Physics and Modeling of

2 Interconnects in Printed Circuit Board
///////Z-?-l\\\\\\\ Technology Considering the Attenuation
= = and Phase Delay due to Conductor
Surface Roughness

/
/,///é

by
Maria Teresa Serrano Serrano

A thesis submitted in partial fulfililment of the
requirements for the degree of

DOCTOR OF SCIENCE IN ELECTRONICS
at

INSTITUTO NACIONAL DE ASTROFISICA,
OPTICA Y ELECTRONICA.

December 2023

Tonanzintla, Puebla

Advisor:

Reydezel Torres Torres, Ph., D.

©INAOE 2023
All rights reserved

4

The author hereby grants to INAOE permission to /

\
reproduce and distribute paper or electronic copies of this //////'_/_‘_\\\\{{\\\\
thesis document in whole or in part o —







Resumen

Las tarjetas de circuitos impresos (0 PCBs, por sus siglas en inglés), trabajan a frecuencias de
operacion cada vez mas altas. Por ello, el andlisis de las diferentes interconexiones, asi como
de los materiales que los componen, se vuelve crucial para las etapas de disefio y fabricacion
para que cumplan con los altos requerimientos de las diversas aplicaciones de alta velocidad.
Sin embargo, con el aumento de frecuencia, efectos a microescala se vuelven relevantes,
afectando la propagacion de las ondas electromagnéticas viajando a través de las
interconexiones. La rugosidad en los conductores, es de los mas importantes a tener en cuenta,
ya que es afiadida intencionalmente para adherir las capas de materiales conductor y de
dieléctrico que dan forma a las interconexiones en PCB. Desafortunadamente, esta rugosidad

aumenta considerablemente la atenuacion y el retraso de las sefiales propagadas.

Por esta razon, en este trabajo se contribuye con el modelado de interconexiones que presenten
rugosidad en los conductores, en donde se considera la relacion causal entre los fendbmenos
fisicos de atenuacion y retraso asociados con la propagacion de las ondas electromagnéticas.
Ademas, se propone y se desarrolla una metodologia para que, a partir de mediciones de
parametros S y de simulaciones electromagnéticas simples, se cuantifiquen las pérdidas
debidas a la rugosidad en el conductor. Con esto, se puede calcular el factor de rugosidad
necesario para la implementacion de un modelo causal que permita describir la rugosidad
presente en el conductor. Esta metodologia se desarrolla primeramente en lineas de tipo
microcinta, y después se propone su aplicacién en antenas de parche. Posteriormente, se
extiende el modelado hacia guias de onda en donde su modo de propagacion sea diferente al
de las lineas de microcinta. Ademas, también se propone una nueva ecuacion para el célculo
de la impedancia de onda para guias de onda integradas en substrato (SIWs). Esta nueva
formulacion incluye las pérdidas debidas a los materiales y a la rugosidad presente en
conductores, lo cual es una muy importante contribucion para circuitos de microondas reales
ya que ningun otro estudio incluye todas estas las pérdidas en el calculo de la impedancia de
SIWs.



Abstract

Printed circuit boards or PCBs are operating nowadays at increasingly higher frequencies;
therefore, the analysis of the interconnects and the materials forming them is necessary. This
analysis is highly recommended for the stages of design and fabrication to accomplish the
requirements for high-speed applications. However, as the frequency increases, microscale
effects are becoming more relevant since they significantly impact the propagation of the
electromagnetic waves traveling through the interconnects. In this regard, the conductor
roughness effect is one of the most important microscale effects. This is due to the fact that it
is necessary to promote adhesion between the layers of conductor and dielectric materials
forming the interconnects on PCBs. Unfortunately, the roughness effect significantly increases

the losses and delay of the propagated signals.

For this reason, this project contributes to the modeling of interconnects exhibiting the
conductor roughness effect. Besides, the causal relation between the dispersion and dissipation
phenomena affecting the propagation of the electromagnetic waves, is taken into account in the
modeling. Furthermore, the development of a new methodology to describe the conductor
surface roughness is presented. This methodology employs S-parameter data experimentally
obtained and simple electromagnetic simulations to calculate the losses and delay due to the
conductor roughness effect. Once these parameters are obtained, the quantification of the
roughness correction factor can be calculated and used to carry on the implementation of a
causal model that physically describes the conductor surface roughness. This methodology is
firstly implemented for microstrip transmission lines, but later is applied to patch antennas.
Afterwards, this methodology is extended for waveguides operating at microwave frequencies
with a different propagation mode. Furthermore, a new equation to calculate the wave
impedance for substrate integrated waveguides or SIWs is proposed. This formulation includes
the losses due to the conductor and dielectric materials, as well as the ones considering the
roughness effect. This is a very important contribution for practical microwave circuits since
no other study includes all these types of losses on the calculation of the wave impedance for
SIWs.
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CHAPTER 1

INTRODUCTION

Since the invention of the transistor in 1947, there has been a tremendous evolution in the
electronics technology. This is leading the semiconductor chips to approach physical limits
while following the device density trends established by the Moore’s Law [1]. Moreover, the
platforms where these chips are accommodated to implement complex systems are based on
printed circuit board (PCB) technology, which is also being demanded in performance to
accomplish the data processing speeds required in today’s applications. Therefore, the
harmonics composing electromagnetic signals propagated through the corresponding
interconnects fall well into the microwave frequency range; thus, the necessity of guaranteeing
the signal integrity at these rates has introduced significant challenges in the modeling,
characterization, and optimization of interconnects. These challenges are related to the fact that
the conductor and dielectric materials constituting the interconnect interact with waves whose
wavelength is comparable to the length of the guiding traces and the imperfections they present.
Consequently, the microscale imperfections of the materials are ‘seen’ by the signal, causing
losses and delay. For this reason, several R&D groups are focused on performing research for
developing new and improved materials to reduce the impact of these imperfections on the
electrical performance of PCBs. However, even when using these advanced materials, there
are still important adverse effects at higher frequencies, which may cause considerable impact

on the propagation features of the lines.

In this regard, one of the most important microscale effects degrading the signal
integrity is that related to the conductor surface roughness, which increases dissipation and
dispersion beyond the expected square-root-of-frequency rise stablished by the skin effect. For

this reason, this phenomenon is one of the most studied on PCB technology.

Motivated by the strict requirement of accurate models for interconnects at microwave
frequencies, modeling methodologies for incorporating the conductor surface roughness effect
into the electrical representation of microwave interconnects are developed and experimentally
verified in this project. These methodologies are based on formulations accounting for the

causal relationship between the attenuation and delay associated to wave scattering

9



mechanisms. Using the proposed approaches, it is demonstrated, through exhaustive model—
experiment correlations, that the prediction of energy absorption and dispersion in practical
transmission lines on PCBs is achieved with accuracy. In fact, since the modeling presented in
this project is valid for waveguides propagating signals in different modes, the application is
not limited to planar lines such as microstrip and striplines, but also to rectangular waveguides
such as those synthetically implemented in PCB technology (e.g., the substrate integrated
waveguides or SIW). In this matter, for the first time it is presented a design equation for the
wave impedance of a SIW explicitly indicating the effect of the imperfect surface roughness
on its matching properties. In addition, to show the usefulness of the methodologies when
designing other devices implemented with microstrip technology, the performance of patch
antennas is assessed in a systematic fashion when the effects associated with the conductor are
identified.

1.1 Relevance of the conductor surface roughness on PCB
technology

The conductor foils that form the interconnects in multilayer PCB structures are intentionally
roughened to promote adhesion with the dielectric laminates. This roughness, however,
introduces peaks and valleys in the surface that act as scatterers that affect the signal
propagation at microwave frequencies. In fact, any device fabricated on PCBs is susceptible to
exhibit losses and delay due to this effect, which is accentuated as the operation frequency

increases. This is explained hereafter.

1.1.1 Physical interpretation of the conductor-related effects

To understand the relevance of considering the conductor roughness effect in the modeling of
an interconnect, it is important to picture the physical interaction of an electromagnetic field
with a conductor material at microwave frequencies. Hence, the following concepts are briefly

discussed to describe the context of this project.
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-Skin effect:

Eddy currents originated by incident time-varying electromagnetic fields to a non-perfect
conductor induce magnetic fields that reduce the magnitude of the fields into the material. This
is the so-called skin effect and makes that alternating currents tend to confine in the surface of
the conductor materials as signals propagate. Consider for instance a transmission line
propagating signals in the quasi-transverse electromagnetic mode; for direct-current (DC) or
for low-frequency operation, the current will be uniformly distributed within the cross section
of the conductor traces. However, as the frequency is increased, the magnitude of the current
density is higher on the periphery of the conductor since the penetration of the fields is limited
by the induced eddy currents. To quantify this effect, the skin depth (8) parameter is introduced,
which is defined as the distance from the surface of a conductor material at which the current
density falls to 1/e of its value [2], this effect is illustrated in Fig. 1.1.

Current distribution in the
cross-section of the line

- 6 = skin depth,
Increase of 5’
" AN
requency
-_— Effective area
of the current
distribution

Fig. 1.1 Cross section of a cylinder wire illustrating how the current distribution changes when increasing the
frequency: the current is confined to the periphery of the conductor at high frequencies.

From a practical point of view, the relevance of this effect is the substantial and frequency-
dependent reduction of the area through which the current is flowing. This yields to an increase
of the effective per-unit-length (P.U.L.) resistance of the line with frequency, accompanied by
a reduction of its internal inductance (Lint). For instance, considering a microstrip transmission
line of a certain width (w), and assuming that the current is confined to the bottom surface of
the signal trace (i.e., where the electric field is more intense), the resistance within the current

is confined in a certain area (or surface) is calculated as:

_ [l =
Ry = 7;\/7_1<\/7 (1.1)
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where u is the permeability, o is the conductivity of the material, and k is a coefficient involving
the parameters u, o, m and 1/w. Thus, assuming that these parameters remain approximately
constant within a given bandwidth, the skin effect makes the resistance to be proportional to

the square-of-root-of-frequency.

To understand the origin of this effect, it is important to say that, when the intensity of
a current flowing into a conductor produces a changing magnetic field, which creates eddy
currents internal in the conductor. These eddy currents will generate their own magnetic fields,
and the lines of magnetic flux associated with these secondary fields point to the opposite
direction [3]. Therefore, these eddy currents reduce the penetration of the magnetic field

incident to the conductor surface, which indeed, physically explains the skin effect.

Since the current flows confined near the periphery of the conductor, the fields
experiment the protuberances in the surface of the material due to the roughness. Furthermore,
in practical PCBs, the skin depth is comparable to the feature size associated to the roughness
profile. This makes evident the importance to consider the conductor surface roughness in the

modeling of an interconnect such as a microstrip line, as shown in Fig. 1.2.

x i

Fig. 1.2 Sketch of the cross-section corresponding to a microstrip line exhibiting roughened surface in both, the
signal trace and ground plane. The dimensions of width and thickness are shown, and the current distribution is
observed in the periphery of the conductors; the skin depth is also indicated.

-Internal and external inductance:

Because the skin effect modifies the current distribution within the cross section of a conductor
guiding AC signals, the internal inductance of the conductor is also modified by this effect.
This is the inductance associated with the opposition to a change in current due to the
interaction of the magnetic fields with the conductor, and it is dependent on the properties of
the conductor, its dimensions, and the frequency of operation. On the other hand, assuming

quasi-TEM propagation mode, the current also forms a loop when traveling back and forth
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through the signal and ground paths. This loop has associated an inductive component referred

to as the external inductance (Ley:) [3]-

The change in the current distribution due to skin effect increases the resistance, and
therefore, the attenuation. In the same way, the penetration of the magnetic field into the
conductor involves an increase in the delay, which is represented by means of the conductor
internal inductance [4]. Furthermore, when the surface roughness effect is present in the

conductor, both attenuation and delay are accentuated at frequencies of gigahertz [5].

