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Abstract

In this Ph.D. thesis, transmission line characterization techniques have been studied.
It is possible to estimate the propagation constant of transmission from 2-port S-
parameters measurements of two different length transmission lines. An error analysis,
which includes various error sources, is performed for these characterization techniques
to study the causes that provoke inaccuracies in the estimation. Based on this analysis,
several ways to improve the researched methods’ performance and bandwidth are
proposed. Subsequently, these methods are used for two purposes: on the one hand, to
characterize the electromagnetic properties of materials made by additive manufacturing.
On the other hand, to characterize the propagation constant of the even and odd modes
of coupled microstrip lines, using pure-mode S-parameters. Finally, a particular case of
coupled lines, such as multiconductor transmission lines with interconnected alternate
lines, are used to synthesize dual-band and multi-band bandpass filter responses. All
the circuits and methods proposed in this thesis have been validated by means of
experimental work, which shows an excellent agreement between analytical expressions,

simulations, and measurements. This fact proves the reliability of the presented work.
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Chapter 1

Introduction

The aim of this introductory chapter is to summarize the topic of this dissertation.
Section describes the contextual framework of the work. The origins that have led
to starting this research are presented in Section [I.2] Later, the main objectives to be
reached in this thesis are summarized in Section [1.3] Lastly, a brief overview of the

structure, along with the main contributions of each of the chapters that make up this
Ph.D. thesis, are described in Section [1.4]

1.1 Contextual framework

The world has been undergoing significant changes that have affected our lifestyle in
recent years. The current trend in society is to bring all world places closer together,
either physically or virtually connected. Thus, advances in mobility must be accom-
panied by advances in communication technologies. These communications must be
accessible to everyone, regardless of the place or the economic status. For this reason,

specific changes must be produced, mainly when they affect communication systems.

Beyond the globalization of communications, systems are becoming increasingly
complex, and their requirements are growing exponentially. When the implementation
of the so named fifth generation of mobile communications networks (5G) is still
beginning, there are studies already paying attention to the needs of the sixth generation
networks |1]. The main requirement of new networks is a considerable bit rate increase.
It is expected that in 6G, rates of 1 Th/s can be reached. In the field of Radio

Frequency (RE]), which is the central theme of this thesis, an increase in bit rate
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turns into a considerable increase in bandwidth. There is no choice but to use higher
frequencies to achieve these new limits. For example, 5G systems have applications
in the E-band (60 GHz). Beyond, 6G systems are expected to use the THz bands
(below 300 GHz), including mm-waves for mobile access. This is just an example of
how communications systems, bandwidth, and specifications will exponentially grow in

the near future.

These new requirements are accompanied by functionalities, such as low cost,
broad bandwidths, lightweight, easiness of manufacture, or easy integration, that
must be fulfilled by a system to be commercialized. In this sense, new materials and
manufacturing techniques used in communication systems constantly arise. Facing the
arrival of these new materials, it is fundamental to have a precise characterization of
their properties to use them for implementing structures such as transmission lines,
waveguides, filters, or antennas, among other communication subsystems in this new

scenario.

One of the problems designers have to deal with is knowing the electromagnetic
behavior of structures and substrates used to implement new devices. In this sense,
characterization techniques are necessary for microwave circuit design with high de-
manding specifications, as broadband directional couplers and filters. That is why, since
the 1960s, methods for the characterization of the propagation constant of Transmission
Lines ((TLsl) have been proposed and improved. The first techniques were based on the
use of reflectometers [2]. Later, in 1975, Bianco and Parodi proposed a method for the
estimation of the propagation constant [3] based on the measurement of the reflection
coefficient at the input of four equally terminated transmission lines of different lengths.
This idea, as well as variations that include transmission measurements, have been used
in numerous studies to characterize the propagation constant [4,|5]. In addition, several
statistical improvements have been proposed, which are usually based on increasing the

number of lengths to be measured [6].

Returning to new materials and manufacturing techniques, in recent years, Additive
Manufacturing (AM]) techniques have stood out in many scientific fields. Concretely,
in the microwave and mm-wave areas, devices such as [TLg [7] or antennas [§] have
been manufactured using 3D printing technologies. One of the significant advantages is
the possibility of synthesizing different relative permittivities using the same material,
just varying the printing infill, which will determine the amount of air that remains
inside the printed structure [9]. However, these materials are not specifically designed

for implementing [RE| devices. For this reason, it is necessary to look for accurate
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characterization techniques that allow obtaining the Electromagnetic (EM]) material
parameters in broadband. One possible option is to carry out a direct measurement of
the materials, such as the one proposed in |10]. Another option is the use of indirect
measures that make use of Vector Network Analyzers (VNAS), like the one in [11].

Another option to focus on to improve the performance of the devices is to increase
the number of conductors. With this configuration, much more selective responses,
greater bandwidths, or differential devices |12] can be achieved. However, it is essential
to accurately characterize the modes that propagate through a coupled line structure.
That is why characterization methods have also been used to obtain the propagation
constants and impedances of a pair of coupled lines [13]. When using more than
two lines, the structure is usually called Multiconductor Transmission Lines (MTLs).
Using this topology, the design feasibility increases. In [14], authors proposed a
Multiconductor Transmission Line (MTL) with interconnected alternate lines, used to
eliminate undesired resonances in the traditional interdigital capacitor. Authors called
it wire-bonded interdigital capacitor. An analytical model of that circuit, for an even
number of lines, was presented in [15], whereas a generalized model was analyzed in [16].
In this sense, authors demonstrated that are suitable for designing or improving
the performance of microwave circuits, since a great range of coupling factors and
impedances can be achieved, and there is an analytical model that allows manipulating
the structure even without [EM] simulations. Using [MTLs with interconnected alternate
lines, devices such as phase shifters [17], baluns [18], stubs [19] or quasi-elliptic filters [20]

were proposed by J. J. Sdnchez-Martinez and E. Marquez-Segura.

1.2 Genesis

The core of this Ph.D. thesis emerged in the context of a research project whose main
objective was to explore new manufacturing techniques for microwave and millimeter-
wave devices. In this sense, our research laboratory is equipped with 2D (Fujifilm
Dimatix DMP-2850) and 3D (Ultimaker 3) additive manufacturing capabilities. However,
little prior research had been carried out, so one of the starting points was to get the

manufacturing equipment up and running.

When the first devices began to be developed, we realized that the first step should
be knowing and characterizing the [EM] properties of the materials that we had available
in the laboratory. That is why research began on methods for estimating the propagation

constant that would allow us to characterize the fabricated structures. Therefore, it
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was decided to choose methods based on the one proposed by Bianco and Parodi [3]

since our research group had previous experience in this kind of methods.

On the other hand, based on the excellent results obtained in the Ph.D. thesis of
J. J. Sdnchez-Martinez, the use of [MTLs with alternate interconnected lines for the
realization of microwave circuits was proposed. That is why it was also decided to follow
this research line, developing new devices that use the analytical models previously
created in the research group. The idea is that, in the future, [MTI] devices can be

manufactured using additive manufacturing technologies.

1.3 Objectives

As described in the previous sections, characterization of the propagation constant is
extremely important for the design of microwave and mm-wave devices. Furthermore,
this characterization is essential when the properties of the substrates used are unknown
since these properties must be used to perform [EM| simulations. Considering the
robustness of the methods for estimating the propagation constant, it will be the

starting point of this Ph.D. thesis.

In this context, the first goal of this work is to study and compare several methods
and possible random error sources and propose improvements that allow achieving
more accuracy when applying those methods. Subsequently, these methods will be
used to characterize novel materials made by and [MTTJ structures. Finally, these
[MTTLs will be the structure provided to develop new filter topologies for synthesizing
dual-band and multi-band responses, always providing a model that allows performing
analytical designs without any optimization. All the presented theories will be assessed

with experimental work.

1.4 Thesis outline and contributions

This section explains the thesis outline, including a brief description that highlights the

main contributions of each chapter.

Chapter [2| begins with a description of three methods traditionally used to charac-
terize the propagation constant of [TLsl These methods are based on the one proposed
by Bianco and Parodi in [3], taking 2-port S-parameters measurements of two lines

with different lengths. An error analysis is applied to these methods, which includes
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four possible sources of random errors: Vector Network Analyzer (VNAJ), line length,
connector repeatability, and substrate non-homogeneity. Subsequently, a statistical
improvement based on a Least-Mean-Square (LMS]) estimator is proposed, consisting of
increasing the number of lines to be measured. Using this improvement, it is possible
to reduce the variance of the obtained propagation constant. The main contribution of
this chapter is the demonstration that the eigenvalue-based strategy is the least affected

by random errors.

Once the methods have been presented, in Chapter they are applied to a
microstrip line loaded with a piece of some [AM] materials. Subsequently, an estimation
of the propagation constant of the complete structure is obtained. In this case, that
constant will be affected by the [EM properties (relative permittivity and loss tangent)
of the top substrate. However, knowing the height of both substrates and the lower
relative permittivity, it is possible to get an indirect fairly accurate approximation of
the properties of the upper material. Several material samples are fabricated to validate
the presented modified method. The main contribution of this chapter is proposing

HIPS| as an excellent material to build structures such as circuits or antennas.

In Chapter [4, the proposed improved method is applied to a pair of symmetrical
coupled microstrip lines. In this case, instead of measuring S-parameters in single-ended
mode, they are measured in pure-mode, creating two virtual common and differential
ports. Using this type of measurement, it is possible to separately excite the even and
odd modes of the structure and extract the S-parameters corresponding to each mode.
Later, these matrices are considered as an equivalent 2-port Transmission Line (TT)),
to which the proposed method will be applied. The main contribution of this chapter
is having demonstrated that reducing the angle of the bends in the feeding lines is a
simple way to improve the estimation of the propagation constant considerably since
bend radiation strongly limits the bandwidth of the obtained attenuation and phase

constants.

Chapter [5|introduces three different topologies to effortlessly design dual-band and
multi-band Bandpass filters (BPES), using short-circuited wire-bonded [MTLs and shunt
open stubs. Using the first two configurations, it is possible to synthesize Chebyshev
filtering functions to obtain narrow and moderate broad bandwidths. The third one
consists of increasing the number of stubs to achieve multi-band bandpass responses.
Results of the manufactured prototypes show an excellent agreement with the proposed
analytical model. Therefore, the main contribution of this chapter is having proposed

a novel topology and its analytical model to design multi-band [BPES without any
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optimization or [EM] simulation performed, just using the proposed set of closed-form

design equations.

Finally, Chapter [6] summarizes the main results and highlights the most important
contributions achieved in every chapter of this Ph.D. thesis. It concludes with the

proposal for guidelines to carry on with this work in the future.

In addition, three appendices are included to expand provided contents. Appendix[A]
shows the influence of conductivity in the proposed methods for the estimation of the
propagation constant. The effect is demonstrated to be similar to the one provoked
by line length errors. Appendix [B| shows the mathematical development carried out to
obtain the filtering functions of the first prototype of Chapter 5| Appendix [C] describes
the analytical solution to a general quartic equation and then applies it to the filtering
function of the second filter prototype presented in Chapter [5] The publications derived
from this thesis are enumerated in Appendix [D] Lastly, Appendix [E] contains a summary
of this Ph.D. thesis in Spanish.



