal, where the formulation presented in this work tries to
integrate both ones. In order to clarify conventions, the modes that propagate into the
cavity are defined in the internal section, whereas the modes that progate outside the
cavity are identified in the external section. As it was described, the cavity modeling,
defined in the internal section, is described as follows:

T;L’ B yint  _yint | Vi“’
Til - _Y’int Yint Vl/

and ¢ is the index of a specific via in the configuration and Y“** is defined by the near

(4.1)

and far-field interactions:
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(4.2)

Yint _ [Ycu 0 :| |: YPP _YPP‘|

0 v |-ym yw

The expression in (4.2) includes the entire effect into the cavity, such as the parallel-
plate impedance, which describes the far-field propagation and coupling with other vias,
and the near-field around each via barrel. The near-field interaction can be described by
different approaches, such as the different ones analyzed in the Chapter 3. Also, as part
of the modeling generalization, the stripline port and transmission lines definitions can
be included in terms to consider the influence of the stripline mode propagating into the
cavity, decoupled from the parallel-plate mode [32]. It is important to denote that the
internal section does not present any electromagnetic interaction or coupling with the
external section, and the defined ports in the Figure 4.1 would reflect all the electrical
effects into the cavity that represent the interaction with the external agents. This is a well
known effect caused by the skin effect on the metal planes, when the return current flow
across the surface of these structures, and the interaction with the rest of agents happen
through the defined electrical ports. These topics will be discussed in more details in
next formulations. Following these statements, the external section can be expressed as
following:

ext ext ext ext
|:“;15xt:| = {_Zzext Zzea:t } ) |:§lext:| (4.3)
2 2
where the impedance matrix Z“* can be also expressed in terms of admittance parameters,
defined as Y = Z<~' This impedance matrix represents the relation between the
vectors of current and voltage across all the exterior sections with regard to the cavity,
which includes the microstrip trace and the pair of turning vias. The overall effect is
conventionally identified in next formulations as external coupling. In that lane, in order

to find out a description for each agent presented in the external section, an analysis of
the microstrip transitions is considered here.

4.1.1 Determination of a Modeling Approach for Turning Vias

It is been analyzed that, the microstrip transitions or turning vias, are part of the irreg-
ular cases where the current physics-based via modeling may be insufficient to represent
accurately their behavior, as part of the developed physics-based approaches for efficient
pre-layout simulations. This section deals with a proposal for a semi-analytical modeling
of the turning vias based on the investigations in [7] and [26]. This work tries to con-
tribute to the physics-based via modeling approach by proposing a method to calculate
the lumped elements for the adequate modeling of the via transition, as explained in
Section 3.2.1. In [7], it has been shown how a 7T-model is more suitable for modeling
both sections (upper and lower) of a via crossing a metal plane. This T-model is basi-
cally a low-pass filter of second-order, which is composed by a pair of inductances and
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Figure 4.2: Modeling approaches for turning vias based on a via crossing a metal plane, by
considering: (a) upper and lower sides, and (b) only one of the segments of the turning via, as
shown in [7], where L1 = Ly = L; and C; = C/2.

a capacitance, where the experimental lumped values are extracted by using commercial
tools, for different geometries and material parameters. However, it is appropriate to
figure out a method to determine an analytical or semi-analytical approach to calculate
these elements, as a function of these material and geometrical parameters as well. In
this lane, Figure 4.2 depicts the T-model approach proposed for the turning vias, where
are separated by for the upper and lower sides and the modeling for only one side, shown
in Figure 4.2 (a) and Figure 4.2 (b), respectively.

In order to understand the effect of the modeling approach depicted in Figure 4.2 (b), in
(4.4) is shown the Z-parameter matrix that is extracted through mesh equations. Basi-
cally, the system has not the property to be categorized as symmetrical, different than the
case of Figure 4.2 (a) presented in [7]. The inductance and capacitance values are defined
generically for a LC network, where the proposed modeling approach is described by this
impedance matrix, where might be converted to Y or S-parameter matrix as needed. Fur-
thermore, it is important to denote that, as mentioned, the system follows the behavior of
a low-pass filter of second-order, where the transfer function (4.5) and cut-off frequency
(4.6) follow the theory reported in literature.