1.1.2 Impact of resistance on attenuation

As previously mentioned, the resistance increases due to the current confinement in the surface
of the conductor, which causes a loss of energy exhibited as attenuation by the conductor
material. In this respect, when an electromagnetic signal is propagating through a transmission
line such as a microstrip, the attenuation occurring due to interactions within the conductor
material results from the joule effect. This attenuation can be mathematically expressed as [6]:

Ry
Re(Z.)

(1.2)

ac

1
2

where R, is defined as in (1.1), and Re(Z,.) is the real part of the characteristic impedance (Z,).
At this point, it is important to mention that equation (1.2) is valid only for a conductor with a
smooth surface. However, in case the roughness of the surface is significant when compared

with 8, the attenuation increases beyond the magnitude obtained from (1.2).

Lately, several models have attempted to model and quantify the increase of attenuation
due to the roughness effect. Some of the first models to pay attention to this issue was the one
by E. Hammerstad and O. Jensen [7], based on the S. P. Morgan approach [8]. They proposed
an empirical formula to model the frequency-dependent loss through introducing a coefficient,
which now allows for expressing the attenuation of a rough conductor from the attenuation of

a smooth conductor as [9]:

Xc rough = KH] X Q¢ (1.3)

where Ky; is the roughness coefficient proposed by Hammerstad and Jensen, and defined as:
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2 A\?
= — A= 1.4
Ky, 1+narctar1 [14<6> ] (1.4)

where A is the root-mean-square (RMS) surface roughness feature size.

However, this model cannot represent cases with substantial surface roughness at
multigigahertz frequencies. For instance, in a study made by a signaling team from Intel [9],
showed the impact of the surface roughness effect and how it differs from data predicted by
classical models. Fig. 1.3 illustrates part of their results, and it can be observed that the modeled
curves cannot accurately represent the losses of a measured transmission line for different

roughness profiles.

1.50
1.25

1.00

/ ___—"" - = Roughness profile #1 - Measured
0.75 st

R oy ===- Roughness profile #1 - Modeled
0.50 e
- - == Roughness profile #2 - Measured

Transmission Loss
(dB/inch)

0.25 4

---- Roughness profile #2 - Modeled

0 Frrrrrerer TR
2 4 6 8 10 12 14 16 18

Frequency (GHz)

Fig. 1.3 Measured and modeled transmission loss for a practical transmission line [9].

For this reason, developments in new and improved models have emerged to counteract this

issue, while respecting causality.

1.1.3 Impact of inductance on delay

The incidence of the magnetic field into a conductor material affects signal propagation in two
ways. The first one is as an increase in the resistance and attenuation as previously mentioned.
On the other hand, it also introduces a delay due to the existence of the internal inductance,
which represents the opposition of the material to a change in the flow of an electrical current.
Due to this opposition, the wave exhibits a delay when traveling through the conductor, which

can be expressed in terms of the resistance and the real part of the characteristic impedance as:

1 R,

Be = 2Re(Z,) (1.5)
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As can be seen, (1.2) and (1.5) yield to identical results when assuming a smooth surface in the
conductor. However, when roughness is exhibited at the surface of the conductor, g, increases
as well. As for the case of the attenuation, g, is related to an additional factor when the
roughness parameter increases. For instance, Fig. 1.4 illustrates experimental data and the
modeling for the resistance and the internal inductance associated to the attenuation and delay,
respectively, increasing at different values of factors when the roughness is increased. This was
recently experimentally verified [5], and it was pointed out the relevance of accounting for the
effect of the surface roughness not only on the attenuation, but also on the phase delay. In Fig.
1.4 these effects are represented by means of the resistance and internal inductance,

respectively.

10
£
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Fig. 1.4 Increase of the internal inductance (top), and resistance (bottom), due to surface roughness [5].

As can be seen in Fig. 1.4, the resistance R and the inductance L increase at different rates, for
this reason, it is necessary to consider different roughness factors for these parameters.
Furthermore, it is worthwhile mentioning that these factors are linked through causality, as

explain hereafter.
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1.1.4 Causal relation in the surface impedance components

When the current is confined at the surface of the conductor due to the skin effect at high
frequencies, it can be assumed that the current is flowing in a laminar form. In this case, the
properties of the conductor can be represented using the concept of ‘surface impedance’ (Zy).
In fact, the surface impedance is a complex function where its real part is associated to the
resistance, and the imaginary part is associated to the internal inductance, as expressed in the

following formulation:
Z,=Rs+ X, (1.6)

where R, is the surface resistance defined as in (1.1), and X, is the inductive reactance, defined
as X; = 2nf L. With this formulation, it is confirmed that the skin effect simultaneously
causes a decrease in the inductance while increasing the resistive losses, implying a causal

relationship between the energy stored and the energy dissipated by the conductor [10].

However, as previously explained, R and Lin change at different rates when
considering the conductor surface roughness. For this reason, several models for incorporating
the impact of the rough surface on the attenuation are typically formulated with the aid of the
complex surface impedance, for instance, the well-known P. G. Huray’s ‘snowball’ model [11].
Unfortunately, this model requires the obtention of Lint through the total line’s inductance,
which is not always straightforward. Furthermore, other models based on the determination of
Z,, require either the topological description of the conductor rough surface, or the accurate
value of Z;, which are not always available. To counteract this part, this project provides

solutions based entirely on data corresponding to the electrical response of interconnects.

1.2 Purpose of this thesis

This work contributes to the modeling of the roughness effect by taking into consideration the
causal relation between the phenomena of dispersion and dissipation effects. This enables the
quantification of the losses and delay due to the conductor surface roughness for different
interconnects and devices in PCBs. Furthermore, the roughness factors for the attenuation and
delay are quantified and the implementation of a causal model for the conductor surface

roughness effect is performed for microstrip transmission lines. Also, the application of the
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methodology used for microstrip lines is applied to patch antennas. Finally, the modeling is
extended to waveguides fabricated in PCB technology, which operate in a different propagation
mode than the microstrip lines. This extension assures the application of the modeling in

different types of transmission lines.

17



CHAPTER 2

CONDUCTOR SURFACE ROUGHNESS MODELING

Planar interconnects on PCB and particularly microstrip lines are fundamental elements in
electronics packaging technology. Thus, delay and loss effects occurring in these structures
should be accurately analyzed for understanding the corresponding impact on signal
propagation. And even at some tens of gigahertz, radiation of energy in microstrip PCB lines
represents less than 5% of the total signal loss in practical applications [12]. Hence, the losses
related to the interaction of electromagnetic waves with conductor and dielectric media are
those mainly affecting the performance of these lines [13]. In this regard, it is important to
separate the contributions of these two interactions in order to develop a full model that can be
incorporated into a simulation tool. With this motivation, the contribution presented in this
work is the characterization and modeling of the conductor-related delay and loss in actual
microstrip interconnects. For this purpose, experimental S-parameters and electromagnetic
(EM) simulations are used in a systematic fashion to allow for its straightforward application

by PCB designers and for R&D groups dedicated to develop new and improved materials.

However, when experimentally determining electrical parameters, the first challenge to
be faced is that several phenomena are involved in the response of a system. Hence, to develop
modeling techniques for either conductor or dielectric related effects, it is necessary to first
identify each one of these effects in measured data. This is explained in the present chapter, as
well as the characterization and modeling of the frequency-dependent effects happening when

a microwave signal interacts with conductors in a practical circuit.

Based on this discussion, one of the main contributions of this thesis is the development
and implementation of a causal model for conductor surface roughness; as well as
demonstrating its application for the representation of microstrip lines with different surface
profiles. Also, a brief summary of the models used to account for the roughness effect in

conductors will be reviewed.

To begin with, the conductor foils are intentionally roughened to promote adherence

between the dielectric and conductive layers when building multi-layer circuits. In typical high-
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speed circuits, this process is obtained through standard electro-deposition of copper (STD) or
reverse treated electro-deposition (RTF) [14], [15]. However, an adverse effect of this
roughness is that the attenuation of signals (i.e., @ = Re(y)) is increased beyond the typical
square-root-of-frequency trend imposed by the skin effect.

For this reason, several approaches have been proposed to account for the
corresponding loss in models for « on rough conductor materials. One of the most popular is
that related to the ‘snowball’ (also called ‘cannonball’) model proposed by Paul Huray, et al.
[11]. This model proposes the use of multiple spheres of different radii to describe the
topography of a rough conductor surface, as can be seen in Fig. 2.1. This representation
accurately predicts the scattering of the electromagnetic fields and its effect on the electrical
characteristics of the lines. In fact, it shows superiority when comparing the results with those
obtained through traditional approaches based on the Samuel P. Morgan concept of pyramids

[8], which is the basis of the well-known model by E. Hammerstad and O. Jensen [7].

Fig. 2.1 Photograph (left) showing the detail of the surface of a copper foil used on PCB technology, and a

sketch (right) illustrating how the corresponding protuberances are represented using the ‘snowball’ concept
[11].

However, the implementation of models based on the topographic features of the metal foils
requires detailed information of the surface, commonly obtained through optical
measurements. Furthermore, the causal relation between the effects of dissipation and
dispersion tends to be ignored when modeling the conductor roughness effect. To overcome
the foretold limitation of these models, J. Bracken proposed a causal modeling using Huray’s
approximation [16]. Later, a second approach was made by L. Simonovich et al [17], where a
complex correction factor was proposed to quantify the increase in « and S when the surface
roughness effect was present in the materials [17]. For this purpose, rather than using an
arbitrary number of spheres of different radii to construct the unit cell to represent the surface

profile, a 14-sphere array of equal radius was proposed. In this case, a ‘cannonball’ pyramidal
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structure is used to describe an effective roughened surface. To implement this model, only
one parameter is needed: the peak-to-valley height parameter (R,), which is directly related to
the radius of the sphere, allowing the characterization of the surface profile. The problem is
that still measurements of the profile are needed, or alternatively, R, is obtained through curve

fitting, increasing the possibility of losing the physical significance of the model parameters.

Hence, in this thesis an equation is proposed to determine the roughness parameter R,
without the need to perform optical measurements. Here, electrical experiments,
complemented by electromagnetic simulations under idealized conditions are used as part of
the extraction for R,. This is a new methodology where the determination of the contributions
for the conductor and the dielectric materials is achieved. For this reason, the procedure
allowing the implementation of a causal roughness model for microstrip lines is fully described
in this chapter.

2.1 Proposed methodology

As previously mentioned, microstrip lines present signal attenuation mainly due to three
types of losses attributed to: the joule effect in the conductor, polarization currents in the
dielectric, and radiation [12]. For all practical purposes, on PCB technology at frequencies up
to some tens of gigahertz, the latter can be ignored since its magnitude is relatively small [18].
Therefore, the dominant losses in microstrip lines are the ones due to the conductor and to the
dielectric materials. In fact, since lines on PCB exhibit noticeable but low loss, it is possible to
assume that the phase delay (8 = Im(y)) is much larger than a [13]. This in turn allows for
expressing the total attenuation as the sum of the conductor and dielectric attenuations (i.e., a,

and a4, respectively); mathematically:
a=a.+ay (2.1)

Similarly, the phase delay exhibits contributions from the conductor and dielectric materials,
respectively represented by . and ;. Hence, under the low-loss transmission line assumption,

is possible to write:
B = Bc+ Ba (2.2)

However, the experimental determination of the conductor and dielectric contributions on both
a and g considering the surface roughness effect is cumbersome. This is due to the fact that the
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functions describing the frequency dependent effects associated to these two media are similar.
Bear in mind also that performing electromagnetic simulations considering the microstrip
structure including the metal surface roughness is not an option due to the small size of the
protuberances (i.e., the structure is large and the mesh for accounting the imperfect profile is
fine). For this reason, the following methodology is proposed:
1. Performing electromagnetic simulations assuming perfect conductors are used to
determine the dielectric contribution on both a and £.