Chapter 2

Characterization of the Propagation
Constant Using 2-Port

Measurements and Its Error Sources

In this chapter, a comparison between three broadband methods used to estimate the
propagation constant () of planar is presented. The objective is to use these
methods for the future characterization of materials. This comparison aims to study
how possible random measurement errors can affect the use of the aforementioned
methods commonly used since under ideal conditions, the same solution is obtained
from all of them. For this purpose, a sensitivity analysis is carried out to study the
similarities and differences and how errors in measured S-parameters, line lengths,
connector repeatability, and substrate non-homogeneity affect the attenuation (a)) and
the phase (f) constant obtained from each method. Subsequently, a minimization
approach that consists of a Least-Square ([LI) estimation using a criterion to choose
the optimal line lengths is proposed to minimize measurement errors. Finally, two
experiments have been designed, manufactured using microstrip [TLs, and measured
to validate the developed theory. Results corroborate the proposed idea and show
an excellent agreement with [EM] simulations, therefore assessing the suitability of the
proposed error analysis. Furthermore, higher accuracy is obtained when using the same
pair of connectors, considerably reducing the attenuation constant ripple, which shows
that it is an appropriate procedure to reduce the uncertainty of the final estimation

significantly.
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2.1 Introduction

The experimental determination of the propagation constant (v = « + j3) of planar
[TLd is crucial in the design of microwave and millimeter-wave circuits. In recent years,
the imminent arrival of new materials, such as printed materials used to manufacture
microwave circuits, several studies have been based on the measurement of the propaga-
tion constant to extract the [EM properties of these materials [10,21}22]. The methods
available to obtain the propagation constant can be classified into several categories
depending on the sort of measurements considered [23]. The first possible classification
distinguishes between broadband [3] and resonant methods [24]. On the one hand, the
former methods characterize the propagation constant in a wide range of frequency
points measured. Their main drawback can be the accuracy, which depends on the
precision of the measurements, showing a worse behavior, precisely, at resonances. On
the other hand, resonant methods allow an accurate estimation of the propagation
constant in a discrete set of frequency points, those where a resonance on the test
structure occurs. However, they cannot be useful when broadband characterization
is required. From another point of view, another classification distinguishes between

1-port [25], and 2-port [26,27] measurements.

This chapter deals precisely with 2-port measurement methods for general [TLs The
propagation constant can be obtained, e.g., as a result of a Through-Reflect-Line (TRL)
calibration using two lines or more lines of different lengths [4,128],29]. Nevertheless,
resonances due to those length differences can degrade the obtained results. In this
sense, several works have proposed improvements by increasing the number of lines, as
in [30]. This strategy was used to define the multiline [TRIJ calibration [29]. For this
reason, an overdetermination based on applying traditional methods and increasing
the number of lines, and properly choosing the length of the [TLs is proposed in this
chapter.

As the aforementioned [TRIJmethod, there are different techniques based on invariant
two-port [4,131] that, in a first look, bear a strong resemblance between them. These
several techniques for measuring the propagation constant have been examined, showing
that ideally, they are similar, but their behavior is entirely different in the presence of
measurement errors. In this chapter, the interface between the and the outer is a
coaxial port, so some fixture between that terminal and the Line Under Test (LUT]) must
be included. The fixture produces a discontinuity in the signal path that strongly affects

the measurement. The concept of algebraic invariant of networks in linear embedding
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is a standard tool in the theory of linear active and non-reciprocal networks [32]. The
use of a mathematical invariant allows the extraction of the effects of the test fixture
from the parameter estimated. This fact means that, in general, no [VNA] calibration is
necessary when using at least two [[Ls measurements. This chapter deals with three
different formulations for broadband methods using 2-port S-parameters. The main
focus is on methods that use the invariant properties of similar matrix transformations.
These methods avoid the systematic errors of other measurement techniques due to
mismatching between the characteristic impedance of the [VNA] and the [LUT] using
mathematical invariants. However, this behavior strongly differs from the ideal case in

the presence of random errors.

Methods based on the invariant concept [32] assume that the transition is the same
in all measurements. However, this statement is not entirely true since connector
repeatability is not wholly assured in a real setting. In this sense, in [5], authors
demonstrated that results could be significantly better if special attention is paid to
the repeatability of the launcher, as they used a destructive method that cut the [TLg
but kept the same connectors throughout the whole characterization process. In [33],
authors identified that half-wavelength errors in [TT] calibrations are, in part, due to
fixture inconsistencies. Regarding connector repeatability, stochastic models can be used
to study their behavior [34-37], modeling each possible perturbation as an equivalent
two-port circuit. Repeatability tends to have more variance at high frequencies and

affects phase notably, more than the magnitude of the measured S-parameters.

A study on how random errors affect broadband methods for the characterization
of the propagation constant of [TLs has been carried out. It is based on two-port
measurements of [TLd, and it is required the use of a two-port with no need
of calibration. In this chapter, four error sources will be considered. They can be
classified into three groups: [VNA] and line lengths errors, connector repeatability errors,
and errors due to non-homogeneity of the structure, mainly due to conductivity. The

first two groups will be studied in this chapter, while the last one will be reviewed in
Appendix [A]

This chapter is structured as follows. The three methods to be analyzed are described
in Section 2.2] To study how random errors affect each of the methods, a sensitivity
analysis has been performed, and the results are summarized in Section [2.3} Section [2.4
shows a technique to minimize errors, based on the overdetermination of the methods
using a estimation. Connector repeatability errors are deeply studied in Section [2.5

The developed theory is corroborated through real measurements in Section [2.6] Finally,
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conclusions are given in Section

2.2 Description of the methods

VNA
( )\
g )
@ [Ra] Y, Zoyl; (Rs] @
g )
|\ [Lz] J
|\ J . I:M'L} J (. J

Figure 2.1: Cascade connection diagram of different two-port circuits involved in the
transmission line T-parameters measurement using a Vector Network Analyzer.

The methods treated in this chapter use a measurement setup as shown in Fig.
The two-port S-parameters of two lines with different lengths are measured, and the
transmission parameters matrices, [M;] and [M;], are calculated. The transmission
matrices can be obtained easily from the measured S-parameters using the following

expressions [38]:

1 S.
Tll o T12 = _ﬂ
S21 S21 (2 1)
T, — & T, — 512521 - 511522 .
21 521 22 S21

According to Fig. [2.1], the measured cascade matrices of the two lines of different
lengths can be written as [M;] = [Ra][L1][Rg] and [Ms] = [Ra][L2][Rp]. The matrices
[L1] and [Ls] are the transmission matrix of the lines measured excluding the transition
between ports and the [LTUT] whose effects are considered in matrices R4 and Rp. The

L; matrices for every line measured are given by

L] = 1. (2.2)
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2.2.1 Method 1

The measured matrices can be combined in the following way

(M) [M] ™" = [Ra][La][La]  [Ra] . (2.3)

Equation is an eigenvalue equation that can be rewritten as [M] = [Ra][L][Ra] ™,
where [M] = [M,|[M,]™! and [L] = [L1][Lo]™. [M] and [L] are similar matrices and, in
consequence, their eigenvalues, traces and determinants coincide. As [L] is a diagonal
matrix, [L] = diag(et72! e its eigenvalues are e 72 and e*t72! respectively, and
its trace is e 72! + et7AL These values are the same for [M]. In order to obtain the
propagation constant, the invariants mentioned above can be used. At this point, the
three methods that will be used to obtain the propagation constant must be defined.
Due to that trace does not change under a similarity transformation, the following
equality holds

trace([L]) = trace([M]) = e 72! 4 T4 (2.4)

being Al = I, — ;. Therefore, the propagation constant can be calculated as

= L osh! (trace ([A11] [M2]_1)> _ (2.5)

Al 2

2.2.2 Method 2

The eigenvalues of [M] are identical to the eigenvalues of [L]. Therefore, if A\; and Ao

are the eigenvalues of [M], they must be equals to e~ 7! and e™72! respectively [39].
Solving these equations for v, it is obtained
1 1 1
=—In|—|=—Iln(\). 2.6
v= i () = g7 0 (2.6)

In this case, two different values can be obtained for the propagation constant, and an

average of the eigenvalues of [M], 1/2(1/A1 + A2), can be used to calculate v, that is

1 (1 M+ A
V=R ln( 5 ) (2.7)

The averaging is used because it is assumed that the structure is reciprocal, so that the

errors will affect T7; and T5y equally.
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2.2.3 Method 3

Starting again in a different way [31], the sum of the measured matrices, [M; o] =

[M;] + [Ms], instead of the product, can be considered and expressed as

et (1 + €+7Al) 0
[M1+2] == RA RB. (28)
0 el (1 + 6_7Al)

Taking the determinant of the resulting matrix in Eq. (2.8)) and dividing it by the

determinant of [M;], the result is

det ([Mp]) _ e A e A
aapr)) T 29

=1+ 4 e 41 =24 2cosh(yAl).

From Eq. (2.9)), the complex propagation constant can be obtained as

1 [ det ([M;12])
v = chosh (—2 det (M) — 1). (2.10)

2.2.4 Simplified equations using S-parameters

As seen in the developed equations, port effects (R4 and Rp) have been removed from
the formulas. For this reason, the methods will work in the same way with or without
[VNA] calibration. All these mathematical expressions can be rewritten as a function
of the measured S-Parameters instead of T-parameters to fulfill the later sensitivity
analysis. Taking 6 as S8 — g g and =6 + 6@ 4 sW g 4 @ gll)
being S™ the S-parameter matrix of line n, these mathematical expressions are given
by:

1. Method 1:

1 -1 X
v=-—cosh " | —5—|. (2.11)
Al (255?55?)
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2. Method 2:
Ly (s - s (s - swst)
v=—1In ( +
(1) o(2) ’
S51" 515 )
+ )
e (s - s) (st - g0si?)
3. Method 3:
. ((sg? +5) (608 + 65 +
v = — cos 5
Al
2587 sty sty
(2.13)

1) (2 2) o(1 1) (2 2) (1 D\ 2 (1) (1
+ (Sfl)‘s’él) + S£1)S§1)> <S§2)S§1) + 552)551)) - 2(*951)) S§2)S§1)>

2 2 1 1
2(s8) sty sty

However, these complex equations can be quite simplified in case Zy = Z,., being Z,
the port impedance and Z,. the characteristic impedance of the transmission line. This is
because Sﬂ@) and Ség) can be taken as 0. Furthermore, as the lines are reciprocal devices,

it must be fulfilled that S§”=5%. Under these ideal conditions, Eqs. (2.11)-(2.13) can

be reduced to:

1. Method 1: ) )
v = — cos ) )
Al 285, S5
2. Method 2: o
1 S.
=—1In[ =2 ]. 2.1
A <S§i’> 219
3. Method 3: )
Lo (Sﬁ) + Sé?) 010
v = — oS — )
Al 2545557

These simplified expressions are more practical than general case equations. They
will be used in the sensibility analysis to extract the variances of a and [ as a function

of the S-parameters variances.
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In order to evaluate the behavior of these methods, a simulation of two lines using
3.66 including
its dispersive response [40], tan d = 0.0031, and 17.5 pm thick copper metallization. The

Rogers 4350B substrate has been performed, with 30 mil thickness, ¢, =

line width is set to 1.65 mm, to get a 50 ) characteristic impedance, whereas the lengths
are 10 and 35 mm respectively. Figure shows the real and imaginary part of z;,
being z; the argument of cosh™" or In of the proposed methods (i = 1,2,3 indicates the
method). As it is seen, Methods 1 and 3 works in a similar way, as (2.14]) and - are
exactly the same if operated in the ideal case, whereas imaginary part of the argument

of Method 2 is completely different.

15 = Method #1
. ———Method #2
Method #3
1 -
\ li\\ '/\‘ “
0.5 7“ [ i' \ [ f | | \
: i ) ' | \ I
B AT A N A WY A ARV A N A S [
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=
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(=™
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<
£
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1k |
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Figure 2.2: Real (a) and imaginary (b) parts of the argument of method functions.

It is important to consider that z;, the argument of method functions, is a complex

number defined as z; = r;el%.
function given by

cosh™

I(Zz')

Function cosh™

=In(z; +Vz — Wz + 1).

! can be rewritten as a logarithmic

(2.17)

Therefore, for every method, the propagation constant can always be expressed as a
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logarithmic function given by

1
N [In(r;) + 7(6; + 2n7)], (2.18)
being
1
a = —In(ry),
A (2.19)
g = E(é’l + 2nm).

In the context of a[TLl r; and #; are the attenuation and the electrical length of a
line section of length Al. At this point, it is essential to mention that the attenuation
information depends exclusively on the absolute value of r;, whereas § information is
on 6;. These expressions will be the starting point of the sensitivity analysis of the next
section to know how random errors affect the propagation constant. It is noteworthy
that a has a unique solution as r € R whereas  has an infinite number of solutions.
This fact will play an important role in implementing the methods using numerical

algorithms.