J J

Zr = [j ("JL - %> _WJ_C] (4.4)
wC wC

Similar as shown in [7], Figure 4.3 depicts the Z-parameters response of the LC network
presented in Figure 4.2 (b). From there, it is possible to denote that the influence of each
parameter is pretty similar compared with the network shown in Figure 4.2 (a) [7], where
it is reflected in the imaginary part of the matrix entities. In this same way, by looking
the network as a filter stage, the transfer function can be defined in frequency domain,
by considering the Port 1 and 2 as input and output respectively, as:

(4.5)
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Figure 4.3: Frequency response of the Z-parameters of the network shown in Figure 4.2 (b)
for C; = 53.4 fF and L; = 133.5 pH. The LC network influence is mostly given by the imaginary
part of each matrix entity, and defines the behavior of the modeling stage.

where the cut-off frequency is defined as following:

1

wo = Jic (4.6)
In [26], it is investigated a numerical method to extract the fringing capacitances for a
via crossing a metal plane in homogeneous and non-homogeneous dielectric media, based
on an integral equation for surface charge density. Specifically, for the purposes on this
work, the case of non-homogeneous dielectric is considered in terms of the calculation on
the fringing capacitances for the turning via modeling. Moreover, for validation purposes,
an specific geometry is used for the analysis of the modeling approach presented here.
Thus, by defining a via radius of 5 mil, antipad radius is 15 mil, and a pad radius of 10
mil, a fringing capacitance calculation based on [26], is around 53.4 fF. A good rule of
thumb for filter modeling, and according to circuits theory, the characteristic impedance
of a LC network is given by:

L total

Ctotal

Zy ~ (4.7)
where, by assuming a characteristic impedance of 50 Ohms, it is possible to calculate
the inductance of the system. For this specific case, the inductance value is around
133.5 pH as well, and the Z-parameters for these values are shown in Figure 4.3. Of
course, it is possible to obtain a more detailed analysis for this inductance value, since
it is based on a very simple approximation and with the assumption that the structure
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has an impedance matching, which is not the case in multiple scenarios. However, this
inductance calculation can be useful to obtain a low frequency approximation for these
type of structures that involve external and internal sections. This modeling approach for
microstrip transitions can be part of the interconnection layer as the framework explained
in [1]. Thus, all the agents and topologies presented on the integration of the external and
internal sections are described already, where this integration itself is described in next
section. and presents the basic concepts of the considerations of the actual physics-based
via modeling by including these external formulations.

4.1.2 Analytical Formulation for Microstrip Ports Description

The extension of physics-based modeling that includes the microstrip ports can be achieved
by analyzing the structure and electrical parameters of each section. The purpose of
this analysis is to formulate the effect of the external section in terms of admittance or
impedance forms, which can be concatenated with the current cavity modeling approaches
by using segmentation techniques, where the resultant model considers the overall effects,
and can be described in terms of S or Y-parameters. Thus, the Figure 4.4 presents the
main configuration that will be the baseline for the analysis, and as different as the Figure
4.1, this one depicts all the electrical parameters that will be considered in the formula-
tion, but the description will also be specified for the microstrip ports. In order to do that,
some constraints will be defined and applied to reduce the dependence of the parameters,
as it is depicted with the reduction of the brightness in the Figure 4.4, where the general
formulation would be defined without the consideration of the electrical parameters of
that via and effects section.

First of all, the configuration presents two signal vias into a cavity, connected by a mi-
crostrip line trace. Each signal via, indexed as 1 and 2, are described by the current
and voltage parameters, which are related by the corresponding admittance or impedance
equivalence of the cavity. These parameters are separated by defining the upper and lower
segments. Thus, internal section parameters can be described with the following vectors:

—u Iu/- =l I

7 :{1, 7 :M (4.8)
Iy | I

—u/ Vu/- — Vl,

V — 1, V — 1/ 49
v i) )

Regarding the description of the external section, the current and voltages are correlated
by a contribution of various agents. As it was described, the external section contains the
microstrip trace and the turning vias so, the voltage vector should consider the contribu-
tion of both ones in each side, where these voltages are referred to the upper metal planes.
In case of the electrical current parameter, rather than define contributions, the current
flowing out would be the same for all the agents, with the consideration of the directions
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Figure 4.4: Representation of the case under analysis, including the electrical parameters for
each agent in external and internal sections. The analysis covers all the structure parameters,
but constraints are applied in order to reduce the case of study for the electrical description of
microstrip ports.

defined by the nomenclature. Now, it is important to analyze the current distribution at
the electrical port interface, between the internal and external sections. As it is shown
in the Figure 4.5, there exist three different currents that are involved in the node under
analysis, where also defines the I, Applying the KCL, it is possible to define that:

bomt = —in = iy (4.10)