2. Combining electromagnetic simulations and experimental data determining « and
B associated to the conductor effects.

3. Calculation of the versus-frequency roughness correction factor for o, allowing the
determination of the sphere radius (r) through a quadratic regression. Once r is
known, R, can also be identified.

4. Comparison of results with optical measurements to validate the proposed equation.
These measurements are independently obtained, not required during the
application of the proposal, and just used for verification purposes.

5. Through simulations using the proposed model implementation, the quantification
of the attenuation and phase delay due to conductor losses is performed.

6. Validation of the methodology in the frequency and time domains.

7. Causality testing.

These steps will be explained in the following subsections.

2.1.1 Prototypes and experiments for proposal development

To develop the methodology, microstrip transmission lines with two different lengths (I1 = 25
mm and l> = 320 mm) and four widths (w1 = 230 pm, w2 = 255 pm, ws = 330 um and ws = 355
pm) were fabricated specifically to analyze the impact of the conductor effects; the lines were
built with copper with a thickness of t = 35 um over a dielectric laminate with height h = 127
pum. For this purpose, the Isola’s Tachyon 100G laminate with a nominal relative permittivity
and loss tangent of &,, = 2 and tanéd = 0.002, respectively, was employed. Also, three different
prototypes were fabricated; these prototypes exhibit the same characteristics with the exception
of the copper surface roughness profiles (R; = 1, 2, and 3 um). During fabrication, the foils
were mechanically adhered to the dielectric laminate prior to final annealing, which avoids
significant change in the surface profile. This fabrication step is not applied in practice but it is

important here to validate the proposal when comparing the results obtained from electrical
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experiments with those corresponding to optical measurements. To provide further information
about the prototype, a cross-section sketch of the microstrip lines, without considering the

surface roughness, is shown in Fig. 2.2.

w = 230,255,
330,and 355 pm

untreated side

=127 um

untreated side,

t =35pum

Fig. 2.2 Cross-section of the microstrip line prototypes detailing the dimensions without considering
the roughness profiles.

After fabrication, these prototypes were measured in the high-frequency laboratory of INAOE
using a measurement setup including a vector network analyzer (VNA), coaxial cables and
general precision coaxial connectors (GPC) [19]. These connectors helped in the minimization
of standing waves and mitigating radiation effects. The measurement frequency range spans
from 100 MHz up to 35 GHz. For illustration purposes, Fig. 2.3 shows the measurement setup
including the lines attached to the connectors and then, to the VNA port 1 and 2.

Coaxial
connector
launcher

Fig. 2.3 Photographs of the High-Frequency Laboratory of INAOE, demonstrating the setup for measurement,
and the microstrip line prototypes. The inset in the right photograph shows one of the shortest prototyped
microstrip lines.

Once the S-parameters were obtained, they were processed using the line-to-line algorithm
[20]. This allows to obtain the per-unit-length (P.U.L.) & and g free of the effect of the coaxial
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connectors. In this regard, Fig. 2.4 shows the propagation constant curves for a specific width
case (w1 = 230 pum), obtained through this method and for all the available surface profiles. As
expected, a noticeable increase in the attenuation was observed when rising R,. However, in

the curves for the phase delay, this effect is evidenced only when calculating the group delay
as:

1, = 0B/dw (2.3)

where w = 2nf is the angular frequency.

o
13
S

R, increases

group delay (ns/m)
[$21
x
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== R;=1pm 5.00
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g - = « R, =2pm A'v,' ElOOO 0 5 10 15 20 25 30 35
£ R, =3 um E F GH
% 3 2 e J, - % 750 requency (GHz)
~ Paed —
S 2 - 3 500 =1pm
=~ = “
1 = _ 250 = T R;=2ym
0 . . . . . . 04 : : : : — R -Sum
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(@) (b)

Fig. 2.4 Curves obtained from experimental y for a microstrip line of a fixed width and different surface
profiles: (a) attenuation, and (b) phase delay with an inset showing the increase of the group delay when R,
increases.

2.1.2 Electromagnetic simulations

To separate the effects determining a and g, performing EM simulations was initially proposed
under the idealized condition of perfect conductors, and assuming only dielectric losses
(tans = 0.002) This allows determining the dielectric-related aSMS and gEMS; where the

‘EMS’ superscript indicates that these parameters were obtained from an EM simulation.

For the case of «, to obtain the conductor losses including the roughness effect (i.e.,

¢ rough) from experimental o and simulations, (2.1) is rewritten as:

®¢ rough = A — (XEMS (2.4)

For p, a similar procedure is followed. However, in this case, it is important to remark that the
conductor surface roughness reduces the height of the dielectric material [21], causing a change

in the effective permittivity experienced by a signal propagating through the line [22].
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Therefore, to properly consider this effect on £, the following equation to calculate the effective

height of the dielectric laminate is applied:
heff ®h—R, ms — R, ¢ (2.5)

where R, vs and R, ¢ are the roughness features of the microstrip and ground surfaces,
respectively; for these prototypes, R, ms = R, . Once hsfis considered in the EM simulation

and assuming the idealized conditions already mentioned, (2.2) can be rewritten to obtain the

phase delay due to conductor roughness effect (5. rougn) from experimental g as:
.Bc_rough =p- BEMS (2.6)

To illustrate the importance of considering h. ¢, Fig. 2.5 shows three different scenarios where
an overestimation in S ,,,gn is Observed when the change in height in the dielectric material is

not considered.

4 R,=1pm
30 EEXER R hgﬁr: 125 nm
154~~~ h =127 pm
py 0 -——-rnﬂ-‘l‘r"n?.rulo-o :'.o_o-'l'-o_-.-:.'--?--:.._-l:-.-...
g
?: 451 R;=2pm
= 30 - .
E _um == =77
§ 151 e —-— h= hog=123 pm
uul 0 “n“l.._'....r'.....7.......I'......I.......I .
45 _ —
R,=3 -
30 1 wm et
15 ____..-—-""" hg= 121 pm
0 nl-.-—IIII.....I..I-I..Ilo.l.'..ilﬂ.i.....l.. LX) :
0 5 10 15 20 25 30 35
Frequency (GHz)

Fig. 2.5 B rougn CUrves obtained for different profiles, calculating the change in height due to the
presence of surface roughness and when it is not considered.

From Fig. 2.5, it can be concluded that an accurate implementation of the model will not be
possible when ignoring the change in the effective dielectric height due to the surface

roughness. Consequently, it is important to properly account for this effect in the phase delay.
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2.1.3 Parameter extraction

The next step before implementing the causal model is calculating the complex correction
factor introduced by the imperfect conductor surface. This factor is the one that allows for
considering the increase in magnitude in o and 8 beyond the square-root-of-frequency function
associated to the skin effect. For the case of the attenuation, K, is defined and calculated as in
[23]:

K, = ac_rough/ac_smooth (2-7)
where @, smootn 1S the attenuation when assuming that the microstrip line is made with smooth

conductors, and can be calculated through a simple EM simulation or as in [3]:

Ksf (2.8)

X¢_smooth =
- 27
qs

where Z is the line’s characteristic impedance using a quasi-static calculation, whereas Kj is

the smooth conductor surface resistance given by [24]:

K, = 1/w,/mtuy/o (2.9)

where w is the width of the line, u, is the vacuum permeability, and o is the bulk conductivity.

On the other hand, modeling the phase delay also requires to consider a correction factor

introduced by the conductor roughness (i.e., Kg) and is linked to K, through causality.

Therefore, as for the case of the attenuation, Kp can be defined as:

KB = ﬁc_rough/ﬁc_smooth (2.10)

where B smooth = @c_smooth Can be assumed since the resistive and reactive components of a
smooth conductor present the same magnitude [25]. This was verified by performing two
different simulations for the microstrip lines considering smooth conductors. For the first one,
actual copper was assumed, which allows determining a; smooth. The second one was made
assuming perfect conductors. Hence, the second simulation does not include the effect of
B smooth, and this parameter can then be obtained by a subtraction of the betas of these two

simulations. This results in barely distinguishable curves as shown in Fig. 2.6.
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0.25
eeees (B from EM simulation

0.00

T T T T T T
0 5 10 15 20 25 30 35
Frequency (GHz)

Fig. 2.6 Simulated a; smootn @Nd B¢ smootnCUrves for a microstrip line assuming perfectly smooth
conductors.

At this point, versus-frequency data for the roughness correction factors can be obtained from
(2.7) and (2.10). Hence, the next step is using models to reproduce these data. For this purpose,

the correction factors for the attenuation and phase delay are respectively defined as in [17]:

(AK — D)cyf
Ko model = 1 + - (2.11)
Cf +/2¢f +1

ooy K= D) (e 43260
£ _model — fo n \/Txf 1

(2.12)

These equations are obtained after carrying out an analysis based on the ‘snowball’ approach,
but assuming that the metal profile can be described using cells consisting of 14 spheres of
fixed radius (r). In this case, it is obtained that AK = 8.33 [26], and ¢, = 2muqor?.

In (2.11) and (2.12), only one parameter is unknown, c,. Therefore, since K, from the
experimental results is known from (2.7), ¢, can be obtained rewriting (2.11) as a quadratic

regression:

y—1/2¢, = (x +1/2¢5) (2.13)

where y = (AK — 1)f/(K, — 1) and x = ﬁ In this case, (2.13) represents a parabola with

vertex in (—1/+/2c,, 1/2c,). In this regard, Fig 2.7 shows the data from experiment calculated
as in (2.7), and the quadratic fit using (2.13), where it is also given the cases when there is an
underestimation and an overestimation for r. The illustrated case corresponds to a microstrip

line with w = 230 pm and R, = 3 pm.
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Fig. 2.7 Quadratic regression applied to experimental data to obtain cy in the model for the surface
correction factors.

When c, is known through the regression proposed in (2.13), r can be calculated from:

T =,/2MU0 [ Cy (2.14)
whereas R, can be obtained from [17]:
R, =1/0.06 (2.15)

Fig. 2.8 summarizes the results for r for the different available widths obtained when applying
the proposal and when using profile measurements of the copper foils employed during the

fabrication of the prototypes.

€ 0.30 symbols: extracted data
= dash lines: calculated from AFM measurements
S 0.20 4 ____ . ___ R,=3um---@&-—--®_ _______
= [ ® z
EO.].O |----- m---®---R,=2um---@ - - -BW— - - -~
F-E S k---A----R =1pm--a---a------_]
&

OOO IIIIIIIIII|IIIIIIIIIIIIIIIIIII'IIIIIIII

230 255 330 355
width (um)

Fig. 2.8 Estimation of r for all the widths and profiles available in the prototypes.

The results for R, shown in Fig. 2.8 include those obtained from an atomic force microscopy
(AFM) measurement. This confirms that using a regression including experimental data gives
the same magnitude for the R, parameter, as that from actual topography measurements of the
conductor. In this way, it is proved that this methodology presents the advantage of avoiding

the requirement of a-priori knowledge of R,.