2.3 Sensitivity analysis to vector network analyzer

and line lengths errors

For the first sensitivity analysis, two error sources are considered. They are errors in
line lengths and in the argument of method functions. For this purpose, and looking
for the covariance of a and [, the derivatives of (2.19) with respect to r, § and Al can
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be expressed as

156 1

ar  rAl
8_04
00
da _ln(r) . a

o,

or

96 _ 1

00 Al
95 _ 0
oAl A2

From these expressions, and assuming that there is no covariance between errors in the
argument of method functions and the line lengths, the variances of the attenuation

and phase constants are given by

2

oo 156
2 _ | 9X | o gal o
TaT Al AT G| Or 221)
_ )g z 4 L ? 2 ‘
IPNIRE RN
2 2
o5 = o oA+ o e
OAl 00
o o (2.22)
_ 2 2
= ’A_P onl T ‘Kl o

respectively.

As seen in the developed expressions, choosing a bigger Al is the simplest way of
reducing o and [ variances. However, r and 6 are just the absolute value and the
phase of the argument of method functions. What can be measured is the magnitude
<‘7|2521\) and phase (03, ) variances of the S-parameters, that are a characteristic of each
[VNAL Due to the complexity of the equations obtained, it is impractical to obtain an
analytical solution for the variances in Egs. , as a function of 0‘2321| and
phase 0;521 . However, for the ideal case of Method 2 shown in Eq. , o2 and the

hase 02 can be expressed as
B
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2 | @ o L,

Ua— ‘Kl’ UAZ+2 521Al 0_‘521“ (223)
0 | 1

ag:‘A_lz JQN—{—Q‘E Tosy, - (2.24)

These equations have been calculated by taking Eq. (2.15) and following the same
procedure made in Eq. (2.20)).
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Figure 2.3: Attenuation and phase constants and their variances obtained by using

o)) = 0.1 dB through Method 1: (a), (b), Method 2: (c), (d), Method 3: (e), (f).

A Monte Carlo simulation has been performed to cover all cases, using S-parameters
and line length errors. The lines defined in the previous section, of length 10 and 35 mm
respectively, were used. The standard deviations were set to o5 = 0.1 dB, 45 = 5°
and oa; = 0.02 mm and errors were generated using a Gaussian distribution [41].
Figures and [2.4] show the influence of the magnitude and phase error for each of the
methods. As seen, there is a resonant behavior in Methods 1 and 3. The resonances in
Method 1 are located at the points (n — 1) A = Al, while in Method 3 are located at
("T’l) A = Al, for n =1,2,3... However, there is a greater variance in Method 3 than in
Method 1. On the other hand, Method 2 works in a completely different way because

o2 is constant in frequency with the magnitude error and 0 with the phase error, as
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Figure 2.4: Attenuation and phase constants and their variances obtained by using
049 = b° through Method 1: (a), (b), Method 2: (c), (d), Method 3: (e), (f).

expected in the ideal case shown in Eq. (2.23)). Furthermore, the variance obtained
using Eq. (2.23) is similar to the one shown in Figs. and It is also relevant to
mention that this is the only method that allows negative solutions for the attenuation

constant if only the positive square root solutions in Eq. (2.17) are considered.
Regarding the phase constant, Figs. 2.3 and [2.4] depicts how magnitude and phase

error affects it. As seen, the effect produced is quite similar to the one of the attenuation
constant. Note that what is plotted is not the phase constant itself but the unwrapped
one. This is because mathematical software usually takes just the principal value (first
solution for n = 0) in Eq. (2.19). That solution is between § = £m/Al and have no
physical meaning, as [ increases with frequency. For this reason, a phase unwrap of
B - Al must be performed to obtain the estimated value of 5. The unwrap function
works great when there are no errors. However, when random errors are introduced,
the algorithm may pick an incorrect solution. This effect is more significant at very low

frequencies when the value of the phase constant is lower.

Finally, Fig. 2.5 shows the influence of line length error. Only Method 1 results are
plotted, as they are equal to those obtained through Methods 2 and 3. As expected
in Egs. (2.21)) and (2.22)), this error results in a bias in the solution, and the variance
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Figure 2.5: Attenuation (a) and phase (b) constants and their variances obtained by
using a line length variance og5; = 0.02 mm through Method 1.

increased with o? and 2. However, it must be taken into account that, because of
the unwrap behavior previously mentioned, the maximum and minimum values of 6
are +m /Al respectively, so the value of aé will be limited. The performance of the
sensitivity analysis has been validated through T-tests, showing that the attenuation
and phase constants have a Gaussian distribution. In addition, and to show them, two
histograms have been depicted in Figs. 2.3 and [2.4]

2.4 Minimization approach

2.4.1 Overdetermination of the methods

The presence of random errors means that it is impossible to determine the propagation
constant’s exact value. Hence, the objective is to achieve the best estimation from
available measurements. In the previous section, it has been demonstrated how these
errors affect the different methods examined in this chapter. To improve the accuracy
of the methods, it is proposed to increase the number of lines to be measured and to use
a estimation. Thereby, the effects produced by random errors in measurements are
minimized as the is the maximum likelihood estimator for a Gaussian distribution.

The propagation constants can be obtained by solving the equations:
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1. Method 1: v
1
rgliﬁn 3 Z |trace([M]) — (eT72! + e 72 2 (2.25)
’ n=1
2. Method 2:
L[/ 1/A1 + A 2
min 5 (T) — Al (2.26)
“ n=1
3. Method 3:
N 2
1 det ([M142]) Al | A
) ( e (pn)) %) e (2.27)
’ n=1

where N is the number of possible combinations between all the k lines, taken two by
two. The measurements of S-parameters of N lines, N > 2, get to M simultaneous
non-linear complex equations. The value of M is given by the combinations of NV lines
taken two by two: M = 1/2-N(N —1). Increasing the number of lines, the total number
of combinations increases rapidly, so the number of estimations of the propagation
constant is also increased. In the experiment that has been carried out, seven lines
has been used, providing 21 combinations of lines taken two by two. Increasing N
is, therefore, a reasonable way to reduce uncertainty, but this increment should be
accompanied by different Al values to achieve better results. Optimal line lengths

selection will be explored in the next section.

2.4.2 Optimal line lengths

One of the most essential parts to reduce random errors is the choice of the employed
line lengths. The length distribution must be chosen so that the differences between
the increments in the length of the lines should be as small as possible. In addition, the
bigger the increments, the better. Constant increments in length between different [TLg
concentrate resonances in a discrete number of frequency points. Slight deviations from
that pattern spread the resonances through the band of interest. The selected lengths

can follow a quasi-linear distribution

i—1\7 .
li_lo+AL<N_1> i=1,2,..N, (2.28)
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or a logarithmic one

log (Io + =L AL) — log (lo)

i=1.2,..N, 2.29
Tog (n) —Tog (i) (2:29)

li=1ly+ AL

where [y is the shortest line length, [y is the longest, and AL = Iy — lp. In the
quasi-linear one, the factor ¢ just need to be adjust to a value different of 1 (that is the
linear distribution). The frequencies where the phase difference of measured Sy; is zero

can be easily obtained from

n-c

fn = Al—\/ﬁ’ n=123. . (2.30)
Figure [2.6] compares histograms of the aggregation of frequencies where the phase
difference between measured S5; appears. As seen, ¢ = 1.2 and the logarithmic one
are the most homogeneous distributions through the frequency band, whereas ¢ = 1
still shows a resonant behavior. Furthermore, as the resulting covariance improves with
larger length increments, the quasi-linear distribution has those increments. It will
be chosen to perform the experimental validation of the methods. The choice of this
strategy, spreading resonances over frequency, allows better results as a procedure is

used.
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Figure 2.6: Histograms of f,, for different line length distributions.
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2.4.3 Results

To assess how overdetermination affects random errors, the experiment shown in
Section has been repeated using seven lines instead of two. To choose the line
lengths, the three distributions set out in Fig. [2.6{ were used. The minimum (ly) and
maximum (ly) line lengths are set to 10 and 35 mm, respectively. All line lengths are
depicted in Table 2.1}

Table 2.1: Line lengths using different cutting strategies.

Length strategy li (mm) Iy (mm) I3 (mm) Igy (mm) 5 (mm) g (mm) 7 (mm)
Linear 10 14.16 18.33 22.50 26.66 30.83 35
Quasi-linear (¢ = 1.2) 10 12.91 16.69 20.88 25.37 30.09 35
Logarithmic 10 16.95 22.09 26.18 29.57 32.47 35
1 |
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Figure 2.7: Attenuation and phase constants variances obtained for ojg) = 0.1 dB and
the three proposed methods using a linear criteria (a), (b), quasi-linear criteria (c), (d)
and logarithmic criteria (e), (f).

Figures and [2.8 show the variances of the attenuation (¢7) and the phase (¢3)
constants respectively for the aforementioned length strategies and the three proposed
methods. In these figures, the standard deviations were set to realistic values of
o1s) = 0.1 dB and 045 = 5°, the same values used in Section in order to evaluate the

improvements produced by the overdetermination of the methods. As seen, increasing
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Figure 2.8: Attenuation and phase constants variances obtained for 0,5 = 5° and the
three proposed methods using a linear criteria (a), (b), quasi-linear criteria (c), (d) and
logarithmic criteria (e), (f).

the number of lines significantly reduces errors in the propagation constant. On the
one hand, the values of o2 and ag are less than the ones using 2 lines. On the other
hand, the resonant behavior has practically disappeared when the two non-linear length
strategies are employed. Using these strategies, the results of Methods 1 and 3 are
considerably improved and can be comparable to the ones of Method 2. Furthermore,

and as expected, quasi-linear and logarithmic strategies work similarly.

Regarding the length error, Fig. [2.9) shows the resultant variance of the propagation
constant after applying the proposed overdetermination of the methods to the afore-
mentioned seven lines. For this plot, the standard deviation of the length has been set
again oa; = 0.02 mm. The results are considerably better than the ones in Fig. 2.5
when the methods were applied to 2 lines. Furthermore, it is noteworthy that, again,
the linear distribution maintains a resonant behavior, whereas the quasi-linear and the

logarithmic ones work similarly.
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Figure 2.9: Attenuation (a) and phase constants (b) variances obtained for o5; = 0.02
mm and the three proposed methods.

2.5 End-launcher repeatability errors

2.5.1 Experiment description

To study how connector repeatability errors affect the proposed methods, the starting
point will be the initial diagram of this chapter, shown in Fig. In this scheme,
matrices [R4] and [Rp] include launcher effects, whereas [L;] includes each [TT] effects.
Measured matrix [M;] can be expressed as [M;] = [Ra|[L;][Rp]. All methods considered
assume that transitions and, therefore, matrices [R4] and [Rp| are the same in every
measurement. However, this fact is not entirely true since real connector repeatability
is not considered. For this reason, what is proposed is to analyze the standard deviation
of [R4] and [Rp] in a set of measurements. They can be considered as error boxes in
a[TRI calibration. For this purpose, a multiline [TRIJ kit [29,[42}|43] is manufactured
and measured to isolate the effects of the transitions in the whole frequency band of
interest. Substrate Rogers RO4350B, with 20 mil thickness, ¢ = 3.66, tand = 0.0031,
and 17.5 pm thick copper metallization was used, whereas the lines were ended with
1.85 mm Southwest 1892-03A-6 end launchers connectors (dielectric diameter of 39 mils,
pin diameter of 7 mils). As seen in [44], the frequency response of connectors slightly

deteriorates at higher frequencies, but the invariant nature of the methods allows the
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connectors to be used up to 67GHz. The microstrip line width was set to 1.095 mm,
to get a 50 Q characteristic impedance, Z,. Measurements were taken using the [VNAI

Agilent PNA-X (N5247A), between 0.01 and 67 GHz, the whole range of the available

mstrumentation.
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Figure 2.10: Standard deviation in magnitude (a) and phase (b) of transition S-
parameters obtained after measuring sixteen 1.85 mm connectors, using 1 and 4 different
connector Kkits.