An explanation about (4.10) can be addressed as when a current is excited at the mi-
crostrip port, it flows out across the external section, and at the analyzed junction, it
would be described by the upper and lower cavity currents, which are defined in the cur-
rent physics-based approach. These parameters define the cavity current parameter as
well, and as it was explained, this confirms the statement that the external and internal
sections only have influence and interaction between each other through the electrical
ports. Extending the relation in (4.10), the relation can describe the parameters defined
in Figure 4.5 as following;:

= 1" =T (4.11)
The expression in (4.11) is the first to describe the integration of the external and internal
sections. Besides, in terms of the segmentation techniques, it is one of most important
constraints to define the electrical continuity of the ports, where addresses the definition
of the currents across the ports connected to each other, in this case between the internal
and external sections. Thus, a collection of equations can be gathered in order to figure
out an electrical equivalent formulation. For instance, according to the Figure 4.5, the
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external section

internal section

Figure 4.5: Upper segment of the case under study. The current coming from the microstrip
trace is divided in the upper and lower cavity currents. This KCL analysis allows to correlate
directly electrical parameters between exterior and internal sections.

external section is composed by the microstrip trace and a pair of turning vias. This
external configuration is directly connected to a cavity model that includes two signal
vias. First, it is relevant to define an expression for this external section in terms of
Y-parameters, which is described by:

ext

I =y=t.V (4.12)
for a 2-port network configuration, which is a function of the voltage and equivalent
admittance matrix of the exterior section, expressed as follows:

ext ext ext ext
B;emt} = {_Y;—ext YYeF:rt } : {V}zt} (4.13)
Above equations, i.e. (4.1) and (4.13), introduce the relations for the internal and
external parameters, where both expressions address the integration of the internal
section in (4.1) with the external section described by (4.13). For both sections, it is
important to denote that several topology cases can be included, such as striplines ports
and transmission lines, short-circuited vias, coupling between different vias, etc. In case
of the external sections, the proposed approach is limited to include turning vias, as well
as microstrip lines with the quasi-TEM modes that defines its propagation. By consider-
ing the topology depicted in Figure 4.4, some constraints need to be applied in order to
express the relations in terms of the electrical parameters for the microstrip ports. The
analysis about the first constraint applied to the formulation is based to the voltage across
the signal via identified by ¢ = 2, which is the right one. This via is described by the
voltages V3 and V}'. The scattering effects of this via should be discarded so, for that
reason, the propagated modes into the cavity must be short-circuited. In this way, it is
possible to obtain access to the electrical parameters of the microstrip line without the
influence of the signal via at the right side. Thus, the first constraint is defined as:

V=1 =0V (4.14)
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Besides, the second constraint that should be defined has to deal with the access to the
electrical parameters at the microstrip port. This suggests that, the parameters 7" and
Tm, would be described as a function of V3" and I3, respectively. Similar as the case in
[32], the external section, i.e. microstrip line and turning vias, connected to vias in both

sides, defines the following:

Var =0V (4.15)

However, it is important to mention that the first constraint is still valid, and under
these conditions, a direct access to the electrical parameters at the microstrip port can
be obtained. These constraints allow to dismiss the effects of the cavity mode overall of
the signal via at the right side, and are based on the baseline definition of the electrical
ports. In this way, the descriptions and parameters for the internal and external sections
are defined, where the Figure 4.4 presents an overall of both sections and the respective
integration. Both sections are described by their respective electrical port parameters.
However, it is important to analyze the different agents presented in the external section.
As mentioned before, this section is composed by a turning via and a microstrip line,
where both ones are well defined in literature [36]. In terms to define a description
that concatenates the microstrip line and the turning via, a simple way is to treat the
configurations by using ABCD-parameters, where allows an easier way correlates both
agents at the external section. Thus, the expressions (4.16) and (4.17) are used to describe
both sections, the microstrip line and via transition, respectively.