Now, since r and R, are known, (2.11) and (2.12) can be calculated, and a, .ygn and

Bc_rougn Can be rearranged as:
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ac_rough = Ka_model X ac_smooth

ﬁc_rough = Kﬁ_model X Q¢ smooth

(2.16)

(2.17)

At this point, the correlation between the model using (2.16) and (2.17), and experimental data

using (2.4) and (2.6), is shown for the attenuation case in Fig. 2.9, and for the phase delay case

in Fig. 2.10. These comparisons are made for all the available widths and roughness profiles.

4

w = 230 pm o ] _
E 3 =+ expenimental data from eq. (2.4) R: = 3pm "‘ - . g
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Fig. 2.9 Conductor attenuation curves for the lines of different widths and copper profiles, showing an
agreement between the model used and experimental data.
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Fig. 2.10 Phase delay curves including the conductor effect. All the roughness profiles and widths
considered in the prototypes are shown.

To conclude this section, the parameter extraction methodology is summarized in the flowchart

of Fig. 2.11.
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L 7

[ EM simulation: 55™ obtained considering h, Fr ]

Fig. 2.11 Flowchart illustrating the methodology followed for the implementation of a causal model for surface
roughness in microstrip lines.

2.2 Tests and validations

To complete the validation of the modeling technique shown here, K, and Kz were
plotted in Fig. 2.1. From this figure, it was concluded that the common assumption used in
previous models of K, = Kg, is not correct since Kz > K, was observed. Therefore, the
roughness effect in the phase delay cannot be neglected in the propagation features of

transmission lines, as previously predicted in [27].

----- from experiment
S —— implemented causal model sy
o e, -
S g ] - Kg: increase of 5 due to
o roughness effect
§=]
=
2 000 :".'
&, % 099
5 2 4 : g
3] K, : increase of a_ due to
roughness effect
O T T T T T T
0 5 10 15 20 25 30 35

Frequency (GHz)

Fig. 2.12 Correction factors for the attenuation and phase delay for a case of a microstrip line with w =
230 pmand R, = 3 pm.
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To further observe the effect of the conductor roughness in £, the phase velocity was calculated

as:

vp = w/(Be + Ba) (2.18)
where B was split into the contributions of the conductor and dielectric materials to
quantitatively analyze the impact in each material. Therefore, to only assess the change in the
phase velocity due to the conductor, the following equation was applied:

w

v =
KB.Bc_smooth + (‘)/C

p

(2.19)

where c is the speed of light in vacuum. In this case, it is assumed that the microstrip line is

surrounded by free-space and Kz f: smooth = Bc and w/c = B4 are substituted into (2.18).

On the other hand, the phase velocity affected only by the dielectric material is assumed

when g, = 0, yielding to:

vd = w/By (2.20)

In this manner, Fig. 2.13 shows how the phase velocity changes because of either the conductor
or dielectric materials and even when smooth and roughened surfaces are assumed. To ease the

reading of these graphs, the curves are normalized to the speed of light in vacuum.

smooth

internal inductance
increases

effective capacitance

o 0.67 9 mooth increases
"G:Q‘ ————— Ry=1pm — — — - =\ © O
065 Fr————=—===—" R, =2pm . L o _ _ _ _
______________ “R,=3pm : m o
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Fig. 2.13 Phase velocity curves normalized to the speed of light in vacuum observing a reduction due to

the roughness effect on the conductor (top) and on the dielectric (bottom).

From Fig. 2.13, it was confirmed that the conductor roughness impacts the signal interaction

with both the conductor and the dielectric materials; thus, affecting in two different ways: a
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change in the internal inductance of the conductor, and a change in the effective capacitance
and effective permittivity of the dielectric media (i.e., the combination of the PCB dielectric

laminate and air) experienced by the propagating signal.

2.2.1 Frequency domain validation

To assess the influence of the roughness effect on the characteristic impedance (Z.) when the

roughness effect is present in the microstrip line, Z. was calculated as:

7 = R+ jwlL
C actag+jBe+ Ba)

(2.21)

where, again, o and £ were separated into their conductor and dielectric contributions.
Furthermore, a. and . are calculated using the previous results from the modeling considering
that the parameter R, is already known, and a,; and S, are obtained from EM simulations.

While R and L are the per-unit-length resistance and inductance, respectively, and are given

by:

R = K Ks\[f (2.22)
and

L = Lext + Lil’lt (223)
where L.y is taken from an EM simulation under the perfect conductor condition, and:
L= ——= (2.24)
Therefore, the calculations for Z,. were made considering three different cases:

1. Using the causal model (where K, # Kg)
2. Non-causal assumption (where K, = Kz), and
3. Ignoring B, (i.e., Kg = 0)

These results are shown in Fig. 2.14 for a microstrip line of w = 230 um and for all the

roughness profiles, using (2.21)-(2.24).
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Fig. 2.14 Real and imaginary parts of the characteristic impedance applying the causal model and when

simplifications are considered.

Using Z., and a and g for a given length, ABCD-parameters where firstly calculated and then
converted to S-parameters. Using his approach, the S-parameters were reconstructed using the
same three assumptions already mentioned. Then, the insertion loss (i.e., |S,;]) was obtained
for a fixed length and width, for all the surface profiles. In Fig. 2.15(a), it was observed a good
model-experiment correlation for S,;. While in Fig. 2.15(b), the group delay for the phase of

S, is presented, also showing a good agreement between model and experiment.
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Fig. 2.15 Curves showing the (a) insertion loss, and (b) the group delay for the phase of Sy, illustrating

a good agreement between the experimental data and model.
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2.2.2 Time domain validation

For using frequency domain data to perform time domain simulations of a linear system, the
low frequency response should be known. Unfortunately, microwave VNAs are not capable of
measuring under DC conditions. For this reason, here an extrapolation to low frequencies
considering among other parameters, the resistance calculated under direct-current (DC)
conditions was carried out. This was achieved by calculating the value of the resistance at DC

frequency and mathematically incorporating it to the reconstructed S-parameters.

In Fig. 2.16(a), the P.U.L. resistance versus frequency curve is shown for a microstrip
line width of w = 230 um presented up to 35 GHz. While in Fig. 2.17(b), a zoomed-in picture
of the P.U.L. resistance is shown including the value of the DC resistance, and the extrapolation

data to zero frequency.

Resistance PUL. Resistance P.U.L.
350 15
300 { *=230um First data point
£ B at 100 MHz
@ 201 & 101 \-—"‘"«
2 200 = )
2 b5 DC Resistance = 2.1 Q IRTTILLA
£ 150 4 = I S L
2 Z 5| S e
Z 100 4 A LI
o 50 4 - » Extrapolated data
i B pointsto 0 frequency
0 T T T T T T 0 T T T T T T T r T r
0 5 10 15 20 25 30 35 0| 10 20 30 40 50 60 70 80 90 100 110 120
Frequency (GHz) J Frequency (MHz)
3.5 MHz
@) (b)

Fig. 2.16 P.U.L. Resistance shown in (a) when the whole frequency range is considered, and (b) zoom-

in illustrating extrapolated points at DC frequencies.

Once the DC resistance is known and included in the S-parameter data, inverse Fast Fourier
Transform (iFFT) was used to determine time domain results. In this manner, the curves for
the transmitted voltage along a line of length of 320 mm and for all the R, height-parameter
available were obtained, as shown in Fig. 2.17. The time domain simulations were performed
using a pulse voltage with equal rise and fall edges of 29 ps and a pulse width of 1V of 50 ps.
Furthermore, the previous analyzed cases when the conditions of causal and non-causal
modeling, and ignoring conductor delay were assumed, are considered as well for these
simulations. In this case, the longest line was chosen to remark the differences between the

three cases. Also, a bigger time delay was observed when R, was increased.
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Fig. 2.17 Curves for the transmitted voltage when applying the causal model and when common
simplifications are considered. The illustrated case corresponds to a line of length | = 320 mm and for all the

available profiles.

2.2.3 Causality test

To verify that the corresponding time response is zero before any stimulus is happening [28],
a test for causality must be applied. This test is performed in the frequency domain once the
reconstructed S-parameter data are obtained. The procedure consists in generating tabular data
for the real parts of the S-parameters, afterwards, the corresponding imaginary parts are
computed by considering the so-called dispersion relations with subtractions [29]. This allows
to define the lower and upper bounds within which the model curves must fall [30]. In this
regard, Keysight’s ADS circuit simulator allows to check for causality for the S-parameter data
by defining a threshold, and following the methodology previously described. Fig. 2.18 shows
the real and imaginary part for the return loss (i.e., S11) and the insertion loss for a line with

characteristics of R, =3 pum, w = 230 um and | = 25 mm.
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Fig. 2.18 Causality test applied to Si1 and Sp1 for a line with characteristics: R, =3 um, w =230 um,

and | =25 mm.

As observed, no violations to causality occur, therefore, the reconstructed S-parameters from

the causal model passes the requirement for causality.

2.3 Conclusions

In this chapter, the proposed methodology for incorporating the effect of the conductor surface
roughness into the modeling of the attenuation and phase delay of PCB lines is described. The
procedure includes the parameter extraction of the roughness feature parameter R,, using a
quadratic regression of data. Once this parameter is obtained, the implementation of a causal
model that describes the surface roughness is carried out by calculating the conductor and
dielectric contributions presented in the attenuation and phase delay propagation features.
These results are afterwards validated by frequency and time domain simulations. The results
obtained here are also checked for causality compliance. Furthermore, the following specific

results were verified:
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The roughness presented between the conductor and the dielectric layers, not only
affects directly the attenuation, it also impacts the phase delay. Here, it was verified
that £ is affected in two different ways: in the increase of the internal inductance inside
the conductor, and also changing the capacitance and the effective permittivity of the

microstrip dielectric environment including air and the PCB laminate.

The R, parameter, necessary for the implementation of a causal model, was obtained
using a quadratic regression, omitting the use of optical measurements as in other

approaches.

A separation of the contributions of the conductor and dielectric materials including the
surface roughness effect, was successfully carried out.

The characteristic impedance was calculated under three different scenarios: when a
causal model is used, when a non-causal assumption is considered, and when the phase
delay is not considered (Kz = 0). A noticeable difference is shown in the real part of

the characteristic impedance.

A good agreement was shown between the measured S-parameters with the

reconstruction of the S-parameters when the causal model was considered.

Validations in the frequency and time domains as well as a test for causality of the

reconstructed S-parameters were carried out successfully.
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CHAPTER 3

APPLICATION OF THE SURFACE ROUGHNESS MODEL WITHIN
THE W-BAND

In the previous chapter, a new methodology for taking into consideration the effect of the
surface roughness on the electrical response of microstrip lines on PCB technology was
presented. The relevance of a contribution of this type relies on the wide use of microstrip
technology not only for designing data links or any other interconnects, but also other devices
built using this technology. Actually, many of the most important components in microwave
electronics are implemented on PCB to achieve cost-effective circuits: filters, power splitters,
and antennas, just to mention a few examples. Among these components, research on PCB
antennas is increasingly drawing attention due to the wide range of applications where they are
essential. For instance, microstrip antennas are key elements in radar systems for automobiles,
where these devices are operating within the W-band (75 — 110 GHz). Hence, this chapter is
dedicated to analyze the performance of these components including the impact of the
conductor finite roughness. For this purpose, the modeling approach proposed in this doctoral
project shows usefulness. In fact, it is demonstrated that the physically meaningful
representation of the several effects influencing the electrical features of antennas allows

identifying the bottleneck limiting the associated performance.