The experiment was carried out in two ways. On the one hand, sixteen measurements
were taken for each port, always using the same connector kit, which is disconnected
and disassembled after every measurement to simply introduce actual random errors.
On the other hand, four different connectors were used in each port, taking four
measurements with each connector and disconnecting and disassembling them after each
measurement. Later, a de-embedding process was performed to obtain the error boxes
of each set of measurements. Finally, the standard deviation of these error boxes’ real
and imaginary parts was calculated and represented in terms of in-phase/quadrature
covariance-matrix [45]. Figure depicts the magnitude (o,,) and phase (o,) standard
deviations, calculated from the in-phase/quadrature covariance-matrix. As seen, the
standard deviation is higher when using different connectors, which will influence on
how the methods work, as the transitions are different. Furthermore, it is important
to evaluate the probability distribution of the estimated transition S-parameters. For

this purpose, what is proposed is to carry out an Anderson-Darling test that



26 2.5. End-launcher repeatability errors

validates whether the transition S-parameters follow a Gaussian distribution or not.
This hypothesis is valid for the distribution in magnitude and phase of all the obtained
transition parameters, both for a connector and for the joint distribution of different
connectors, at 5% significance level. In Fig. a probability plot of the transition Sy,
at 10.5 GHz, 33.5 GHz and 62.5 GHz is shown for two different connectors. As seen,
data fits a normal distribution. This result is significant, ensuring that the distribution

of errors is appropriate for the subsequent analysis.
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Figure 2.11: Probability plot of transitions Si» in magnitude and phase at 10.5 GHz
(a)(b), 33.5 GHz (c)(d) and 62.5 GHz (e)(f) using 1 and 2 different connectors.

2.5.2 Method susceptibility to repeatability errors in

transitions

The main objective is to study how several approaches traditionally used to obtain the
propagation constant behave with respect to connector repeatability. To carry out the
study, standard deviations plotted in Fig. [2.10| are the starting point of a Monte Carlo
simulation that takes [R4] and [Rp| as two random matrices, generated using a normal

distribution (hypothesis validated in the previous section) as

(6 —"_ O-msll)ejap311 (1 —"_ O-m512>€jap312

(2.31)

(1 T €97512 (8 + T )e37752
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Figure 2.12: Attenuation (a) and phase (b) constants and their standard deviation
obtained by using 1 and 4 connector kits through Method 2.

and then transforming it to T-parameters. The parameter ¢ is introduced to ensure
that Si; and Sy are non-zero terms in case the magnitude error is 0. A value of
9 = 0.0001 is used. The value of [R] T-parameters would not affect if there were no
errors since all the methods eliminate the effects of the transitions if they are the
same in each measurement. [L;] matrices are generated from an [EM] simulation using
ANSYS HFSS [47], considering two lines of lengths 11.31 and 52.59 mm, respectively,
without taking into account any error. Figure depicts the results of the
Monte Carlo simulation. In this case, and unlike random errors of the [VNA] the three
considered methods work in the same way concerning connector repeatability errors.
For this reason, only results of Method 2 are displayed, as they are similar to Methods
1 and 3, to simplify figures. As seen, results are considerably better when using just
one connector kit (red trace in Fig. for both lines instead of using different kits
(blue trace) for each line. As expected, the attenuation constant is significantly more
sensitive to repeatability errors than the phase constant. However, the phase constant

deteriorates considerably from 40 GHz to the limit of the considered frequency band.
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This fact is because it is obtained from equation

79+2n7r

B B (2.32)

which has infinite possible solutions. To get the correct one, it is necessary to unwrap
the phase, but when there are large random errors, the unwrap function can fail and take
the phase constant to another solution that is not physically correct. As shown in the
histograms of Fig. [2.12] the propagation constant obtained after applying the method
considering Gaussian errors continues having a Gaussian probability distribution. This
hypothesis has been validated through an Anderson-Darling test at 5% significance
level. In addition, there is a similarity between the standard deviation of [R] displayed
in Fig. and the one of the propagation constant (¢, and o3), showed in Fig.
(note that Y-axis is displayed logarithmically in this figure).

2.6 Real case method assessment by measurements

2.6.1 VNA and line lengths errors

The developed theory has been tested using circuital simulations in the previous sections.
A set of 7 lines made of Rogers RO4350B has been manufactured to validate the
procedure experimentally. This material, whose permittivity and dispersion are known
and given by the manufacturer [40], will be used to assess the methods’s performance.
This frequency-dependent permittivity is imported into the full-wave simulator ANSY'S
HFSS [47] to obtain a more realistic and accurate simulation that can be compared
with the experimental results. Considering that similar results are obtained when using
a quasi-linear or a logarithmic distribution, the first one (¢ = 1.2) has been chosen to
design the line lengths. These lengths are depicted in Table 2.1} S-parameters of the
seven lines are taken by using the VNA| Agilent PNA-X (N5247A), between 0.01 and 50
GHz. A photograph of the real measurement setup is shown in Fig. Figure [2.14]
depicts the simulated and measured results of the structure. The phase constant, [,
has been plotted in terms of effective relative permittivity, €, o, to reduce the range of
possible values and to make it easier to extract information from the graph. For this
purpose, the variance of the effective relative permittivity can be obtained from the

transformation )
2

a r,e
e ] (2.33)
w

op

2 2

O-Er,eff - B
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Figure 2.13: Photograph of microstrip lines and the measurement setup using Vector
Network Analyzer for S-parameters measurement.

The confidence intervals shown in Fig. have been calculated from Eqgs. and
(2.24). S-parameter magnitude and phase variances have been extracted from the [VNA]
datasheet [48]. In contrast, length variance has been chosen by taking ten measures of
the same line with a digital caliper and calculating the variance of these measurements,
being 03, = 0.02 mm. As it can be seen, the confidence intervals are discontinuous in
frequency. This is because the VNAl manual specifies S-parameter variances for different
frequency ranges, so shifts in confidence intervals are located in the frequency points in
which an interval change occurs in the [VNA] being more noticeable in the attenuation

constant.

As seen in Fig. both the 2-lines and the 7-lines results are within the confidence
intervals. The attenuation constant obtained by taking two lines shows the difference

between the three proposed methods quite well. Method 1 displays a resonant behavior
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Figure 2.14: Experimental results of the attenuation (a) and phase (b) constants using
the proposed methods with 2 and 7 lines, in comparison with electromagnetic simulation.

in more frequencies than the rest. However, these resonances are noisier in Method
3, whereas Method 2 is the most insensitive to errors. However, it is important to
mention that the overdetermination of the three methods eliminates most of the noise
and makes the measured attenuation constant quite similar to the one obtained through
[EM] simulation. The same reasoning can be applied to effective relative permittivity.
Specifically, in the lower frequencies, it is possible to see that both Method 1 and 3
are much noisier than Method 2. However, the methods are much more accurate for
estimating the phase constant. This is mainly because the phase variance of the [VNA]
is much smaller than the magnitude one. Despite this, the experimental results show
an excellent agreement with the simulated ones, which points out the use of this kind
of overdetermined methods to estimate the propagation constant. One of the points
to pay attention to is the propagation of higher-order modes, limiting the microstrip’
operational bandwidth. The cutoff frequencies of such modes can be found in [49].
These modes usually affect high permittivity substrates or very wide track widths. In

the case of the line used, the first mode that could be excited would be Transverse
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Microstrip Resonance, at 40 GHz. The rest are outside the measurement bandwidth.
However, given the results’ accuracy, there does not seem to be a problem of higher

modes in the characterized transmission line.

2.6.2 Connector repeatability errors

T

Figure 2.15: Photograph of four microstrip transmission lines and the measurement
setup using Vector Network Analyzer for S-parameters measurement. The picture shows
a pair of labeled connectors that are used through the measurement process.

To validate the analysis performed, the two lines simulated in the previous section
with lengths 11.31 and 52.59 mm are manufactured using Rogers 4350B to extract the
propagation constant. These lines are measured using the same [VNA] as in Section II,
between 0.01 and 67 GHz. At this point, it is essential to mention that measurements

were taken without any calibration of the [VNAI since the proposed methods do not
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require it to work properly [50]. A photograph of the measurement setup is shown
in Fig. 2.15 In a similar way as done above, sixteen measurements of each line have
been taken using the same pair of connectors, and another sixteen measures combining
four different connector kits. From these measurements, Method 2, which is the least
sensitive to the VNA’s random errors, has been applied to all the possible combinations
of lines, using 1 or 4 different connector kits for each line. Each connector is assembled
and disassembled before each measurement to emulate a real measurement process.
Results of the estimated propagation constant are depicted in Fig. [2.16| in terms of
attenuation and phase constants. Both the mean and the standard deviation of these
results have been represented. As seen, keeping the same pair of connectors reduces the
standard deviation of the estimated propagation constant considerably, as discussed
in the previous section. The measured propagation constants continue to fit a normal
distribution, as validated through an Anderson-Darling test at a 5% significance level.
Furthermore, it is noteworthy that the attenuation constant has less ripple and is more
accurate at higher frequencies when only one connector kit is used. Losses are one of
the main drawbacks of this kind of methods, and this can be a simple way of reducing

uncertainty in the estimation of o and g significantly.
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Figure 2.16: Mean of the estimated attenuation constant (a) and phase constant (b)
and their standard deviation obtained by using 1 and 4 connector kits through Method

2.
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2.7 Conclusion

In this chapter, we have studied how three different methods used for the experimental
characterization of the propagation constant of [TLg are affected by various sort of
random errors. Although it might be thought that these three methods work similarly,
it has been demonstrated that they have totally different behavior in the presence of
and line lengths random measurement errors. Specifically, the method based
on eigenvalues is the one that shows better tolerance to errors, while the other two
have resonant behaviors. For this reason, it is considered the best option to use an
eigenvalue-based method to calculate the propagation constant when only two-line
measurements are available. To reduce errors in the propagation constant, the proposed
overdetermination of the methods, based on a approximation, works better when
the number of lines is increased. Furthermore, resonant behavior can be eliminated by
using the proposed non-linear length selection criterion. If it is taken, all the methods
work in a similar way regarding random errors. Regarding connector repeatability
errors, all methods behave in the same way. It has been shown that using the same
connector kit instead of different ones in all the [TLg used for the characterization
of the propagation constant is an appropriate way to reduce the uncertainty of the
final estimation considerably. Finally, the developed analysis carried out has been
corroborated by comparing [EM| simulations with real uncalibrated measurements,
showing an excellent agreement between both attenuation and phase constants between
simulated and measured results up to 50 GHz. In addition, the experimental results
have shown that the behavior of the methods is different in the presence of errors and

that it is improved substantially when the proposed overdetermination is applied.

Furthermore, it has been checked that taking measurements with the same kit of
connectors reduces the standard deviation of both attenuation and phase constants.
Therefore, it corroborates the analysis proposed in this chapter. This fact is especially
relevant in estimating the attenuation constant, which is quite more sensitive to
measurement errors. It reduces its ripple drastically and is much more accurate

at higher frequencies if only one connector kit is used.






Chapter 3

Characterization of Structures Made

Using Additive Manufacturing

In this chapter, an optimized broadband method using multilayer [TLg to characterize
the dielectric permittivity and loss tangent of material samples is presented. For this
purpose, a microstrip line loaded with a piece of the selected dielectric to be characterized
is used. The propagation constant can be obtained from two-port measurements and
using different length lines. To minimize random errors and improve accuracy, an
overdetermination of the method that increases the number of lines measured, and a
criterion to choose the optimal line lengths is considered, as described in Chapter 2|
Firstly, the measurement method is applied to uncovered microstrip lines, and an
accurate substrate model is obtained. Secondly, the lines are covered with several
materials, made by Fused Deposition Modeling (EDM]) [AM] technique, such as [ABS]
Polylactic Acid (PLAI), [HIPS, Thermoplastic Polyurethane (TPUI), Copolyester (CPE),
FLEX, Polyethylene Terephthalate Glycol (PETG]) and Nylon. A model of the [TT]
considering the cover is developed, and an simulator is used to determine the cover
material electrical parameters indirectly. Results show excellent agreement with
simulations in the 0.01- to 67- GHz frequency band, so they assess the suitability of the

proposed material characterization.

3.1 Introduction

Nowadays, the number of materials and manufacturing techniques available on the

market is increasing rapidly. Concretely, technologies have become one of the

35
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most researched topics in many scientific fields. Their main advantages include the
low cost, the possibility of great customization, rapid prototyping, design flexibility, or
the possibility of combining materials. Specifically, in microwave area, several designs
have been proposed for different purposes [7,[51--54]. Mechanical properties are usually
available from manufacturers. However, despite the large number of materials available,
there is not much information about the [EMl properties of these materials. Furthermore,
the wide variety of manufacturers and materials available make it very necessary to
achieve characterization techniques as simple as possible to be accessible to all designers
who want to use this kind of materials. Manufacturers of [AM| materials from time to
time change the formulation of materials, or even different batches can produce different
properties. For those reasons and considering the advantages and growth of this
manufacturing technology, investigations on printed [EM| material properties have grown

in the last few years |10].