)= Lotz e ][] (19

(4.17)

Vil [ 1+ YeZy, Zu+ Zi,+YoZiZi, | Ve
Ii&r Yo 1+ YCZL2 Ig

The advantage of the using of ABCD-parameters is, in order to concatenate the model of
the microstrip line and T-model of the transition, only necessary to multiply the matrices
between each other, and can be used to include more effects inherently, such as coupling
from other microstrip traces, crosstalk, etc., that might be investigated as future work.
This is important since, modern platforms topologies have a thousands of traces in their
implementations, and the consideration of all these effects lead to more accurate modeling
descriptions. Thus, a representation for the external section is achieved, which was
introduced in (4.13). In that lane, the following expressions depict a complete description
for the external section, and correlate the electrical parameters for each port,i.e. VI Ii",

Vy*, and I3
‘/ltr o Aezt Bea:t
o]

Ce:rt Dext

. [‘;Z:] (4.18)
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Figure 4.6: Segmented modeling proposed in [1] for a general stackup configuration shown in
(a). The external section is a contribution of the turning via and the microstrip line depicted
in the Microstrip Transition Layer, which formulates the Y*** parameter. (b) By using segmen-
tation techniques [9], the entire effect is obtained and described as a single matrix, by including
the all effects into the cavities, such as a via short-circuited to metal planes, transmission lines,
stripline ports, etc.

where the matrix entities are defined as:

Aert = cosh (7l) - (1 + YCZLI) + Yo Zy - sinh (41) (4.19)

By = cosh (71) - (ZL1 +Zr, + YCZLIZLQ) + Zy - sinh (1) - (1 + YCZLQ) (4.20)

Ceat = (sinh (7)/Zy) - (1 + Yo Zy,) + Ye - cosh (1) (4.21)

Dyt = (sinh (10)/Zo) - (Z1, + Z1, + Yo Z1, Z1,) + cosh (VD) - (14 YeZy,)  (4.22)

Once the expression in (4.18) is obtained, it can be converted to Z, S or Y-parameters and
obtain the entire response of the system. Actually, the external section might be able to
describe more agents, similar to the Figure 3.12, where it is depicted a pair of turning vias
and a microstrip line trace. In that case, the methodology explained before is suitable
to include those additional agents. Now, the expression in (4.18) can be integrated or
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Figure 4.7: Different stackup structures for the modeling approach validations. Each one has
the difference in the number of cavities that is the stackup composed: (a) 1-cavity stackup, (b)
3-cavities stackup, and (c) 5-cavities stackup. Similar as the configuration shown in Figure 3.6,
ground vias distance are 40 mil.

concatenated with the internal section, described in (4.1), by considering the conversion
of (4.18) to Y-parameters, and applying segmentation techniques described in [9].

Thus, in order to exemplify a more realistic case, Figure 4.6 (a) shows a configuration
where several signal and ground vias are presented, as well as some different types of
transmission lines inside and outside the cavities. This topology can be described by
using the same methodology explained before, in case to include the microstrip ports, i.e.
Port01m, Port02m, and Port04m. The entire structure can be segmented by following
the same methods shown in [1], where the Interconnection and Cavity Layers can be
defined as shown in Figure 4.6 (b). As depicted, the modeling related to the turning vias,
identified in orange as Trans., can be included as part of the external Interconnection
Layers, and then connected to the microstrip lines. Basically, this same methodology has
been quite used on the physics-based via modeling framework, which has used and proved
the efficiency of this approach. In this lane, different validation scenarios are defined for
exercise the modeling approach and find out the viability of the proposal, where the
description of the turning vias presented in Section 4.1.1 is considered. Thus, in the
Figure 4.7 the defined validation cases are presented: (a) 1-cavity stackup, (b) 3-cavities
stackup, and (c) 5-cavities stackup. Similar as before, the comparison of the modeling
proposal is against the baseline method, i.e. FEM, and the validation is developed by
analyzing the scattering parameters in terms of the response of magnitude and phase in
frequency domain, which provides a sense of the time-domain response as well. Also, all
the geometrical and material parameters are depicted in the Figure 4.7. The validation
results for the Figure 4.7 (a) are shown in Figures 4.8 and 4.9, for Figure 4.7 (b) in
Figures 4.10 and 4.11, and for Figure 4.7 (c) in Figures 4.12 and 4.13, where each pair
shows the response in terms of magnitude and phase, respectively. The intention is to
analyze the influence on number of cavities of a generic stackup on the modeling approach
and simulation cases.
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Figure 4.8: Scattering parameters for the 1l-cavity stackup shown in Figure 4.7 (a). It is
depicted the response for (a) insertion and (b) return losses. A good agreement is achieved up

to around 12 GHz.
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Figure 4.9: Phase parameters for the 1-cavity stackup shown in Figure 4.7 (a). The responses
are for (a) insertion and (b) return losses, where the agreement in terms of frequency ranges is

quite similar compared to the scattering parameters.