What follows points out the practical relevance of the research conducted in this project;
the developed methodologies are applied to exhaustively analyze the electrical characteristics
of patch antennas built on PCB microstrip technology. The results are used to quantify the
variation in the antenna’s response from ideal design conditions due to the conductor surface

roughness and lack of isotropy of the PCB dielectric laminate.
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3.1 Microstrip patch antenna

With the emergence of 5G and 6G communications, mobile devices required high bandwidths
and data rates. For this reason, patch antennas have become very popular as they present several
advantages in addition to their electrical performance, like low costs, ease of manufacturing,
and light weight [31]. Furthermore, their compatibility with PCB technology and microwave
circuits has motivated extensive research on these devices. In fact, some of the figures of merit
used to characterize patch antennas are: resonant frequency, bandwidth, gain, efficiency, shape
of the radiation pattern, input impedance, among others [31]. All these parameters are strongly
dependent on the properties of their constituent materials. For illustration purposes, a
systematic procedure to assess the impact of imperfections of these materials on the resonant

frequency of microstrip patch antennas is presented in this chapter.

3.1.1 Structure for a microstrip antenna

Microstrip patch antennas consist of a planar rectangular conducting shape called ‘patch’
mounted on a dielectric substrate, as shown in Fig. 3.1(a). Commonly, a microstrip line used
to feed the antenna is included as an inset to the patch antenna, which is necessary to apply
signals, but may substantially limit the overall performance of the device. For reference, in Fig.
3.1(a), the corresponding dimensions are shown: the length L and width W, which are
complemented by the height h given by the substrate thickness. In addition, in Fig. 3.1(b), the
top view of the antenna is depicted, where D is indicated, which is the length of the inset, and

s is the microstrip-to-patch gap.
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Fig. 3.1 Sketches of a microstrip patch antenna: (a) a 3D perspective of the antenna [32], and (b) a top view
where the main dimensions are indicated.

3.1.2 ldealized design equations

Designers typically use traditional textbook formulas to determine the dimensions of antennas
for a particular application. These formulas are approximations that neglect high order effects
that take importance at microwave frequencies, such as that of the metal surface roughness.
Hence, to understand the impact of these assumptions on the calculations, the simple design

equations are briefly discussed afterwards.

For a patch antenna, the dimensions can be calculated while considering the desired

resonant frequency. In this case, the width of the patch antenna is calculated as [33]:

AO 2 1/2
v =351
2 \g +1 (3.2)

where A, is the free-space wavelength of the signal at the resonant frequency (f;.), and &, is the

relative permittivity of the dielectric substrate alone, whereas L is defined as:

L

o824n <(eeff +03)(W/h + 0.264)>

(¢err — 0.258)(W/h + 0.8) (3.3)

C
2 [eers

In this equation, ¢ is the speed of light, and &, ¢ is the effective permittivity.

On the other hand, for the case of D, the design equation is given by [34]:
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Where Zgqqiine 1S the impedance of the microstrip line, and Zp¢ennq is the impedance of the

antenna. Typically, s is determined for a specific frequency and considering given substrate

properties from synthesis formulas found in antenna design books.

Since part of the waves propagating through any microstrip structure travel in the
dielectric substrate and part in the air, an effective dielectric constant ¢, is experienced by

the signals, which can be approximately obtained from a quasi-static analysis from:

| |

1
1+12 (%)‘ (34)

&eE+1 & -1
Ceff =7

Furthermore, because fiberglass reinforced laminates are used in practical PCBs, the effective
permittivity depends on the orientation of the lines with respect to the fiber yarns. Therefore,
an appropriate selection of the dielectric materials accounting for the tightness of the fibers to
achieve a desired homogeneity must be carried out. This topic will be key on the study of the
performance of the patch antennas since notice that consideration of neither the substrate

inhomogeneity nor the surface roughness effects is made on the presented design equations.

3.1.3 Input impedance

A patch antenna is a one-port device; thus, electrically it only can be analyzed from its input
impedance, which is obtained from VNA measurements. In this case, the Si1 parameter or
reflection coefficient T is related to the input impedance, Z;,; considering that the VNA has

been previously calibrated and a reference impedance Z,., = 50 Q is defined, the following

equation relates Z;,, and I':

Zin + Zyer (3.5
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Since the characterization of antennas presented in this work is based on measurements of T,
equation (3.5) will be used to analyze experimental data associated to the impedance of

multiple patch antennas in the following sections.

3.1.4 Selection of dielectric materials

When selecting a laminate material for high speed/frequency antenna design, the composite
material properties critically determine whether or not the antenna patches and interconnects
meet the application requirements. Therefore, it is important to consider that the laminate is
fabricated with a combination of fiber glass impregnated with epoxy resins [35]. For this
reason, the inhomogeneity of the materials may be experienced by the propagating signals.
This is commonly known as the fiber weave effect and introduces variations in the permittivity
and loss tangent, depending on the location of the interconnect; these variations become
relevant when the wavelength of the harmonic of the maximum operation frequency
approaches the size of the windows formed by the woven PCB fabrics. Consequently, a careful
selection of the conductor and dielectric materials is necessary when working with high

frequency applications.

3.2 Separation of the microscale effects present in antennas

Two main microscale effects related to the materials occur in practical microwave circuits: the
fiber weave effect influencing the permittivity and the loss tangent, and the conductor surface
roughness [36], as revised in the previous chapter. Therefore, when analyzing high-frequency
antennas, a separation of the dielectric and conductor related effects is necessary to
comprehend the corresponding impact on the electrical performance of antennas. For this
purpose, to appropriately contribute to this investigation, two advanced laminate materials
identified as 2136 and 2137 were selected to fabricate prototypes to support the analysis
experimentally. In this regard, the 2136 material was constructed with a low permittivity resin
matrix reinforced with woven fibers, whereas the 2137 material was constructed with an

equally low permittivity resin matrix but without a woven fiber reinforcement. Hence, the 2137
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exhibits homogeneity and it is expected that it presents less variations in the effective

permittivity experienced by the signals.

3.2.1 Antenna and microstrip prototypes and measurements

To evaluate the performance of microstrip patch antennas in inhomogeneous materials,
microstrip lines and patch antennas operating in the W-band for 5G and 6G applications, were
considered. Since these structures were fabricated on two different materials, as previously
explained, two coupons of the same material were designed to contain the following structures,

where the angles are measured with respect to the fiber yarns:

e 4 sets of microstrip lines of 5, 15, and 30 mm long with orientations at 0°, 3°, 7°, and

10°.

e 2 sets of patch antennas fed with a 5 mm microstrip lines and oriented at 0°, 3°, 7°, and
10°.

e 2 sets of patch antennas fed with a 10 mm microstrip lines and oriented at 0°, 3°, 7°,
and 10°.

These orientations were chosen based on the knowledge that routing angles smaller than or
equal to 10° are the most prone to originate the resonances, as explained in [36]. To better

illustrate the structures, Fig. 3.2 is showing a sketch of the corresponding two coupons for each
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Fig. 3.2 Layout of the fabricated coupons showing the different microstrip lines and the patch antennas
to be analyzed.
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Furthermore, the electrical characteristics and some dimensions of the laminates are presented

in Table 3.1, while the physical dimensions of the microstrip lines and the patch antennas are

shown in Fig. 3.3. It is important to mention that the 0.32-mm width of the microstrip lines

allows achieving a 50-ohm impedance, while the dimensions of the patch antennas yield a

resonant frequency of 81 GHz.

Table 3.1 Characteristics of the selected dielectric laminates.

Material Reinforced Substrate Roughness Conductor g, @40GHz tané @40GHz
with woven height profile (R,) thickness
fiber
2136 Yes 127 pm 0.88 pm 15.88 pm 3 0.0012
2137 No 127 pm 0.88 um 15.88 um 2.98 0.0013
I
X
1.017 mm
0.32 %ﬂm—_ ‘ :a |1.3127 mm
0.32 mm b
= 037mm  0.078mm
\L Dk=3 —
o127 et
(@) (b)

Fig. 3.3 Details of the dimensions for the structures of the: (a) microstrip lines, and (b) patch antennas.

On the other hand, a verification of the physical dimensions was carried out for the microstrip

lines once fabricated through a visual inspection. In this manner, the cross-section image was

obtained to confirm that the values established in the design stage did not suffer from

significant variation after the fabrication procedure. For this reason, Fig. 3.4(a) shows the cross-

section of one of the microstrip lines, while in Fig. 3.4(b) a table with the details of the

corresponding dimensions for the microstrip are shown.



_ Trace width 330
Trace 107
thickness

Dielectric 113 102
thickness
Gnd plane 25 29
thickness

(a) (b)

Fig. 3.4 Details of the cross-section of the microstrip lines for the two considered laminates, where (a) presents a
photograph of the cross-section, and (b) shows the calculated dimensions from (a).

After this validation, electrical measurements were performed in the High-Frequency
Laboratory of INAOE to obtain the S-parameters of the microstrip lines, as well as the one-
port reflection coefficient of the antennas. Since both structures are terminated with ground-
signal-ground (GSG) pads, coplanar RF probes were used with a pitch of 250 pum to perform
the measurements. To illustrate this, Fig. 3.5 provides photographs taken during the procedure.
The setup included a VNA arrangement for measurements up to 100 GHz, with a calibration
of the VNA using the line-reflect-reflect-match (LRRM) algorithm and an impedance-
standard-substrate (ISS) of 50 Q provided by the manufacturer.

Coupons |

‘ _‘ DMIHI

Sl pefex

(@) (b)

Fig. 3.5 Photographs illustrating: (a) measurements of the antennas, and (b) measurements of the microstrip line.

After performing the measurements, the S-parameters of the microstrip lines were obtained and
the line-to-line algorithm was applied to extract the propagation constant (y) [20], which
includes the information of the attenuation and phase delay considering the surface roughness
effect.
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3.2.2 Electromagnetic simulations

It is important to remark that the resonant frequency is affected by the speed of electromagnetic
waves in a microstrip environment, which is in turn dependent upon the effective permittivity
experienced by the propagating signals. Therefore, an assessment of the effects on the resonant
frequency from varying the permittivity and loss tangent, was carried out. With this purpose,
EM simulations in HFSS were performed using the corresponding models illustrated in Fig.
3.3.

During the simulation-based analysis presented in this section, the effect of the
microstrip line used to feed the patch antenna was removed by shifting the input waveguide
port close to the patch through de-embedding; this allowed for a performance analysis of the
microstrip patch alone. To begin the parametric analysis, tand was maintained at the nominal
value of 0.0012 and four simulations considering variations in &, were carried out. The values
for this parametric study were selected to define two ranges: i) two values of &, that represent
lower and upper limits slightly beyond the expected range practical for a high-performance
material, and ii) two additional &, values that define a wider range where a significant impact
on the performance of the antennas can be observed. Consequently, for case i), &, = 2.85 and

3.15 were selected, and for case ii), &, = 2.5 and 3.5 were selected.

In Fig. 3.6, the resonant frequency fr ~ 81 GHz was obtained by considering the nominal
value of &, used as reference to compare the resonance variations observed in cases i) fr =~ 78.8
GHz and ii) 82.3 GHz. These variations of &, +0.15 are beyond the typical limits established
by PCB manufacturers for advanced materials. For illustration purposes only, we further
exaggerated these variations to show that significant changes in &, may require considerable
re-sizing of the patches. This example is shown in Fig. 3.6, where plots corresponding to &,

variations of +0.5 are included.
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Fig. 3.6 EM simulations comparing the response of patch antennas reflecting variations on &, while maintaining
tand = 0.0012 (i.e., nominal value).