Over time, numerous papers have been proposed in the literature to characcterize
the propagation constant of planar [TLd They can be grouped mainly in two different
categories, as explained in Chapter [2] On the one hand, resonant methods have been
proposed for the characterization of printed materials [855]. On the other hand,
several broadband methods have been used in microwave |11} and millimeter bands [56]
to characterize printed materials. Another novel strategy for the characterization of
materials is the one proposed in [57], based on microstrip lines of variable width. It
is noteworthy that most of these methods need calibrated S-parameters. However,
the method used in this chapter does not require calibration because it is based on
mathematical invariants. Some other methods, for instance such as those based on
Nicolson-Ross-Wier method, do require calibration of the S-parameters to eliminate
systematic errors [26,58]. To increase the performance of measurement methods, the
overdetermination of samples needed is usually considered [29,/42,59], as previously

considered.

It is important to mention that materials under consideration in this chapter do not
replace conventional low loss materials, necessary especially at millimeter band as a
substrate, i.e. for microstrip antennas. However, these materials can be used to generate
structures in prototyping stages and final products or structural parts for supporting
devices as radars or sensors at microwave or millimeter-wave bands. The dielectric
parameters must be known accurately to be considered properly in [EM| simulators
before fabrication. These materials can also play a functional role as[ABS in [60,61] or

HIPS in [62]. Particularly, [HIPS] as a polystyrene variant, has demonstrated to be a
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candidate for millimeter-wave material. Other materials, such as [TPU] or FLEX, with
flexible mechanical properties, could be useful in the microwave band for wearable and
conformable circuitry. Although in certain areas [AM]is considered non-competitive in
comparison to conventional manufacturing techniques, specifications of the complete
system will mark the viability of the technology used. There are numerous works on
radiating elements and waveguides [62], but there are not so many investigations where
[TLs are the main focus [7]. The need to interconnect systems based on coaxial to
radiating elements requires the use of [TLd manufactured with the same technology of
those radiating elements. This is important in devices such as patch antennas. The [TT]
plays a fundamental role since it will interconnect the different parts of the circuit. The
problem is the combination of parts of dielectric and conductive materials. One of the
possibilities is to use inkjet technology for metallic materials. However, this technique is
strongly influenced by the conductivity of the resulting conductor, and it has not been
very studied yet. For this reason, a study on how conductivity influences the estimation

of the propagation constant is presented in Appendix [A]

In this chapter, a method to find [EMl properties of material samples, made by [AM]
[EDM] is proposed. It is based on two-port measurements of microstrip [TLsl For this
purpose, it is required the use of a two-port VNAlwith no need of calibration. Dissipation
factor and dielectric permittivity are determined in an extraordinary bandwidth, from
10 MHz up to the limit of the available VNAl 67 GHz. The broadband measurement
method is described in Section [3.2] Several line length differences are considered to
achieve better accuracy ousing the proposed methodology, and a previous microstrip
characterization is carried out. A material sample to be characterized is placed over
the microstrip line. The extraction of material parameters of a multilayer microstrip is
based on the one in [63]. This procedure is shown in Section Section includes
experimental and simulated results for the dielectric permittivity and the loss tangent

of the used material samples. Finally, conclusions are provided in Section [3.5

3.2 Broadband measurement method

3.2.1 Bianco and Parodi two lines method

The method addressed in this chapter is based on the one in [3], and was explained,
in part, in Chapter 2l Therefore, this subsection will briefly replicate the complete

process explained in the previous Chapter, just to facilitate a better understanding by
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Figure 3.1: (a) Measurement setup using two microstrip lines. (b) Signal-flow of the
model including error two-port circuits.

the reader. This method was then used in the estimation of the propagation constant
in [TRL calibration for six-port transmission measurements and [VNAS [28]/64--66]. The
measurement setup and the signal flow are depicted in Fig. (3.1l Firstly, it is necessary to
take the S-parameters of two [LUT] with different lengths. It is noteworthy that the error
two-port circuits R4 and Rp are the same throughout the whole set of measurements.
The S-parameters have to be transformed into T-parameters, called M; and Ms. These
matrices can be rewritten as My = R4L1Rp and My, = R,LsRp, being Ly and Lo
the transmission matrices of the lines excluding the effect provoked by the transitions
between the [[UT] and the ports, whose effects are considered in R4 and Rp respectively.

On the one hand, L; are diagonal matrices, given by

e+’Yli 0
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being L = L L, " and [; the length of the line i.

On the other hand, the transmission matrices can be combined as

M = M, M;' = RsL1Ly;'R,' = RaLR}". (3.2)

At this point, it is important to highlight that both M and L are similar matrices [32],

which means that their eigenvalues coincide and are given by
)\1 = 677Al, )\2 = €+'YAI, (33)

where Al = I, — ;. From (3.3)), the propagation constant can be obtained as an average

SN2 a4

of those eigenvalues as

Al 2

Considering Eq. , the use of calibrated or raw S-parameters does not affect the
results. The inclusion of a new two-port error box cascaded with R4 and Rz do not
affect similarity between the new M and L matrices. Therefore, it is not necessary to
eliminate systematic errors calibrating the [VNAl before the measurement of [TLg This
method proved to be the least affected by random errors, as explained in Chapter [2]

3.2.2 Problems due to the existence of multiple solutions

A problem associated with Eq. (3.4) is that the natural logarithm of a complex number
has an ambiguity when SAl > /2, and phase shifts appear. This is due to the infinite

solutions of this function, whose value is given by

In(z,) = In|z,| + j (arg(z,) + 27k) k=0,1,..., (3.5)

As it has infinite solutions, an infinite number of propagation constants can be
obtained from Eq. (3.4). To fix this problem, Eq. (3.4]) is solved using an iterative

technique such as Newton’s method to find the complex zero of

1 /A + A2\
Vi <—> = 0. (3.6)

Nevertheless, this has an inconvenience: to achieve a good method performance, it

is necessary to have good starting values, and it is not always possible to get the values
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that allow finding the correct solution. Starting from the solution of the propagation
constant at the lower frequency point, this value is used to initialize the second frequency
point and so to the last frequency points. This way, the iterative process starts from a

very close point to the correct solution.

3.2.3 Overdetermination of the method

Despite the problems associated with multiple solutions of Eq. , random errors
introduced during the measurements of the S-parameters must be taken into account.
Systematic errors could be removed by calibration, although it is not strictly necessary,
because port effects are being considered in , by assuming that they are going to
be the same in all the measurements. For this reason, all experiments performed in this

chapter have been carried out without calibration, i.e., using raw data from the VNA]

Random errors, however, affect all the measurements and are not predictable or
removable by calibration. They can be produced, in part, by the VNAl Nevertheless, the
most important sources of random errors in the proposed method are the repeatability
of the transitions and the estimation of the line lengths used. These errors mean that it
is not possible to determine the exact value of the propagation constant, so the objective

is to achieve the best estimation from the available measurements.

To improve the accuracy of the method, it is proposed to increase the number of
lines to be measured and use a approximation. Thereby, the effects produced by
random errors of measurements repeatability are minimized. The propagation constant

is obtained by solving the equation

1 N

min —
C!,ﬂ 2

2

; , (3.7)

(1/)\1 +)\2) . 6+7Al

n=1

where N is the number of possible combinations between all the k lines, taken two by
two. Increasing k is a good way to reduce uncertainty, but this increment should be
accompanied by different Al values, in order to achieve better results. Optimal line

lengths selection will be explained in the next section.

Finally, it should be borne in mind that attenuation and phase constants will have
very different order of magnitude. For this reason, errors in numerical optimization
will penalize @ much more than /. To avoid this, the transformation e, . = (¢3 /cu)2 is
applied in order to make both variables have the same order of magnitude, and Eq.
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is expressed as

N 2
o1 1/ A+ X
min — Z Yt etAl (3.8)
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Figure 3.2: Phase constants using different line combinations.

To demonstrate how the method works, Fig.|3.2| shows the phase constant obtained
from measurements of 7 lines with as top substrate. The measurement setup
will be explained in following sections, but what is important to note at this point is
that phase shifts [13,67] occur at higher frequencies as the differences in line lengths
are greater. From 4 lines, the bandwidth of the method reaches the measurement

bandwidth. Furthermore, random errors decrease as the number of lines increases.

3.2.4 Optimal line lengths

Random errors are inherent to any estimation problem based on measurements made
by real instruments. Considering Eq. , the attenuation and phase constants
are obtained from the measurement of different lengths Alg, and the uncalibrated
S-parameters measured using a[VNAl To minimize the effect of these random errors,
special care must be taken in connections repeatability, the similarity of connectors,

and line lengths measurement.

Overdetermination of the method proposed using more than two lines will help
minimize errors significantly. Apart from a very good statistical data processing and the
repeatability of the connections, some other considerations must be taken into account
to get reasonable estimations of the propagation constant. One of those is the choice
of the line lengths employed. For that reason, the idea raised in Section [2.4] will be
used to select the line lengths for material characterization, choosing a quasi-linear

criterion. The frequencies where the phase difference of measured Ss; is zero can be
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easily obtained as

= , n=1,23.. . 3.9
fn (lb - la)\/gr,eff ( )
70 r
w qg=1 qg=12
v Alg | a1
Als N
e
g o Al
= Als NG
l(q) All AZYI)
70
I [; (mm) Iy
(a)
q=1
8 20 -
£
s 10 i
L"'GO r.nlL"n ‘n”ﬂn. ‘nnﬂ”‘n i
0 10 20 30 40 50 60
q=1.2
8 20 1
3
s 10 1
=
0 RSP PR  Sg |  PSY [ NO O, O g  P  eeny
0 10 20 30 40 50 60
Frequency [GHZz]
(b)

Figure 3.3: (a) Quasi-linear lengths of lines under test. (b) Histograms of f,, for different
values of factor q.

Figure shows the difference in the increment Al;; for different strategies. Fig-
ure (b) compares histograms of the aggregation of frequencies where the phase

difference between measured S5; appears. For ¢ = 1.2 the distribution is homogeneous

through the frequency band.
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3.2.5 Microstrip characterization

Once the method has been presented, it is evaluated through experimental validation and
simulation. For this, 7 microstrip lines are manufactured over Rogers 4350B LoPro
substrate, with 30 mil thickness, e, = 3.66, tand = 0.0031, and 17.5 pum thick copper
metallization. The line lengths, shown in Fig. caption, are calculated following the
procedure explained in the previous section. The line width is set to 1.65 mm, in order

to get a 50 () characteristic impedance.

The characterization method consists of measuring the S-parameters of the 7 lines.
Later, Eq. is applied, in order to obtain o and &, ¢, from which the estimated
nominal €, of the substrate, including dispersion, is extracted using the Kirschning and
Jansen model [68]. Finally, the obtained ¢, is imported into the commercial full-wave
finite-element [EM| simulator ANSYS HFSS [47], and one of the seven microstrip lines is
simulated, getting its propagation constant. The whole process is summarized in the
flowchart of Fig. [3.5]

Figure [3.4 shows the measured and simulated effective permittivity and the atten-
uation constant obtained applying the method to the set of 7 lines. In addition, the
information about the substrate dispersion given by the material manufacturer [40]
up to 50 GHz is also depicted. As seen, there is an excellent agreement between
the measured effective relative permittivity and the one obtained by simulation using
manufacturer data. In this sense, it must be highlighted that the relative permittivity,
obtained from the one in Fig.|3.4(b) using the Kirschning and Jansen model and plotted
in Fig. M(c), is quite similar to the one given by Rogers, showing how good is the
proposed method for estimating this parameter. For this reason, the obtained &, of the
Rogers 4350B LoPro substrate will be used in the next section for the simulation of
the proposed structure to characterize more precisely the material samples, including
lower substrate dispersion. Regarding losses, the disagreement (50 - 67 GHz) is because
the lines were fabricated in the lab using an LPKF Protomat S103 machine, making
the fabrication not as accurate as those of the lines in Chapter [2| (see the estimated
propagation constant in Fig. . In addition, 2.4 mm connectors were used, for which

the manufacturer only guarantees their response up to 50 GHz.
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Figure 3.4: Experimental results of the propagation constant using the proposed method
with 7 line lengths compared to electromagnetic simulation results. The line lengths are
2, 2.69, 3.60, 4.61, 5.68, 6.82 and 8 cm. (a) Attenuation constant. (b) Relative effective
permittivity. (c¢) Estimated substrate permittivity.