As mentioned in Section 2.2.1, turning vias excites high-order modes because of the non-
uniform current distribution across the via barrel, and the calculations of the modeling
approach are based on a distributed charge density and the lumped elements do not have
frequency dependencies, which could address for inaccuracies of the modeling mostly at
high frequencies. In fact, these statements can be confirmed on the validation figures,
where an acceptable agreement is shown on the non-shadowed graph sections, which is a
frequency range up to around 12 GHz. Furthermore, it is relevant to analyze the different
cases and configurations for the turning vias, since the charge density may be axially
different when the current distribution comes from a microstrip line or a regular cavity, due
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Figure 4.10: Scattering parameters for the 3-cavities stackup shown in Figure 4.7 (b). It is
depicted the response for (a) insertion and (b) return losses. The agreement of this case seems
to be some worst compared to 1-cavity and 5-cavities stackup.
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Figure 4.11: Phase parameters for the 3-cavities stackup shown in Figure 4.7 (b). The response
for (a) insertion and (b) return losses is presented.

to the differences on the electromagnetic modes propagated in each case, i.e. quasi-TEM
and fundamental modes, respectively. Thus, a generalization of the field distribution as a
function of the charge density is part of the topics for further investigations, which would
improve the modeling accuracy. However, the approximation proposed here presents a
good agreement in terms of insertion losses even up to high frequencies, rather than the
frequency limitation for return losses, where a relative deviation up to -5 dB is identified
compared with full-wave method. In case of the phase response, the agreement is better
for all the cases with important deviations at high frequency ranges, but a good one up
to around 12 GHz is presented. In case of the number of cavities, there is no a huge
difference across validations.
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Figure 4.12: Scattering parameters for the 5-cavities stackup shown in Figure 4.7 (c). It is
depicted the response for (a) insertion and (b) return losses. Similarly as the case of 1-cavity
stackup, a good agreement is achieved up to around 12 GHz.
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Figure 4.13: Phase parameters for the 5-cavities stackup shown in Figure 4.7 (c). It is shown
the parameters for (a) insertion and (b) return losses. As similar to the scattering parameters,

a good agreement is achieved up to around 12 GHz.

Additionally, it is relevant to analyze also the influence on the modeling by different return
vias distances. The validation cases shown in Figure 4.7 are based on the case of study
depicted in Figure 3.6, where two ground vias are placed in a distance of 40 mil from the
signal via. Here, a comparison on the agreement by considering the stackup configuration
depicted in Figure 4.7 (c) is presented, with the ground via placement defined as 30
and 50 mil. This is shown in Figure 4.14 and 4.15, respectively. It is evident that the
case when the ground vias are closer to the signal via (Figure 4.14) the agreement at
high frequencies improves, by achieving up to around 17 GHz, different than the case in
Figure 4.15, where deviations below to 10 GHz are presented. All these variations are
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Figure 4.14: Scattering parameters for the 5-cavities stackup shown in Figure 4.7 (c¢) and
the ground via distance of 30 mil. The (a) insertion and (b) return losses are shown, and the
agreement even up to 15 GHz by improving the return path performance.
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Figure 4.15: Scattering parameters for the 5-cavities stackup shown in Figure 4.7 (c¢) and the
ground via distance of 50 mil. Difference at the case of 30 mil distance, the accuracy is reduced

even for frequencies below to 10 GHz.

related to return losses, since the insertion losses are not depicting a relevant variance.
The validations cases are considering scenarios when a single signal arrives to channel
discontinuities, defined by all the sections (microstrip lines, turning vias, etc.). Similar
validations can be applied for scenarios that include differential signaling, dense via arrays,
etc., but the modeling approach should need to consider a better description for high-
frequency ranges, since there is involved coupling across traces and vias that affects the
performance of the interconnection. In order to do that, some viable improvements for
the calculation of the inductance value can be investigated, as part to the intention to
improve the high-frequency ranges model fitting. Also, the cases when a turning via co-
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exists at upper or lower of the cavity section, can be analyzed as well, where the case
of the current distribution at the time the signal arrives to the discontinuity, might be
different and present different field distributions across turning via implementations.