For a second set of EM simulations, the ¢, parameter was fixed at 3 and variations of tand
around the nominal value were performed. The resulting curves are shown in Fig. 3.7. Marginal
changes are observed in the resonance frequency when tand varies from 0.0008 to 0.0016,
which points out the stronger dependence of f; on &, rather than on tand when considering
variations of the dielectric loss beyond reasonable limits expected in actual PCB

implementations.

It is important to emphasize that the resonance shift to lower frequencies is an expected
trend when tand is increased. In fact, this effect can be better distinguished when considering
much larger variations on tand as in [37]. However, that analysis only considered the impact
of changes in &, and tand on the performance of the patch alone. Increasing the dielectric loss
would have an impact on the microstrip line used to feed the patch, which was separately

analyzed before.

tand =0.0012 + 0.0004 — Af,= +0.1 GHz

-10

-12
A Original simulation
9 -14 tand = 0.0012
N £,=80.8 GHz
E'l() P

-18

-20

79 80 81 82
Frequency (GHz)

Fig. 3.7 EM simulations comparing the response of patch antennas reflecting variations on tané while
maintaining e, = 3 (i.e., the nominal value).
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The fluctuations in the antenna radiation pattern were also investigated. In Fig. 3.8 and Fig.
3.9, the radiation patterns of the simulated models with variations in &, and tand, respectively,
are presented. As clearly shown, the radiation power at far field is barely modified for the E
and H planes (Phi = 90° and 0°, respectively). Nevertheless, as expected for the variations in
&, the pattern is significantly affected. However, the variations near the nominal specifications

seemed to not impinge greatly on the antenna performance.

Plhi=0°

10 10
—~ 0 0
2 g
=-10 Z-10
= g
0-20 4 —&=235 £-=2.85 g-zo

=30 —&r=3 (Nom) —&r=3.15 230 — &r=3 (Nom) —&-=3.15

- N — &=
40 r=35 40 r=3.5
-180 -90 0 90 180 -180 90 0 90 180
Theta (deg) Theta (deg)

Fig. 3.8 EM simulation results showing radiation patterns for Phi = 90° and 0° (E and H planes) with variations

in &,
Phi=0° Phi=90°
10 10
—~ 07 ~ 01
%_1 0 %-1 0
g g
'EIJ A 'ttl AC
=0 —tané = 0.0008 —tané = 0.0011 =0 — tand = 0.0008 — tané = 0.0011
-30 - tand = 0.0012 (Nom) — tan§ = 0.0013 -30 - tand = 0.0012 (Nom) — tand = 0.0013
——tand = 0.0016 — tané = 0.0016
-40 =40
-180 -90 0 90 180 -180 -90 0 90 180
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Fig. 3.9 EM simulation results showing radiation patterns for Phi=90° and 0° (E and H planes) with variations in
tané.

3.2.3 Parameter extraction

To start modeling the microstrip lines present in the fabricated PCB coupons considering the
roughness effect, the methodology for the model used in Chapter 2 was applied. Once having
the corresponding value of the roughness exhibited by the conductor, an EM simulation in
HFSS was carried out considering this effect in the layer between the conductor and the
dielectric materials. Afterwards, the permittivity of the dielectric was considered dependent on

frequency and represented by the Debye model [38]. Then, a 2D EM simulation of the line’s
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cross section was used to extract the ¢, and tand associated with only the dielectric laminate.
The corresponding results are shown in Fig. 3.10 for the 2136 laminate, and in Fig. 3.11 for the
2137 laminate. Observe that the variation in these parameters with the tracing angle are well
below the ranges considered during the parametric simulation analysis previously described,

which suggests that small variations are also present in the measured resonant frequencies due
to tolerances in the dielectric laminate properties.

Material: 2136 Material: 2136

W
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w

> _ 0.0016
= a
Z 3.02 £ 0.0014 + b
é §
£ 3.0l % 0.0012 -
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3.00 = 0.0010 : : : :
0 2 4 6 8 10 0 2 4 6 8 10
Angle (degrees) Angle (degrees)
(@) (b)

Fig. 3.10 Values obtained for the (a) permittivity, and (b) loss tangent for the laminate 2136.
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Fig. 3.11 Values obtained for the (a) permittivity, and (b) loss tangent for the laminate 2137.

As expected, marginal variation for the laminate 2137 are shown, since this is the material that
exhibits homogeneity.
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3.3 Impact of the fiber weave effect in the performance of
antennas

To experimentally verify the hypothesis that the resonant frequency may also vary depending
on the antenna orientation, a direct inspection of the path antenna reflection coefficient data
without the effect of the signal launch and feeding lines was carried out to quantify the
limitations of the patch itself [39]. Nonetheless, removing the parasitic effects introduced by
the electrical transitions occurring from the probes to the patch was difficult, since there are no
practical means to independently measure each section of the patch test structure [40]. To
further illustrate the followed procedure, the four sections considered in the equivalent circuit
model are shown in Fig. 3.12, where the Cin and Lin parameters account for the pad parasitics,
and Ciran and Lian represent the discontinuity between the microstrip line (physical length,
characteristic impedance, y) and the patch. As demonstrated in [41], redundancies can be

employed to determine Cin, Lin, Ctran, and Ltran.

1
+—— Plane after calibration

T

patch

Fig. 3.12 Test-fixture for measuring the patch antenna.

In the prototypes, patch antennas were included featuring microstrip feeding lines of two
different lengths (i.e., 5 mm and 10 mm). Since the patches were assumed to exhibit negligible
variation in their characteristics when traced at the same angle, both structures were expected
to radiate signals at the same resonant frequency. Therefore, given the equivalent circuit
rendered in Fig. 3.12, y and | are known, and the characteristic impedance of the microstrip
can be computed [42]. Next, the circuit in Fig. 3.13 was implemented in a circuit simulator
considering reflection coefficient data measured from two patch antennas. In Fig. 3.12 and
3.13, I'meas and T'pateh represent the experimental reflection coefficient before and after de-

embedding, respectively. Hence, the inductors and capacitors associated with the transitions
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are obtained by correlating I'patch TOr the two patches at the same angle, but fed by microstrip
lines of different length. While performing this procedure, it was necessary to assume that the
values for Cin, Lin, Ciran, and Liran remain the same for the two patch antenna structures.
Furthermore, to simplify the procedure, Cin and Lin were obtained in advance from

measurements performed on the microstrip lines traced at the same angle as the patches [41].

g
Dhatcn : Ly —Ltran :
I—» ,.:_/'V\fj_i |—rvv\j_— Imeas :

1

: —Cin v, —Ctran :
T T

! - - i

Fig. 3.13 De-embedded circuit for the patch antenna.

The results obtained for I'patch are shown in Fig. 3.14 for patch antennas traced at 0°. Noticeably,
the resonant frequencies are in agreement for patches of the same size and orientation, even
though the de-embedded feeding line exhibited different lengths. Hence, this procedure was
applied to all the patch antenna measurements to observe the variations in the resonance

frequency with respect to the tracing angles.

Laminate: 2136 Laminate: 2137

0 - 0 A

8 From patch fed with / —~
S -10 1 5-mm microstrip line Q -10 A From patch fed with _— "

< ~ 5-mm microstrip line

g 20 From patch fed with g 20 - )
~ ) 10-mm microstrip line Sl From patch fed with

10-mm microstrip line
-30 T T -30 T T
0 30 60 90 0 30 60 90
Frequency (GHz) Frequency (GHz)
(@) (b)

Fig. 3.14 T'parch for two patches traced at 0° on materials: a) 2136, and b) 2137. Effects of transition between
probe and path are de-embedded from these results.

Finally, Fig. 3.15 shows the de-embedded reflection coefficient corresponding to antennas
traced at different angles for the two considered materials. Observe that barely noticeable
differences in this parameter were obtained from the experiments, which confirms that both
laminates were effectively used to achieve the target operating frequency of the patch antennas.
In fact, plotting the resonant frequencies for both antennas at all routing angles, shows that the

variation was marginal as depicted in Fig. 3.16.
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Fig. 3.15 Reflection coefficient showing the resonant frequency for: (a) laminate 2136, and (b) laminate 2137.
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Fig. 3.16 Resonant frequency versus angle plots for: (a) laminate 2136, and (b) laminate 2137.

3.4 Conclusions

An application of the modeling methodology for the conductor surface roughness effect, was
demonstrated by experimentally analyzing several sets of patch antennas built in two different
prototypes. Since one of the dielectric laminates serving as substrates for the antenna devices
are made with fiber reinforced resins, variations on the electrical performance were identified
by considering different conductor tracing angles. This analysis was possible only because the
systematic separation of conductor and dielectric effects was achieved by characterizing

separately the loss and delay introduced by the conductor and dielectric media through which
the applied signals travel.
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CHAPTER FOUR

INCORPORATING THE SURFACE ROUGHNESS EFFECT IN THE
MODELING OF SUBSTRATE INTEGRATED WAVEGUIDES

The modeling methodology for microstrip lines operating at microwave frequencies has been
presented and applied to analyze not only lines but also patch antennas. Nevertheless, it is
worthwhile remarking the fact that the effect incorporated to the corresponding models is based
on an additional loss and delay, which are introduced by the scattering of waves with the
imperfect conductor surface. Bear in mind, however, that this effect is also observed in
conductor structures used to guide signals in propagation modes differing from the TEM or
quasi-TEM. For this reason, this chapter describes how the modeling approach developed in
this thesis can be extended to other types of waveguides and propagation modes. In fact, due
to its importance on current PCB microwave technology, the selected waveguide to
demonstrate this fact is the synthetic rectangular waveguide, also known as the PCB substrate

integrated waveguide (SIW).

SIWs are widely used at microwave frequencies due to their compatibility with PCB
technology [43] within several applications [44]-[46]. This allows for implementing from
interconnects [47], to resonators for determining material properties [48]-[51]. Therefore, to
achieve the full characterization of a uniform section of SIW propagating in single mode,
accurate knowledge of the complex propagation constant (y), and the wave impedance (Zwave)
is necessary. In fact, once these fundamental parameters are known, the properties of the
constituting dielectric and conductor materials can be inferred [52], the effect of the SIW when
used as an access component can be de-embedded [53], and even equivalent circuit models can
be implemented to represent the signal propagation when using the structure in a practical
circuit [54],[55].

Whereas y can be obtained by the line-to-line formulation from S-parameter
measurements, obtaining Zwave IS cumbersome due to the difficulty of accounting for the
combined dielectric and conductor effects occurring in practical SIWs [56]. For this reason,

rather than neglecting losses at all, as in simplified formulations for rectangular waveguides
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(RWGs) [13],[57], using the data corresponding to the complex y for calculating Zwave IS

recommended.

Therefore, as part of the characterization methodologies proposed in this thesis, in this
chapter, Zwave is obtained from experimental y data assuming propagation in the dominant TE1o
mode. For this purpose, a new parameter extraction methodology is presented for considering
the conductor losses including the effect of the finite roughness of the metal foils required to
form the waveguide. To achieve this, simple electromagnetic (EM) simulations are employed
to support the parameter extraction. Moreover, as part of the characterization for the SIW, a
causal model for the complex relative dielectric permittivity (&,.) is implemented, which also
allows for characterizing the dielectric properties of the laminate used as PCB substrate from
SIW measurements. Once Zwave IS determined, the power-current, voltage-current, and power-
voltage impedances (i.e., Zpi, Zvi and Zpy, respectively) can be directly obtained depending on
the desired description for the SIW. In fact, processing y and Zwave allows for obtaining the
frequency-dependent per-unit-length (P.U.L.) resistance, inductance, conductance, and
capacitance (RLGC) elements of the SIW to identify the difference in the curves when common

simplifications are applied.