3.3 Estimation of material parameters

The setup proposed for estimating dielectric parameters consists of a microstrip line

loaded with a dielectric overlay made of the material that will be characterized. The
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Measure the
S-parameters
of the 7 lines

Transform them
to T-parameters
and estimate «

and e, o via (3.8

Extract the nomi-
nal &,, using

Import &, into
a simulator

Simulate a microstrip
line and obtain its
propagation constant

Figure 3.5: Flowchart of the lower substrate characterization.

measurement scheme is shown in Fig. As shown, microstrip dielectric has a known
permittivity €,1, estimated in the previous section, and a height h;, whereas the overlay

has an unknown permittivity €,9, and a height hs.
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Figure 3.6: Covered microstrip lines using nylon screws for layer bonding.
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The procedure consists of determining the propagation constant of the loaded
microstrip and then extracting the attenuation and phase constant of the dielectric
overlay. Several numerical models have been proposed to estimate the effective relative
permittivity of this structure, highlighting [63,69]. Both models are based on numerical

methods and come from [70].

The problem with these methods is that the estimated relative permittivity is
calculated using a quasi-static model. For that reason, they do not consider the
material’s own dispersion. As seen in Fig. [3.4] relative permittivity has a slight
downward trend with frequency, and this trend will also appear in printing materials.
For that reason, a mathematical model that characterizes this decreasing curve between
the minimum and the maximum frequencies that our allows us to measure will

be raised. This simple curve model will be defined as

i—1\" .
E‘:ri:51“1_(51“67_51"1) <N—1> aZ:17Na (310)
where £,7 and e,47 are the estimated relative permittivity at 1 GHz and 67 GHz
respectively, and p is a quasi-linear factor. This value can be p = 1 for a linear model,
p = 2 for a quadratic model or a value between these values, that will suppose a
quasi-linear model. After comparing measurements and simulations, the value p = 1.5

shows that minimal differences are achieved, and, therefore, it is selected for this model.

3.3.1 Losses consideration

To determine tanéd or «, the process will consist of two parts. On the one hand, it will
be necessary to determine losses in conductors. For this process, the analytical model
presented in [70] and improved in [71], which includes the effect of surface roughness, will
be used. The surface roughness of conductors causes that losses are slightly increased.
If this effect were not considered, the estimated loss tangent of the upper substrate
would be higher. To verify this, some simulations have been carried out. Figure
shows the difference in the estimated attenuation constant with and without surface
roughness, using as a superior substrate. As seen, surface roughness increases
the slope of the estimated a. Once these losses have been considered, it is necessary
to determine losses in dielectrics. This process is based on finding the tan ., of both
dielectrics [72]. From it, knowing the loss tangent of the lower substrate tandy, it is

possible to obtain the loss tangent of the upper substrate tan ;. This method provides
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an exact value of the loss tangent for the upper substrate. In addition, it allows us to
distinguish between values whose tangent of losses is similar. For example, Fig. |3.8
shows the attenuation constant of three structures. The first one has a loss tangent
of 0.001; the second one has 0.004, and the third one has 0.01. As seen, the slope of
the attenuation constant is different. As the value of the loss tangent decreases, it will

be more difficult to differentiate the values, but the method provides a fairly accurate

value.
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Figure 3.7: Simulated results of the attenuation constant obtained from the proposed
method with 7 line lengths using [HIPSl as top substrate with and without metal surface
roughness in the bottom substrate.
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Figure 3.8: Simulated results of the attenuation constant obtained from the proposed
method with 7 line lengths using three different tan d,.

3.4 Results

To validate the developed method, a sample of RO4350B has been made to use it as
top substrate. As it is a material whose permittivity is known, it will be used to assess
the method’s performance. In addition, pieces of [HIPS| 2 different [ABS], [TPUl [CPE]
NYLON, FLEX, [PLAl and [PETG] materials have been manufactured and measured.

In the printing process, a 100% infill has been used to estimate the pure material
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characteristics. If a smaller infill had been used, lower permittivities and losses would
have been obtained because there would be air inside the substrate. However, at
this point, it is important to remark that not all printers manufacture in the same way
or follow the same patterns a 100% infill, and probably there will always be a small
amount of air between the sheets of the substrate. For that reason, printer and printing

setup should be specified when characterizing materials.

Figure 3.9: Photograph of microstrip lines covered by orange [ABS|and the measurement
setup using Vector Network Analyzer for S-parameters measurement.

A photograph of the manufactured structure is shown in Fig. In that Figure, it
is possible to see the uncalibrated measured data on the VNA] screen. The junction
between the substrate and the manufactured piece is made with screws. To ensure the
repeatability of the transitions and minimize errors in cable movement, the same two
connectors were used for measuring all the lines, changing them for each measurement.
Furthermore, a torque wrench was used to ensure that all connectors were equally tight,
and a visual inspection with a microscope was made before each measurement, to ensure
a correct positioning and contact. Lastly, a rigid plate was placed under the substrate

to ensure that it remains utterly straight during every measurement.

The microstrip line, as well as the line lengths, are the same than the ones used
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during the microstrip characterization in Section [3.2.5. S-parameters of the seven
lines are taken by using the VNA] Agilent PNA-X (N5247A), between 0.01 and 67
GHz. Using the simulator ANSYS HFSS [47], a structure as shown in Fig. 3.6 has
been simulated for every material. A 0.4 pum surface roughness [73], considering the
Groisse model [74], has been used for the simulations. The heights of the substrates are
h1 = 0.762 mm and hy = 3 mm, respectively. The gap between the substrates will cause
the obtained relative permittivity to vary slightly. For this reason, some simulations
have been carried out to assess this variation, using the maximum gap, which is the
height of the metallization (17 pm), and the minimum gap (0 pm). The results of these
simulations are depicted in Fig. [3.10} As seen, the gap works as a bias in the relative
permittivity. However, the maximum difference between ¢,5 values obtained with the
gaps mentioned above is 0.35%, which means that the error made by the separation

between substrates is enough to be negligible in this study.
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Figure 3.10: Simulated results of the effective relative permittivity obtained from the
proposed method with 7 line lengths using HIPS as top substrate and two different
gaps between substrates.

The dielectric permittivity of the Rogers 4350B LoPro lower substrate, used in
the simulation (£,1) is the one shown in Fig. [3.4](c), that was calculated by using the
proposed method. The dielectric permittivity of the printed material (e,9) for the
simulation is calculated from the measured results, considering the dispersion model
raised in Eq. . Specifically, the values of ¢, of the Rogers top substrate and the
material samples at 1, 10, 25 and 67 GHz, as well as the tan d used for the simulations
and the attenuation constant at 1 GHz for a plane wave are depicted in Table As
seen, results for the Rogers material are quite near to the one given by the manufacturer,
shown in Fig. 3.4)c). Small differences that are less than 1%, are probably due to the
small gap between both substrates or permittivity temperature dependence. Regarding
printed materials, results are also similar to those found in other works [75--77], even

considering that printing materials are not completely pure materials. Despite the



50 3.4. Results

variety of the materials studied, they all show a relative permittivity between 2.45 and
2.95. These values are similar because the printed samples are all plastic materials
manufactured with the same manufacturing process. However, there are significant
differences in terms of loss tangent, which makes some materials clearly candidates for
use for microwave circuits (i.e., [HIPS| or [ABS]), while others are not as suitable (i.e.,
flexible materials such as [TPU or FLEX).

Table 3.1: Comparison between the analyzed materials.

Material |e,@Q1 GHz €,@Q10 £,@25 £,@Q67 | tand «@1 [dB/m] A Ay
Rogers 4350B|  3.63 3.61 3.59 3.57 [0.0039 0.67 12.1 x 1073 6.4 x 1073
HIPS] 2.45 243 242 2.4 [0.004 0.57 52x 1073 3.2x 1073
2.67 2.65 2.63 2.61 |0.009 1.34 6.9 x 1072 2.1 x 1073
TPU] 2.67 2.64 2.61 2.57 0.032 4.75 16.7 x 1073 6.4 x 1073
2.8 278 277 2.75 |0.013 1.98 49x 1072 2.2x 1073
NYLON 2.95 294 292 2091 [0.019 2.97 11.6 x 1073 5.6 x 1073
[ABSD 2.7 2.68 2.66 2.63 |0.009 1.35 6.9x 1073 2.1 x 1073
FLEX 2.65 2.63 261 2.58 |0.036 5.33 5.2x 1072 3.2 x 1073
[PLA] 2.5 248 2.46 2.43 [0.013 1.87 5.3x 1072 2.4 x 1073
PETGI 2.85 2.83 2.80 2.77 |0.022 3.38 72x1073 3.1 x 1073

To guarantee the repeatability of the process, the printing setup, including the
manufacturer of each material, the printer used, the filament size, the infill, the extrusion
temperature, and the bed temperature, are shown in Table [3.2] The path of the nozzle
was set to “grid”, which lets the printer choose the best way to minimize manufacturing
time. To validate the performance of the dispersion model in Eq. , the figure of

merit A is defined as

° (3.11)

sim. meas.

Er,effi o gr,eﬁi

1 N

where N is the number of points of the measurement and simulation. This figure of

merit can be used as an estimator of the error in €, .¢¢. In Table , A is obtained by
using a simulation where dispersion is not considered, while A, is obtained by using
the raised dispersion model. As seen, lower differences between measurements and

simulations are achieved by using the developed model.

Figures |3.11] and show the measured and simulated propagation constants in
terms of attenuation constant and effective dielectric permittivity of the structure used
for characcterization. For simplicity, considering that both pieces of have similar
results, only the one made by Ultimaker 3 has been depicted. As seen, an excellent
agreement between measurements and simulation is achieved, highlighting the excellent

accuracy in the phase constant and a good estimation of the loss tangent. Uncertainty
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Table 3.2: Printing setup of each material.

Material| Manufacturer Printer  |Filament Size (mm) Infill (%) |Extrusion temperature (°C) Bed temperature (°C)
HIPS] Orbi-Tech Ultimaker 3 2.85 100 235 100
[ABSF Ultimaker Ultimaker 3 2.85 100 250 90
[TPU] Ultimaker Ultimaker 3 2.85 100 225 70
CPE] Ultimaker Ultimaker 3 2.85 100 245 75
NYLON Ultimaker Ultimaker 3 2.85 100 240 70
[ABSP* |Smartmaterials3D Prusa i3 MK3 1.75 100 240 100
FLEX |Smartmaterials3D Prusa i3 MK3 1.75 100 240 50
[PLA] |Smartmaterials3D Prusa i3 MK3 1.75 100 215 50
[PETGI [Smartmaterials3D Prusa i3 MK3 1.75 100 235 75

[ABSF and [ABSR*: These materials were manufactured with the printer
fully covered to avoid air flows that could cause delaminations.

in the measurement of the attenuation constant at high frequencies is due to the high
values of the phase constant. Therefore, the errors are located in the attenuation

constant, whose order of magnitude is much smaller.

Losses play a crucial role in designing structures for high-frequency applications.
Although these methods are not suitable for loss characterization, the proposed overes-
timation and the technique to select the most appropriate line lengths allow to obtain
coherent results up to 40 GHz, where fluctuations of the attenuation constant limit the
available frequency range of this method. However, this frequency range is quite wider,
and the obtained attenuation constant is more accurate than others in the state-of-
the-art [5]. As it can be seen in Table , [HIPS| has a low loss tangent, tand = 0.005,
and a low relative permittivity, €, = 2.45, if it is compared to the rest of substrates
under test in this chapter. is used in numerous applications because of its easy
processing, performance, and low cost [78]. The values of parameters estimated in this
chapter strongly agree with published data by manufacturers [79]. This fact makes

[HIPS| an excellent material to build support structures for circuits and antennas [62].