Chapter 5

Analysis of Mode Conversion Due to
Asymmetrical Via Stubs

The increase of data rates in digital systems has made the design of printed-circuit boards
more challenging, since high frequency effects start to play a more important role, such
as material losses, impedance mismatches, crosstalk, and mode conversion. Differential
signaling is a convenient approach for crosstalk reduction and immunity to common-mode
noise. However, non-idealities in geometries and signaling lead to differential-to-common-
mode conversion. Several mechanisms that introduce mode conversion are well known,
such as skew caused by asymmetrical configurations and unbalanced differential signals
[41] from the IC transmitter, which compromise the electrical performance of the link
and cause undesired EMI radiations. Also, the manufacturing process deals with inherent
effects that affect directly the performance of high-speed applications, and an estimation
of some of these effects is appropriate to consider in pre-layout stage to avoid EMC issues.
The effect analyzed here refers to the mode conversion due to residual via stubs, which
has not been previously addressed in the literature.

In case of differential signaling, the differential to common-mode conversion is a typical
issue to be avoided. This effect affects directly the signal integrity, since part of the energy
used for the information signaling is converted on ground noise. A well known source of
mode conversion are the interconnection asymmetries across the signals of the differential
pair. For instance, several sources of mode conversion have been analyzed in literature,
such as differential pair length mismatching, asymmetrical ground vias configurations,
etc. [41]. All these sources of mode conversion can be prevented in pre-layout design
and manufacturing process. However, it is impossible to avoid these effects completely,
and every differential link has to deal with mode conversion losses. Thus, the analysis of
limitations and inherent effects on manufacturing process is important on pre-layout stage.
The Figure 5.1 depicts a configuration that presents asymmetrical via stubs. Tolerances
on manufacturing process can result of around 10 mil so, it is an important effect that
are present in modern implementation. As shown in Figure 5.1, the parameter Al is
the source of the mode conversion, which represents the asymmetry between both stub

95
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Figure 5.1: Asymmetrical via stubs in a differential pair - cross sectional view. The difference
Algyp deals with differential to common-mode conversion. Differences in range of back-drilling
tolerances can generates important amounts of this losses.

lengths. In this way, asymmetrical via stubs sharing antipad would lead to excite parasitic
modes as well as mode conversion. These types of coupling are not actually considered
in physics-based modeling. As first best approximation from author’s knowledge, an
extension from the approaches in [42] and [43] can deals with good modeling agreement.
In case of the analysis of mode conversion due to via stubs, an approximation for low
frequency ranges is proposed here, based on a first-order low-pass filter that estimates the
magnitude of this effect as a function on the residual stubs length.

5.1 Investigation of Mode Conversion Due to Asym-
metrical Via Stubs

As mentioned, several sources of mode conversion in differential links have been analyzed
in literature, such as asymmetric ground via placement configurations, differential pair
length mismatching [41], among others. The design and manufacturing of printed circuit
boards plays an important role to minimize the detrimental effects on the signals at high
frequencies, since multiple processes on those stages have their respective tolerances and
inherent effects, and can be the root cause of electromagnetic compatibility issues. For
instance, plated through-hole (PTH) vias are widely used due to their low cost and the
ease of manufacturing. However, these vias can introduce stubs which affects directly
the transmission, by adding undesired resonances at certain frequencies [44], [45]. Thus,
back-drilling processes are used to remove these stubs, and depending on the tolerance of
the process, residual stubs can remain [46]. In this lane, these residual via stubs might be
analyzed in order explore the influence on the mode conversion in differential signaling.
The geometry investigated to explore the mode conversion is shown in Figure 5.2, where
a differential link is built with an 8-cavity stackup with a 15 mil of dielectric thickness
per cavity. A differential stripline trace with a length of 200 mil connects to the other
end of the differential via pair. The via radius is 5 mil and the antipad radius is 15 mil
as well. Absorbing boundary conditions are defined in order to avoid reflections from the
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Figure 5.2: Differential via-to-via configuration: (a) top and, (b) side view. Differential
stripline traces are routed on cavity 2 and via stub length on port 01 (-) has been varied to
analyze the effect on mode conversion.
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Figure 5.3: Skew effect observed at the Port 02 (+/-) in the differential pair for symmetrical
and asymmetrical via stub cases (a) timing and stub effect for step responses, and (b) common-
mode signals for each case, respectively. Generator and termination impedances are 50 Ohm.