4.1 Approaches used for the determination of Zwave

By assuming the dominant TE1 propagation mode, as in typical cases where SIWs guide
signals on PCB [5], Zwave can be calculated from y = o + jp data using the following equation,

which is expanded here in real and imaginary parts [58]:

WHy WAy

Zwave - T +] [))2 (4-1)

where assuming that the fields propagate in a lossless magnetic medium, the permeability of
vacuum (uo) is used. However, since the magnetic field also interacts with the conductor
material, a complex permeability is experienced by the traveling waves. Moreover, even though
approaches considering non-ideal conductor effects provide good results for air-filled
waveguides [59], substantial errors are introduced for SIWs built even with low-loss PCB
dielectric materials. Alternatively, transmission line models can be applied to indirectly obtain
Zwave [54]. Nevertheless, accounting for the additional loss introduced by the conductor

53



roughness requires accurate knowledge of the surface topography [60], which is not always

possible in practical scenarios.

4.2 Relationship between y and Zwave

This section is dedicated to establish a relationship that allows to obtain Zwave from y assuming
that single TEio propagation mode is taking place. Therefore, assuming transmission line
theory, it is possible to arrive to the well-known generic RLGC model, shown in Fig. 4.1(a)
and to its modified version, shown in Fig. 4.1(b), for the TE1o propagation mode.

(@) (b)

Fig. 4.1 Equivalent circuit models for a transmission line, where (a) is the common circuit model, and
(b) is the modified version [54].

Besides, since R and L exhibit no variation between these two models, Zwave can be expressed

as [61]:

R+ jwl
Zwave = ¥ (4.2)

where R and L are respectively given by [54]:
R =1/80h (4.3)
R
L=po+— (4.4)
w

In (4.3), h is the height of the RWG parallel to the electric field, o is the conductivity of the

metal, and the skin depth is:

6 =1/mouf (4.5)

In (4.2), R represents the loss effects due to longitudinal currents along the top and bottom
walls of the waveguide, while the term R/w in (4.4) corresponds to an inductance component
also internal to the conductor. Hence, these two effects can be accounted for in the calculation

of Zwave.
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4.2.1 Development of a new expression for Zwave

In this thesis, it is proposed a new expression for Zwave that can be obtained by substituting
(4.4) into (4.2) to yield:

wlef +R(a+ )  wuga—RL+Ra
Zywave = a? + ﬁz J a? + 62

(4.6)

Furthermore, considering that the waveguide is made of PCB low-loss dielectric materials, and
copper, it is reasonable to assume at microwave frequencies that a? < B2, R(a + B) < wu,p,
and Ra < (wpa — RpB), which allows obtaining the following simplified equations from
(4.6):

Who
Re(Zyave) ® ——

3 4.7
IM(Zuave) ~ %;Rﬁ (4.8)

In this case, it was observed that (4.7) corresponds to the real part of Zwave also obtained from
(4.1), which is the approximation used in practice. This is due to its accurate representation of
Re(Zwave), illustrated hereafter by simulating a uniform section of waveguide exhibiting the
cross section depicted in the inset of Fig. 4.2(a), which presents a cutoff frequency of the TE1o
mode, freio =~ 27 GHz. This EM simulation is performed using Ansys HFSS that also allows to
directly obtain the complex Zwave from the excitation waveguide port. In Fig. 4.2(a), the real
part of this simulated Zwave IS compared with the curve calculated from the simulated /5 using
(4.7); excellent correlation is achieved. Conversely, when comparing the imaginary part of the
simulated Zwave With the calculation using (4.1), significant discrepancy is observed in Fig.
4.2(b). It is also shown in this figure, that using the approximation for a hollow RWG given in
[59] is not appropriate when there exist dielectric losses. In contrast, the curves obtained using
the simulated S and (4.8) provide an accurate representation of Im(Zwave) €ven when rough
conductors are assumed by employing Huray’s model during the simulations [11]. In this case,
anodule radius nr = 0.5 um, and the Hall-Huray surface ratio SR = 3 were used for representing

a standard copper profile.
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Fig. 4.2 Zwave obtained from EM simulated data, applying different equations, and compared with the port
impedance directly provided by the simulation software: (a) real part, and (b) imaginary part. The inset shows
the details of the simulated RWG.

Hence, as can be seen in (4.8), accounting for the conductor effects in the imaginary part
requires considering the Rf term. Since £ = Im(y) can easily be obtained from experiments, the

strategy to obtain R is explained later in this thesis.

4.3 Prototypes and experiments

To experimentally corroborate the proposal, two SIW prototypes were built by considering two
different widths (w1 = 4.1 mm, and w- = 2.3 mm) and to different lengths (I, = 76.2 mm, and |»
=254 mm). The SIWs were designed to exhibit a cutoff frequency of freio = 27 GHz, and fre1o
~ 47 GHz, for the lines with wy and wo, respectively. Furthermore, the structures were designed
to excite only odd propagation modes, so the next excited mode after TE1o is the TEzo becoming
apparent above 80 GHz. On the other hand, the dielectric laminate has a thickness h = 1.4 mm
and a nominal relative permittivity of &, = 2.2 [62]. The center-to-center separation and the
diameter of the vias are s = 0.69 mm and d = 0.48 mm, respectively. To illustrate the

prototypes used, Fig. 4.3 shows photographs of the SIWs, as well as some of their dimensions.
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Fig. 4.3 Pictures of the SIW prototypes showing: (a) a perspective view of the board containing the
SIWs, and (b) the dimensions of the prototypes used.

These structures presented microstrip feed lines and pads to land probes with a pitch of 250
pum, which allows measuring the S-parameters. Before this procedure, the VNA was calibrated
to shift the measurement plane up to the end of the probes using the line-reflect-reflect-match
(LRRM) algorithm. Afterwards, S-parameters were obtained up to 80 GHz, before exciting the

TEzo0 propagation mode.

4.4 Parameter extraction

To obtain Zwave Using the proposed equation (4.8), R must be firstly determined. Hence, even
though this resistance can be obtained from calculations considering the effective dimensions
and conductor material properties as in [54], the effect of the surface roughness would be
neglected. Thus, an improved approach was proposed in [60], but requiring information about
the metal surface topography [63]. This involves the measurement of the surface roughness,
which are not always possible in practice once the prototype is built. For this reason, an

alternative parameter extraction procedure is explained afterwards.

At tens of gigahertz, the skin depth is so small that the effect of the internal conductor
inductance on g is negligible. Therefore, the real part of the complex relative permittivity (i.e.,
er = Re(&,)) is obtained from [64]:
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2
& = —ﬁz +2(W:Tff) (4.9)
wW=Ho€o
where w, s = w — d?/0.95s is the effective width of the SIW [65], and ¢, is the vacuum
permittivity. Since &, and tand are linked through causality, Djordjevic’s model can be
implemented to obtained these parameters in the SIW frequency range. For the modeling of

the real part of the permittivity, the next equation is employed [66]:

! In f—b +Jf
Ae fa+if (4.10)
mg,—m, Inl0

& =€ +

where &, is the real part of . at high frequencies, f; and f, are respectively the lower and
upper limits of the f range for the experimental &;., A’ = &.(f,) — &-(fp), and my; = log (f,)
and m, = log (f;). Defining these parameters allow the simultaneous determination of the
model for the two considered widths. Later, &, is obtained to follow the calculation for tand
by using [66]:
fi +jf)
,_ A AT (fa +jf (4.11)
& =
mg —my In10

Therefore, tané is calculated as:

14

€
tand = 7 (4.12)

In this manner, Fig. 4.4 shows the results for &, and tand when Djordjevic’s causal model is
applied to the SIW.

224 o experiment . % —_ 1717 eq. (4.8)
— cq. (4.6) . 27 T
> 223 eq. (. v 251716
E 222 4 MI4lmm wy=23mm E < 7B 0 40 60 80
E : T frequency (GHz)
8221 : }
L v . tn . aan
o ~ X
2.20 T T T T T '
20 30 40 50 60 70 80

frequency (GHz)

Fig. 4.4 Curves of the determination of the permittivity and loss tangent using Debye’s causal model.

At this point, it is important to remark that the dielectric properties of the PCB laminate have
been obtained from SIW measurements.
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4.4.1 EM simulations

The next step is to calculate R for applying (4.8) to an SIW on PCB, where R including the
effect of the copper roughness is necessary [67]. In this case, R is associated to the longitudinal
current along the SIW and thus suffers from the additional loss introduced by the surface
roughness effect on the top and bottom walls. Therefore, Rrough, Which includes the surface

roughness effect can be represented using [68]:

Rrough = Ky X Rsmooth (4.13)

where Ky is the roughness correction factor, which can be obtained from EM simulations in
HFSS of a uniform section of SIW with a width w1 = 4.1 mm, exhibiting the additional
dimensions shown in Fig. 4.3, and defining the frequency dependent permittivity and loss
tangent of the dielectric material using the already implemented models given by (4.10)—(4.12).

For the simulation, Huray’s model was used to represent the losses introduced by the
finite roughness of the top and bottom copper walls. In this case, through a model-experiment
correlation involving the attenuation data corresponding to the SIW, the associated Huray’s
model parameters defined in HFSS are found to be ny = 0.5 um and SR = 2.9. Fig. 4.5(a) shows
the agreement between the model and the experimental a. From this simulation, the complex

yfol\ﬁgh and Z‘%e_mugh are determined, where the ‘EM’ superscript and the ‘rough’ subscript

are used to indicate that these parameters are obtained from EM simulation and considering

rough surfaces, respectively. Through this simulation, Ry,,gn Can be obtained from yfol‘ﬁgh and
Z ifave rough 8S:
Rrough = Re(Vrough X Zwave rough) (4.14)
And the Ky factor can now be obtained from (4.13) as:
Ky = Rrough/Rsmooth (4.15)

where Rgmootn 1S Obtained from (4.3). Moreover, a Simonovich’s causal model for the
roughness correction factor can be implemented to represent the results from (4.13). The
mathematical form of this model is rewritten hereafter [17]:

(AK — 1)cof
K dl=1+
H-mode Cof ++[2¢xf +1

(4.16)
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where the pyramidal array of spheres described in Chapter 2 was assumed, yielding 4K = 8.33.
Besides, using the methodology proposed in this thesis and also described in Chapter 2, ¢cx =
2.64x10' is obtained, which depends on material properties and on Rq. In this case, the
correlation for obtaining this later parameter involves the equation given by (4.16) and data
computed from (4.15). This is shown in Fig. 4.5(b).

5
w;=4.1 mm PR (4.15)
E 4 experiment  rough 34 e B T
k= C = \
£ i) ;
S 2 - causal model, eq. (4.16)
1 -
0 T T 0 T T
20 40 60 80 20 40 60 30
frequency (GHz) frequency (GHz)

Fig. 4.5 lHlustration of the determination of the factor Ky: (2) correlation of « curves obtained through an EM
simulation including the metal surface roughness and from measurements, and (b) data calculated for Ky and
represented using a causal model.

In conclusion, either equation (4.15) using results from simulations, or applying directly a
causal model for the conductor roughness (i.e., eq. (4.16)), allows for obtaining the correction

factor K.