3.5 Conclusion

In this chapter, a simple technique to determine the broadband characteristics
of material samples has been developed. It is very useful because of its simplicity
and can be applied to both microstrip lines and lines covered with printing materials.
No calibration is needed, and just the repeatability of the transitions will strongly
influence the results. Furthermore, the method allows obtaining very accurate results
in attenuation constant and effective dielectric permittivity by using only a few lines,
whose lengths are optimized to minimize errors provoked by resonances. The achieved

results show an excellent agreement between measurements and simulations, which is
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Figure 3.11: Experimental results of the propagation constant using the proposed
method with 7 line lengths in comparison with electromagnetic simulation results using:
(a),(b) HIPS, (c),(d) ABS, (e),(f) TPU, (g),(h) CPE.

the reason why the proposed procedure can be considered a good alternative to those
found on the state-of-the-art, due to its simplicity and the accuracy of the obtained
results. [HIPS| has demonstrated low losses and can be established as a candidate for

fabrication of [EM| structures due to its loss tangent close to 0.004 up to 67 GHz.

The proposed method can be used for any problem with [TLg or waveguides. Despite
having used an indirect characterization process in this chapter based on the measu-

rement of the S-parameters of a multilayer structure, it has been possible to achieve
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Figure 3.12: Experimental results of the propagation constant using the proposed
method with 7 line lengths in comparison with electromagnetic simulation results using:
(i),(j) NYLON, (k),(I) FLEX, (m),(n) PLA, (o),(p) PETG.

models that include the substrate’s dispersion or metal surface roughness. However, it
is important to mention that one must be careful with the gap between both substrates
to ensure that the error made is very small in the relative permittivity obtained. In ad-
dition, it must be considered that the characterization carried out will take into account
the characteristics of the printed material as it is, with its infill, its possible printing
defects, or its manufacturing temperatures. Therefore, if any of these parameters is

changed, it would be convenient to carry out a new characterization.






Chapter 4

Characterization of Multiconductor

Transmission Lines

This chapter presents a broadband method to characterize the even and odd mode
propagation constants of symmetrical microstrip coupled lines using four-port pure-
mode differential and common mode S-Parameters. From these 4-port measurements,
parameters corresponding to the even and odd modes can be extracted using mixed-mode
S-parameter matrices. Differential and common mode sub-matrices will be considered as
an equivalent 2-port [TT] to which the proposed method will be applied to extract their
propagation constants of even and odd modes. A discussion is included on ensuring the
correct excitation of the modes in the structure and avoiding possible unwanted effects
such as radiation, that negatively affects the results. To validate the theory presented,
several sets of seven lines are manufactured. The measured results show an excellent
agreement, both with simulations and with the analytical model used, which verifies
the correct functioning of the method. In addition, the measurements are presented in
the range 0.01-67 GHz, which represents a significant advance in bandwidth for this

type of structures.

4.1 Introduction

Characterization techniques for symmetrical coupled [TLg have been a topic of active
research for years since the use of differential circuits is notably increasing in microwave
technology. This particular case of [MTT] is widely used for several applications in

the microwave and millimeter-wave frequency bands where devices such as filters [20],

55
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power dividers , and directional couplers are extensively used. The knowledge
of the actual propagation constant of quasi-Transverse Electromagnetic (TEMI) modes
is of great relevance, specially for broadband applications, as well as the difference in
phase velocities, and therefore, dispersion characteristics of modes propagating in the

structure limit remarkably the operational bandwidth of the device.

In a pair of symmetrical coupled [TLs as depicted in Fig. [4.1] the propagation mode
is a combination of the odd and even modes . Several methodologies have been
proposed in the literature to characterize their propagation constants. On the one hand,
resonant methods , look to force resonances in the structure, and it is possible
to obtain a fairly accurate value of the propagation constant. Their main drawback is
that they only offer a solution in a limited number of frequencies. On the other hand,
broadband methods , allow estimating, ideally, a solution that covers the entire
frequency sweep of the VNA]l However, their main inconvenience is the lack of accuracy
when estimating the attenuation constant of low-loss transmission media. Extensive

discussions for single mode transmission media have been done in Chapters [2] and [3

H-wall E-wall

Figure 4.1: Field configuration of coupled lines even (a) and odd (b) modes.

The characterization of differential devices can be performed using a four-port [VNAL
In this case, two generators are used to provide differential and common mode excitation
to the device under test. It is well known that this characterization is necessary for
active devices due to non-linearity possible behavior. Meanwhile, for passive devices,
a conventional four-port [VNAlis enough using the mixed-mode transformation [36].
However, in passive devices, conversion mode sub-matrices uncertainties are reduced
using a pure-mode [87). From pure-mode S-parameters, in [8§] it was proposed to
characterize coupled microstrip lines from the [TT] approach model in . Regarding
calibration, in , a multimode [TRI] calibration, based on generalized reverse cascade
matrices, was presented. In [90], multimode [TRI] calibration was applied for the

characterization of homogeneous differential discontinuities.
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This chapter deeply studies a method for accurate modeling of lossy coupled [TLg over
a very broad frequency band. The studied method pays special attention to the accurate
characterization of attenuation constant, known as the most problematic parameter
to determine using broadband methods. The procedure for measuring differential
S-parameters, using a pure-mode [VNA] as well as the separation of parameters of the
even and odd modes are explained in Section Section shows the process to apply
the method to each of the even and odd mode matrices to extract the propagation
constant. In Section [4.4] it is discussed how the excitation of the modes influences
the correct operation of the method. Section [4.5|includes the analytical, simulated,
and measured results of the performed experiment to validate the presented theory.

Conclusions are given in Section [4.6]

4.2 S-parameters of symmetrical coupled lines

A pair of microstrip coupled [TLg deals with two independent propagation modes: the
even and odd modes, as mentioned above.. A diagram of the field configuration of
these modes is shown in Fig. f.1] Their characteristic impedances, Z,, and Z,_, can be
calculated analytically from the line parameters following the Kirschning and Jansen
model [91]. From these characteristic impedances, the S-parameters of each mode can

be computed as

(2% — Z2) sinh (7,l)

Si1, = S, = :

Ho T T 9 70 Zy, cosh (Y1) + (23 + Z2) sinh (7,l)
S g — YAVAR

120 7 e 220Zp, cosh () + (22 + Z3) sinh (y,l)’ (41)

(2 - 23) s () '
S11, = Sa2, = 5 N ;
2707y, cosh (7el) + (22 + Z3) sinh (7.l)
2707,

S12, = Sa1 —

© T 27207, cosh (vel) + (72 + Z3) sinh (7.)’

being 7, and v, the propagation constant of even and odd modes respectively, and
Zy, the impedance of each port. However, these S-parameters can not be measured
independently. Instead, what is measured is a combination of both since they are

simultaneously propagated.
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Figure 4.2: Diagram of the mixed-mode S-parameters measurement.

4.2.1 Differential S-parameters

In order to measure the S-parameters of each mode, from which its propagation constant
is going to be estimated, mixed-mode S-parameters can be used. D. Bockelman and
W. Eisenstadt introduced them in 1995 [92] to model differential circuits and devices.
Using these parameters, it is possible to characterize more precisely the behavior of the
common and differential modes of this type of devices [87]. They start from a single-
ended measurement of a four-port device ([Sse]), which they transform into an equivalent
device with two ports that include both the differential and common modes ([Sym])-
Figure [4.2| shows a diagram of the operation of mixed-mode S-parameter measurement,
where the four single-ended ports are considered as two ports, propagating differential

and common modes independently.

The single-ended S-parameters are given by

by St Sz Sz Su a
by So1 Sao 523 Soa az

= . , (4.2)
b3 S31 Sso Ssz Ssa as
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whereas the mixed-mode ones are given by

b, Sadyy  Sdds  S114, Stz ai,
ba, Sddyy  Sddyy  S214, 5224, as,
= : (4.3)
bcl SCdll SCd22 Sl lee Sl2cc alc
bCQ SCdQl SCdQQ SZlcc 52200 a2c

The matrix in (4.3) can be viewed as four sub-matrices corresponding to pure differential
mode (Sgq), pure common mode (S..), and the sub-matrices Sg. and S.4, representing
the transfer of energy between the differential and common modes. Sg. and S.4 are
usually named cross-mode matrices. Matrices and can be related using [92]

[Sim] = [M][Sse][M] ", (4.4)
being
1 =10 0
[M}:L 0 0 1 -1 (45)
V211 1 0 o0
0 0 1 1

In a way, coupled lines work as differential devices, in which the odd mode corresponds
to a differential excitation, whereas the even mode to a common one, as depicted in
Fig. 4.1 However, this assumption would only be entirely true if both modes had an
impedance of 50 €. Taking into account the different impedances of the even and odd

modes, the transformation to be performed is
[Sm] = (M) [See] + [Mo]]) ([M] + [M2][See]) (4.6)

where [M;] and [M,] can be calculated following the procedure described in [93|. If the
lines were uncoupled, the condition Zy = Z,, = Z, would be fulfilled and [Ms] = [0],

[M;] = [M], and therefore, Eq. (4.6 reduces to Eq. (4.4)).

The cross-mode parameters should be negligible in coupled lines, so Sjjq = Sijac =



60 4.3. Method proposal

0V7, j, and the sub-matrices can be decoupled as

ba Sadir Sdd12 Q14

= . , (4.7a)
baz Sad21 Sdd22 24
bcl _ Sccll Sccl2 ) A1c ‘ (47b)
bc2 Scch Scc22 A2c

These parameters will be the starting point of the proposed method for the estimation
of the propagation constant: will be used for the odd mode and for the
even one. Today’s VNA] allow measuring differential S-parameters directly, internally
carrying out the transformation proposed in Eq. , provided they have the option

to perform pure-mode measurements.

4.2.2 Pure-mode network analyzers

Pure-mode measurements were introduced in [94]. To perform them, it is necessary
the availability of a Pure-Mode Vector Network Analyzer (PMVNAI). For this type of
measurement, four physical ports must be used. The main idea is to generate the four
virtual ports shown in Fig. [£.2] (2 for the common mode and 2 for the differential mode).
For this purpose, it must be ensured that between physical ports 1 and 2 and ports 3
and 4, there is a phase difference of 0° and 180°. If this happens, the structure is being
excited in common or differential mode, respectively. From this excitation, it is possible
to obtain, directly from the the mixed-mode S-parameters matrix ([Sym]). It
is important to highlight the need for the to have two different signal generators
operating simultaneously. It was demonstrated that PMVNA] uncertainty is lower than
that of a traditional four-port when measuring differential devices [87].

4.3 Method proposal

The proposed method estimates the propagation constant of 2-port [TLg in broadband.
It is based on the one proposed by Bianco and Parodi in [3], and extensively described
previously. The key point to using it for coupled lines is to work independently with
odd and even mode matrices, previously separated, measured using a [PMVNAL The
procedure starts with the measurement of the S-parameters of two coupled lines of

different lengths. To concatenate parameters, a transformation to T-parameters is
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Figure 4.3: Cascade connection diagram of two-port circuits involved in the transmission
line T-parameters measurement using a Vector Network Analyzer.

performed. As seen in Fig. [1.3] these parameters ([K]) include both the effects of the
transitions ([7]) and those of the [Tl ([L]). In this way, K;, that will be different for
each propagation mode, can be expressed as K; = T4, L;Ts,. However, this expression
includes both the effects of transitions and the effect of the line. To solve this problem,
a mathematical transformation must be applied to eliminate the effect of transitions.
This is done by measuring lines of different lengths and using the mathematical concept
of invariants [32]. Since this concept was raised, there have been several mathematical
strategies to isolate the effect of the line from that of the transitions. On the one
hand, there are strategies based on the calculation of traces [22] or determinants [39)
of matrices. However, in [50] it was shown that the most efficient strategy was to use
methods based on eigenvalues since these are the least affected by random errors. For
this reason, an eigenvalue-based method will be used in this chapter. The starting point

is T-parameters matrices K; and K,. These matrices can be combined following
[K0J[K) ™" = [Tal[La][Lo) ™' [Ta] ™ (4.8)

This equation can be rewritten if matrices [K] and [L] are defined as [K] = [K]|[K3] ™
and [L] = [L1][Lz2]) 7", so (4.8)) can be expressed as

(K] = [Ta][L][T4) " (4.9)

Eq. (4.9) is a similarity transformation, so [K]| and [L] are similar matrices and,
therefore, their eigenvalues, determinants and traces coincide. Being v,. = ap e + j B0

and Al = ly — [y, matrix [L] is a diagonal matrix defined as

e+%,eAl 0

=" ] (4.10)
e o,e
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and its eigenvalues are \; = e™7<2 and \y = e 72!, These eigenvalues coincide with

those of matrix [K]. Therefore, the propagation constant -, . can be calculated using

1 (M
Yo,e = Al In ( 5 ) (411)

At this point, it is important to mention that if the obtained method were applied
to two-port lines, it would not be required to calibrate the since the effects of
transitions have been eliminated by introducing the concept of invariants. A deeper
discussion can be found in [50]. Although this way of obtaining the propagation constant
would be sufficient under ideal conditions, the truth is that the presence of random
errors due to manufacturing or the measurement system reduces the method’s accuracy.
That is why many authors have proposed increasing the number of lines to obtain
a more precise broadband characterization. In [50], it was shown that the standard
deviation of random errors decreases as the number of lines increases. To improve the
precision of the method, it is proposed to use a[LS fit, which is the maximum likelihood

estimator for a Gaussian distribution of random errors, solving the equation

N 2
1 A 41/ N

where N is the number of lines. The lengths of these lines can be calculated considering

a quasi-linear or logarithmic criterion, as explained in [50].