edges. These residual via stubs can be present in several scenarios. Thus, regarding the
manufacturing process, tolerances in back-drilling processes can result in residual stubs
of around 10 mil and these small differences can also introduce mode conversion, which
results in a timing asymmetry in the differential pair. In order to clarify this statement,
Figure 5.3 presents the asymmetry effect reflected in time domain, from the step response
and common-mode signals perspective. As depicted in Figure 5.3 (a), the effect of a stub
asymmetry in reflected by steps in the edges. This effect induces a skew in the differential
pair that is converted into common mode signals. Figure 5.3 (b) shows common mode
signals caused by a phase shifting and skew by the stub effect. In this lane, extreme cases
with the effects of long and short stubs are considered in order to analyze the effect in
frequency domain and understand the scenarios under this could be a relevant issue that
can affects differential links.
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Figure 5.4: Via stub effect in (a) differential transmissions, and (b) far-end mode conversion
for reference cases including symmetric and asymmetric configurations. The mode conversion
magnitude has a direct relation with the differential via asymmetry. Simulations performed with
FIT method [10], considering a reference impedance of 50 Ohm.

Thus, Figure 5.4 describes the cases of transmission (a) and mode conversion (b) depend-
ing of via stub configuration, i.e. symmetrical or asymmetrical structures. For the cases
when there is no asymmetry, the mode conversion remains below -70 dB. This behavior is
different to the insertion loss, where it is observed that the long via stubs clearly induce
resonant frequencies. Even, an asymmetry of 2 mil among short via stubs induces a higher
amount of mode conversion in comparison to the symmetric case with 104 mil stub length
in Port 01 (4) and (-). Hence, asymmetries in via stub configurations are the main source
of mode conversion and not the stub length in symmetrical cases. Results show that the
maximum value of mode conversion is present around the resonant frequencies. Based on
this, the asymmetry that causes the mode conversion does not depend only on the length
difference of the intentional electrical path, but also on the unintentional path along the
stubs, whose length is linked to the maximum magnitude of the mode conversion. Also,
balanced asymmetries in both sides of the differential pair do not imply a mitigation of
mode conversion. In fact, a cancellation of the effect due to asymmetrical via stubs can
exists only in a full-symmetrical configuration, where the sides of the differential pairs
have the same via stub lengths on the same physical sections of the interconnection. For
residual via stub length ranges, Figure 5.5 (a) presents the magnitudes of mode conver-
sion for specific asymmetries. Compared with the cases when the asymmetry between
the differential via stubs increases from 2 to 22 mil, mode conversion has an increment
of around 25 dB. An important fact to consider is that asymmetries at the order of a
cavity thickness can induce mode conversion up to -15 dB, which are in the range of
the back-drilling tolerances. Besides, another case of interest to analyze is the effect of
mode conversion for different fundamental frequencies, which can be important for the
electrical performance in the design of high-speed links. In that way, Figure 5.5 (b) shows
the far-end mode conversion as a function of the asymmetry of the differential via stubs,
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Figure 5.5: Magnitude of far-end mode conversion for different via stub asymmetries. In (a),
it is depicted the effect of asymmetries in the order of back-drilling residual tolerances, and in
(b) the magnitude across fundamental frequencies and via stub asymmetries as well.

for three different fundamental frequencies. Similarly, Within the range of one cavity
thickness, i.e. from 10 to 20 mil, the impact of the stub asymmetry on the far-end mode
conversion is between -20 and -30 dB.

5.2 Estimation of Mode Conversion as a Function of
Via Stub Mismatches

It has been shown that residual via stub length asymmetries can contribute to mode
conversion. In the previous section, mode conversion due to residual via stubs at the
length order of back-drilling process tolerances was investigated. These asymmetries can
induce a mode conversion above -20 dB for the specific fundamental frequency of 17.5
GHz. Thus, in order to get a better understanding of this effect, Figure 5.6 describes an
electrical representation where the Port 01 (-) has a longer via stub than Port 01 (+).
The signals in the differential pair have different delay times at the Port 02, because of
the difference of stub lengths introduces an extended electrical path on the (-) side of
the link [47]. At the moment when the signal arrives at the interface of the stripline and
the via stub, part of the signal propagates through the stub and then is reflected, which
causes a delay in the signal arriving at the Port 02 (-). This explains the root cause
of the mode conversion, where the field distribution is not symmetrical at the time the
differential signals arrive to that channel section. Actually, even though the asymmetry
is compensated in different sections of the physical channel, the mode conversion may be
worst, since the conversion occurs directly at the time the signals face to an asymmetrical
channel section across the differential pair.
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Figure 5.7: Estimation of the far-end mode conversion magnitude (a) modeling approximation
based on a first order low-pass filter and (b) frequency response as a function of the length
stub difference. This approximation is based on low frequency response of the Alg,p in the
differential configuration.