4.4 Tests and validations

Now (4.7) and (4.8) can be validated using the SIW prototypes since R containing the surface
roughness effect has been included. Therefore, Fig. 4.6 and Fig. 4.7 shows the complex wave
impedance for a SIW of wy = 4.1 mm, and wz = 2.3 mm, respectively. It can be observed that
either (4.1) or (4.7), represent well the real part of Zwave. While the imaginary part clearly differs

when considering (4.8) or other approximations.
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Fig. 4.6 Zwave curves from different approaches: (a) real part, and (b) imaginary part, for a SIW of w; =
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Fig. 4.7 Zwavwe curves from different approaches: (a) real part, and (b) imaginary part, for a SIW of w; =

2.3 mm.

Again, it is observed that the RB-term plays an important role to properly described the losses

related to the materials, especially when accounting for the surface roughness effect as well.

To demonstrate the application of the proposed model for Zwave, the curves for

equivalent circuit model elements in Fig. 4.1(b) are obtained versus frequency using the

following equations:

R =Re(y X Zyave)
L =Im(y X Zygpe)/w

G' = weye, tand

(4.17)
(4.18)
(4.19)
(4.20)

(4.21)

(4.22)

(4.23)



Where Yg,, is the shunt admittance associated with the series connection of R’ and L'. Thus,
when using the experimentally determined data for y, &, and tang, in the previous equations,
the curves shown in Fig. 4.8 are obtained for the circuit elements that represent the losses
occurring in the SIW. In all cases, correlation is observed with EM simulations performed using
the 3D model for the SIW in HFSS. In contrast, unexpected curve trends for R and G' are
obtained when neglecting the dielectric losses in the calculation of Zwae: R is clearly
overestimated while G' drops with frequency. Likewise, ignoring the longitudinal currents in
the top and bottom walls when obtaining this impedance as in (4.1) yields R = 0, whereas R’
shows also an overestimation of the resistive effect associated to the transverse currents, which
is predicted to be small by the EM simulation.

1500 - - - 0.008
neglecting dielectric ,
2 1100 1 losses = 0.006 1 from (4.1) "I
3 3 0.004 "
S 700 - = N L gt
= 2 0.002 - PRV SR g
300 { e 0 ey ]
0] = === = === ' s
20 30 40 50 60 70 80 20 30 40 50 60 70 80
frequency (GHz) frequency (GHz)
(@) (b)
0.020 -
e from experimental y
0.015 1 — EM simultation
E |
@ 0.010
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frequency (GHz)

(©

Fig. 4.8 Curves of the circuit elements: (a) R, (b) R’, and (¢) G’ which represent the loss effects. Cases
are also showing other approximations.

As a final verification, S-parameters were reconstructed by using y and Zwave, and a length of |
= 15 mm. This reconstruction was calculated by using firstly the following equation for
obtaining the ABCD parameters:

cosh (y1) ZwaveSinh (yD)

T= [z;,gwesinh (yD)  cosh (y]) (4.24)

Afterwards, an ABCD to S-parameter transformation is performed by considering Zwave as the
reference impedance. This allows assuming that perfect matching occurs at the SIW

terminations and the signal transmission is maximized. Hence, the model can be directly
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assessed through analyzing the insertion loss (i.e., |S21]). Fig. 4.9(a) shows that the reconstructed
magnitude and phase for Sy1 corresponding to the uniform section of SIW agrees with the EM
simulations. Furthermore, using (4.17)—(4.23) and the models for Zwae, and the complex
permittivity it is possible to obtain the circuit elements to simulate the insertion loss of the SIW.
The corresponding curves also show agreement for the SIWs of the two considered widths as
can be seen in Fig. 9(a) and Fig. 9(b). This verifies the applicability of the proposal to

implement circuit models once Zwave Or its scaled versions (i.e., Zpi, Zvi and Zpy) are determined.
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Fig. 4.9 Curves of the circuit elements: (a) R, (b) R’, and (¢c) G’ which represent the losses. Also
showing other approximations.

4.5 Conclusions

The surface roughness effect associated to the conductor forming an SIW was analytically
incorporated into the propagation model. Furthermore, this allows the indirect determination
of the corresponding wave impedance in a straightforward manner. This was achieved by
proposing a new expression for obtaining the complex wave impedance of an SIW functioning
in the TE1o propagation mode. This mathematical representation has been validated by an
excellent correlation of simulations with data measured to SIW varying in width and up to 80
GHz. Moreover, provided that the single-mode propagation is fulfilled, this approach can easily

be extended to other structures and higher frequencies.
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CHAPTER FIVE

GENERAL CONCLUSIONS

This project was dedicated to enable the physical representation of the metal surface roughness
effect on the propagation features of microwave interconnects. Why complying with causality
IS mandatory to achieve the accurate modeling used in both the frequency and time domains in
a consistent fashion was described in detail. For this reason, the complex roughness coefficient
was described and for the first time a methodology for representing its frequency dependent
parts was presented. Furthermore, it was pointed out the importance of considering not only
the attenuation due to conductor effects but also the delay, specially at frequencies near the

lower limit of the microwave range.

5.1 Implementation of a causal model for conductor surface
roughness

The methodology presented in Chapter 2 consisted in a parameter extraction to obtain the
effective peak-to-valley feature R, which describes the roughness profile. Once this parameter
was obtained, both the attenuation and delay introduced by the conductor effects are accurately
represented and verified up to 30 GHz for lines operating in the quasi-transverse
electromagnetic mode. These results were afterwards validated with optical measurements
performed independently. Furthermore, time and frequency domain simulations and a check
for causality compliance were carried out to verified the modeling. Therefore, in this thesis
was presented for the first time as a new and straightforward model parameter determination

methodology, assuming that the roughness parameter R, is unknown.

5.1.1 Remarks on the modeling approach

The methodology proposed in this thesis finds application from two different perspectives. The

first one is that of the technology developers, which manufacture, optimize, and provide the
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specifications for the electrical performance of copper foils. On the other hand, from a circuit
designer perspective, knowing the figures-of-merit of a copper foil allows to evaluating its
pertinence for a certain application, as well as implementing causal models for circuit

simulations.

Certainly, the prototypes used exhibit characteristics needed to avoid significantly
complicating the analysis. Thus, as for many practical cases in electronics, it is recommended
building a prototype specifically for modeling the electrical effects introduced by the conductor
roughness. In this regard, lines of different lengths are needed. Moreover, to reduce uncertainty
in assessing this conductor-related effect, dielectric loss effects should be maintained low. For
this reason, using thin and low-loss dielectric laminates is desirable for the prototype, whereas
avoiding including solder mask is recommended. Bear in mind that, once this electrically-
obtained R; feature is known for a foil with a given profile, the model for the surface impedance
can be implemented. This complements the representation of a practical interconnect when

using this foil to form either, the signal trace or the ground plane.

Finally, it is not the intention of this proposal to substitute imaging-based analyses
performed to inspect the detailed topology of copper foils, which is important, for instance to
analyze its adhesion properties. Rather, its contribution is providing a parameter extraction that
takes advantage of the average interaction of microwave signals with microscopic

protuberances to provide means for the electrical representation of the surface roughness effect.

5.2 Assessment in the performance of antennas for 5G/6G
applications

Due to the relevance of the surface roughness effect at microwave frequencies, in this project
it was also demonstrated the application of the new modeling methodology for carrying out the
full analysis of the electrical features of antennas operating within the W-band. It is worthwhile
mentioning that applying available simplifications rather than the proposal, yield
overestimation of the delay and loss introduced by the dielectric environment. This may even
lead to misinterpreting measured results and incorrectly concluding that improving the
characteristics of the laminates that serve as substrate allow avoiding the additional delay and

loss that is originated in the metallic structures.
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For this purpose, patch antenna devices were fabricated in the microstrip technology
where the lack of isotropy in the dielectric laminate is considered. Additionally, the roughness
effect on the conductor foil is also exhibited in the prototypes. Since there where two
microscale effects involved, it was necessary to firstly isolate the surface roughness effect and
then perform the study of the impact of the fiber weave effect presented in the laminates. Once
this procedure was completed, variations in the electrical propagation were expected as the
laminates suffer from the fiber weave effect. However, the results suggested minor differences
in the permittivity and in the loss tangent for both laminates Additionally, the resonant
frequency was also observed according to the location of the antenna. All of these parameters
concluded that both materials were adequate for the antennas and its application. The reason
of this result is that both of the analyzed materials were intended for microwave applications.
Nevertheless, the importance of analyzing these two cases was the fact that one of the materials
still uses reinforced glass fibers. Thus, provided that the yarns are closely spaced, a laminate

like this exhibits properties similar to those built without reinforcement.

5.2.1 Important aspects about the impact in the performance of patch
antennas

When observing the resonant frequency according to the orientation, the antennas routed on
2136 material exhibited ~0.17 standard deviation from target resonance frequency, while the
antennas routed on 2137 material using the exact same antenna configuration, exhibited ~0.21
standard deviation from target mean frequency. This implies that the 2136 material composite
of low loss resin matrix and low permittivity woven glass fiber offers optimal ‘homogeneous’
behavior compared to an equivalent advanced non-woven fiber reinforced material.
Furthermore, the extraction of the permittivity values conducted on microstrip lines routed on
both materials resulted in a 1.34 % and a 1.37 % change for the 2136 and 2137 materials,
respectively. These percentage values were calculated when compared to the datasheet values
specification. Therefore, the data obtained from this investigation thus far concludes that
inhomogeneous advanced copper clad laminate materials exhibit characteristics that are

suitable for W-band antenna designs.
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5.3 Modeling extension to substrate integrated waveguides

Finally, it was also demonstrated here that the modeling of the roughness effect is relevant for
interconnects propagating signals in modes different from the quasi-TEM. For instance, in
rectangular waveguides, which find wide applications at tens of gigahertz and are candidates
to substitute current electrical interconnections on conventional PCBs. This served as a
motivation to dedicate effort in this project to develop the theory for synthetic RWGs such as
SIWs. In this regard, it was even identified how the surface roughness effect becomes important
to define the characteristic impedance of the waveguide. For this reason, a new expression to
explicitly indicate this effect in the mathematical definition of the wave impedance of a SIW
was proposed. Among the advantages of this new formulation, it is worthwhile mentioning that
finds usefulness to characterize the properties of the materials forming the waveguide, and to

develop equivalent circuits that allow for their electrical representation in circuit simulators.

This expression included the conductor and dielectric losses, as well as the losses due to
the surface roughness effect. No other approximations available in literature consider these
three types of losses in substrate integrated waveguides in a simple form. The proposal was
validated through experiments and by using electromagnetic simulations. The results showed
good agreement with the proposed equation.

5.3.1 Physical interpretation of the expression for Zwave proposed

In this thesis, the following expression for Zwave Was proposed in Chapter 4:

w wUoax — R
Zvave = [I;O_I_ Moﬁz B

(5.1)

This expression considers all loss and delay effects occurring in the SIW structure since a and
p are influenced by the EM wave interactions within the dielectric, and the conductor materials,
including for instance those at the sidewalls. The novelty of (5.1) is that the influence of R is
explicitly indicated in the numerators of the real and imaginary parts. Also, from (5.1) can be
noticed that the expression is very similar to previous formulations already published, however

in here, the RB/p?-term is due to the current propagation in the SIW, where:
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e R associated to the longitudinal currents, which corresponds to the losses occurring in
the top and bottom plates of the SIW, whereas

e R’ is associated to the transversal currents, which includes the vias of the SIW

This new equation for Zwave Was validated by applying it for two different widths for the SIWs,
however, this can be easily extended when the physical dimensions are changed. Furthermore,
once the wave impedance is obtained, other impedance definitions can be used, for instance, to
aid in the implementation of equivalent circuit models for the SIW when used as interconnect

or as part of more complicated circuits.
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