Here, an analysis of the estimation of far-end mode conversion as a function of this
length asymmetry is carried out. For relative low-frequency ranges, the via stub can be
considered as a shunt capacitor if the via stub delay is shorter than half of signal rise
time, approximately. For instance, a worst stub length asymmetry scenario is defined
in previous analysis as 102 mil, which represents approximately a round trip time of
the signal of 34.54 ps, i.e. two times the stub delay time. Based on that statement,
it is possible to represent the via stub as a lumped element, by considering a rise time
of 35 ps (maximum frequency of 14.28 GHz), which is around two times the maximum
time delay present in the configuration. In this way, in each side of the differential pair,
the discontinuities can be simplified as a combination of the via impedance (Z,;,) and
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an equivalent stub capacitances (Cspynt). This is depicted in Figure 5.7 (a), where the
channel section is considered as a first-order low-pass filter with the respectively lumped
circuit equivalence. Thus, a low-pass behavior is present, and the capacitance can be
approximated as follows:

Lstub

Cshunt = o - Zom (5.1)
where l4,p is the physical length of the via stub and v, is the propagation velocity in
the substrate. Based on (5.1), the calculation of the associated capacitance of each via
stub allows the estimation of the mode conversion magnitude for low frequencies as a first
approximation, in order to correlate the effect with stub asymmetries, by assuming a via
impedance value of 50 Ohms. For example, Figure 5.7 (b) shows the estimation for the
cases when the Alg,, is 2 and 6 mil, respectively. These estimations are correlated with
full-wave FIT simulations [10]. A good agreement can be observed up to 10 GHz. Table 5.1
shows some correlation values between full-wave results and the proposed estimation, for
the fundamental frequency of 2.5 GHz, where the maximum deviation across correlations
is not above 2 dB.

Table 5.1: Magnitude of far-end mode conversion for different via stub asymmetries.

Reference | Fundamental Frequency - @2.5 GHz
Case [mil] | FIT [dB] Estimation [dB]
Algpp = 22 -30.33 -31.95

Algy = 14 -34.51 -35.86

Algw, = 6 | -42.11 “43.21

Algpup = 2 -52.44 -52.75

(© 2019 IEEE. Reprinted with permission, from J. Cedeno-Chaves, et al. Mode Conversion
Due To Residual Via Stubs in Differential Signaling. IEEE 23rd Workshop on Signal and
Power Integrity (SPI), pp. 1-4, 2019.
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Chapter 6

Conclusions and Outlook

In this thesis, the physics-based modeling approach has been revisited and two main
contributions have been done. The correlation has been made by using network param-
eters, and the comparison between solutions of full-wave and the proposed modeling has
validated the viability of the approach in a multilayer substrate simulation framework.

First, the evaluation of the model to handle microstrip line transitions in a generalized way
with a simple transition model that works well up to 12 GHz for typical through-hole high-
speed stack dimensions. Through this integration, a semi-analytical modeling proposal for
turning vias is developed and validated, which suggests an acceptable agreement up to 12
GHz, with a maximum deviation of around 5 dB. The validation results have shown that
the influence of the number of cavities for a generic stackup is not relevant in terms of the
frequency range where the modeling approach has viability, whereas the improvements on
the return path by getting closer to the ground vias placement achieve a good agreement
up to around 15 GHz.

The second contribution was the study of the impact of asymmetrical stubs, which escapes
the physics-based modeling capabilities, but it is shown to be a potentially important effect
that can impact the performance of high-speed differential links. Differences in the order
of the tolerance of the back-drilling process can induce a mode conversion higher than -20
dB. A low-frequency analysis was used to approximate the amount of mode conversion
depending on the via stub length asymmetry. From this part of the work, a conference
submission was presented and published.

As part of the further investigations, a more detailed analysis of the high-order modes
as a function of the axial charge density can be addressed. Also, a specific case of study
includes the understanding of the via-to-stripline transitions into the antipad sections.
There exist approximations based on the decoupling of the cavity and stripline modes,
but a generalization of the electromagnetic behavior of the via transitions to regular traces
might need a dedicated analysis.

Moreover, a comparative analysis against other known mode conversion sources, such as
asymmetrical ground via configurations, and the effect of multiple via stub asymmetries
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can be studied. Besides, a formulation for the coupling across the antipad section when
there exists via stubs under different symmetrical and asymmetrical scenarios, as well as
the effect of the propagation of high-order modes under different characteristic impedance
cases.
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