Regarding mixed-mode S-parameters measurement, the transformation carried out
in Eq. does not change the method behavior, since, like Eq. , both equations
are similarity transformations. To validate the operation of the proposed method in
an ideal case, two pairs of coupled lines, like the ones in Fig. [4.1 have been simulated
in the full-wave simulator ANSYS HFSS [47]. For this purpose, it has been used
Rogers 4350B substrate, with 20 mil thickness, ¢, = 3.66, tand = 0.0031, and 17.5
pm thick copper metallization. The line widths are set to 1.095 mm, to get a 50 2
characteristic impedance at interface ports, whereas the lengths are 10 and 35 mm,
respectively. Two types of simulations have been carried out. On the one hand, a
modal simulation has been used, from which the constant propagation of even and
odd modes in the ports of the structure is obtained. On the other hand, a terminal
simulation has been carried out in which the 4-port S-parameter matrix of the structure
([Sse]) is obtained. The transformation to differential S-parameters is applied to this

matrix, obtaining the matrices of the even and odd modes, to which the proposed
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method is applied. Figure [4.4] shows the results of both simulations. For ease of view,
the phase constant is represented in terms of effective relative permittivity, using the
transformation €, .f7, . = (¢f,¢/w)?. As seen, both the simulated propagation constants
and the ones obtained from the proposed method clearly coincide. The small differences
in the attenuation constant at high frequencies are due to the port size in the simulation,

being too large for those frequencies.
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Figure 4.4: Attenuation constant (a) and effective relative permittivity (b) obtained
from simulation and using the proposed method.

Results show the method’s validity to obtain the propagation constant of both
modes. The problem arises when trying to validate the method experimentally. It is
necessary to place connectors at the end of the lines. These connectors do not fit in
the configuration of two coupled lines, so it will be essential to look for a configuration
based on bends that makes it possible to feed the lines. A deeper discussion will be

presented in the next section.
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4.4 Modes excitation

(b)

Figure 4.5: Configuration of coupled lines using 90° (a) and 30° (b) bends.

To place the connectors at the edges, it is necessary to get enough space, so they fit
in the structure. For that reason, bends are used to adequately separate connectors.
First, a simple structure with two 90° mitered bends for each port is proposed, as shown
in Fig. 4.5(a). As all the access lines are the same, it is guaranteed that coupled lines
will have a differential or common mode feed. However, for PMVNA] measurements, it
is necessary to use a Short-Open-Load-Through ([SOLT]) calibration that compensates
the differences between the ports to ensure that ports can have differential or
common mode feeds. This is the main difference in comparison to when the proposed
method is applied for single mode 2-port [TLs The main problem associated with bends

is radiation losses [95]. These losses are especially significant when the angle of the
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bends increases [96] and at high frequencies when the length of lines between bends is
comparable with guided wavelength. For this reason, an additional configuration with
only a 30° bend is proposed and depicted in Fig. [4.5(b). 30° allows a proper connection
to the[VNA]l Lower values can be used, but 30° is a balance between admissible parasitic

effects and adequate connections with reasonable lengths in access microstrip lines.

Two figures of merit are proposed to compare how the two configurations can affect
the presented method, which are key to understanding how the method works. On
the one hand, the attenuation constant strongly depends on the absolute value of the

S-parameters [50]. To satisfy energy conservation, the equation

N
> 1Suml® <1 ¥m (4.13)

n=1

must be fulfilled for each line [97]. In this sense, considering that the structure is

reciprocal, and to evaluate radiation losses, indicator A can be defined as

A = [81,[” + |Sar, [* + [ S50, + |G, [ < 1. (4.14)

On the other hand, the phase constant depends on the phase difference of two lines

with different lengths. For this reason, the figure § can be defined as

(5 == 45312 - 45311. (415)

The two defined indicators will serve to evaluate how bends can affect the behavior
of the proposed method. Figure [4.6| shows A and ¢ indicators for the 2 lines simulated
in the previous section using 30° and 90° bends. As it can be seen, there is much greater
power loss due to radiation when using 90° bends. This irregular behavior will cause
the estimated attenuation constant to deteriorate rapidly. Bad results are expected
for o even at low frequencies (Fig. . In addition, for that configuration, the phase
difference does not have a linear behavior with frequency, so the phase constant will
not be correctly calculated at high frequency. Therefore, 30° bends configuration is

expected to make the method works better, as will be seen subsequent in measurements.
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Figure 4.6: A (a) and § (b) indicators using 90° and 30° bends and lines of 10 and 35
mm.

4.5 Assessment of the method

In order to assess the performance of the developed method, two experiments have
been carried out. The first one consisted of 7 lines, whose lengths were chosen taking
the quasi-linear (q=1.2) criteria [50] (10, 12.91, 16.69, 20.88, 25.37, 30.09, and 35 mm),
and using a 30 mils high substrate. The line width was set to 1.65 mm, and the gap
between lines to 0.2 mm. Initially, a structure with 90° bends was used, like the one
shown in Fig. [4.5(a). This structure was manufactured and measured using the
Agilent PNA-X (N5247A), between 0.01 and 67 GHz. Results are depicted in Fig. [4.7]
The analytical model used to compare with simulated and measured results is the one
proposed by Hammerstad and Jensen in [98]. Simulated results have been obtained
in the full-wave simulator ANSYS HFSS [47], using a modal simulation. The results
obtained after using the proposed method have the expected behavior. On the one

hand, attenuation constants give good results up to 30 GHz. From this frequency,
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Figure 4.7: Experimental results of the attenuation constants (a)(b) and effective
relative permittivities (c) using the proposed methods with 90° bends (Fig. [.5(a)), in
comparison with electromagnetic simulation and analytical model.

bends radiation provokes that a good estimation of attenuation constants at higher
frequencies cannot be obtained. On the other hand, the effective relative permittivity
obtained for both modes is very similar to that of the simulation and of the analytical
model up to approximately 35 GHz. From this frequency, where, as seen in Fig. [4.6] the

phase difference between lines is not linear, the method stop working properly and the
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estimated effective relative permittivity obtained for each mode is not correct, arising a

very high deviation in results.

Figure 4.8: Photograph of manufactured coupled lines and the measurement setup
using Vector Network Analyzer for Pure Mode S-parameters measurement.

As mentioned above, to improve the performance of the first experiment, a second
round of manufacturing, in which 30° bends are used, and the substrate is changed for
the 20 mils high one, is performed. The line lengths used were the same as in the first
experiment (between 10 and 35 mm), while the line width changed to 1.095 mm to
ensure a characteristic impedance, Zy, of 50 {2 in the access ports. In this case, lines
with gaps of 150, 300, and 500 pm were manufactured. The same as in the first
experiment was used for the measurement, obtaining the S-parameters in the pure-mode
configuration after a calibration. A photograph of the measurement setup is
shown in Fig. [4.8l Results are depicted in Figs. [4.9) [4.10| and [£.11] The analytical

and simulated models are the same as in the previous case. The differences between

these models in the attenuation constant are because the model proposed in is
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not valid for very tight couplings. As seen, the accuracy of the obtained attenuation
constant is greater, and the bandwidth of the method. Regarding the effective relative
permittivity, the results obtained are highly accurate, similar to those of the analytical
and simulated models. Excellent results for the phase constant have been obtained in
the full measured bandwidth. Using 30° bends allows a significantly better performance
of the method. The attenuation constant is very sensitive to measurement errors in
S-Parameters, and it deteriorates as the coupling coefficient increases. This is due to the
measured cross-mode matrices, whose values are not negligible when the gap between

lines decreases and frequency increases.

4.6 Conclusion

This chapter presents a method to obtain the even and odd modes propagation constant
of microstrip coupled lines from 4-port pure-mode S-parameters measurements. The
method uses the measures of different length coupled lines. It allows obtaining excellent
results, in comparison with the analytical and simulated models, in both the phase
and the attenuation constants over the entire measurement bandwidth (0.01-67 GHz).
Furthermore, the results of the attenuation constant significantly improve those obtained
using other methods proposed in the state-of-the-art. In this sense, a study has been
performed, showing that reducing the angle of the bends improves the excitation of
the modes since radiation is drastically reduced, causing the result of the attenuation
constant to be considerably enhanced and the bandwidth of the phase constant extended.
The experimental validation has served to assess the theory presented, showing very
accurate results throughout the entire bandwidth of the VNA] used. Therefore, it can
be concluded that, despite its simplicity, the presented method allows obtaining the

propagation constant quite accurately.
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Figure 4.9: Experimental results of the attenuation constants (a)(b) and effective
relative permittivities (c) using the proposed methods with 30° bends (Fig. [4.5(b)), for
g = 150 pm, in comparison with electromagnetic simulation and analytical model.
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Figure 4.10: Experimental results of the attenuation constants (a)(b) and effective
relative permittivities (c) using the proposed methods with 30° bends (Fig. [4.5(b)), for
g = 300 pm, in comparison with electromagnetic simulation and analytical model.
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Figure 4.11: Experimental results of the attenuation constants (a)(b) and effective
relative permittivities (c) using the proposed methods with 30° bends (Fig. [4.5(b)), for
= 500 pm, in comparison with electromagnetic simulation and analytical model.



Chapter 5

Multi-band Filter Design Using

Multiconductor Transmission Lines

The design of dual-band and multi-band [BPFY consisting of series short-circuited
wire-bonded [MTLs and shunt open stubs is thoroughly carried out in this chapter.
Three different configurations are studied, and closed-form analytical design equations
are derived to synthesize Chebyshev filtering functions. A novel, simplified and time-
saving synthesis procedure to design dual-band filters with narrow or moderate broad
bandwidths is finally presented, attending to the required final specifications and the
physical and manufacturing limitations. If the number of stubs increases, it is possible
to achieve multi-band bandpass responses. The usefulness and validity of the proposed
analytical equations are illustrated by designing, manufacturing, and measuring four
different prototypes, showing an excellent agreement between analytical and measured

results.

5.1 Introduction

Nowadays, the enormous growth of data traffic is promoting new solutions used to
transport this high amount of data. Different techniques, such as Multiple-input
Multiple-output systems, multicarrier, or carrier aggregation, are used to
satisfy this demand. Nevertheless, not only is signal processing important to achieve
high data rates, but also every part of the communication system can be enhanced. In the
[RE] domain, many improvements are utilized, such as the use of wider, double, or triple

band systems [99,/100]. In this sense, are one of the most essential components,

73
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and multi-band responses have become crucial in the design of [RE] circuits [101,[102].

The main issue of dual-band filters is that they must be designed and optimized for
diverse specifications and applications, which could need broad or narrow bandwidths,
large or small frequency ratios, and different in-band ripple factors or return losses.
Different topologies have been proposed to achieve these specifications. The most
straightforward ways of designing dual-band filters is by cascading two single-band
filters [103] or combining a wideband filter with a bandstop filter [104]. These methods
are the simplest, but they usually have insertion losses and circuit size problems. For
that reason, the main topologies proposed by researchers are based on the multimode
resonators. These filters can be implemented in different shapes and topologies, in-
cluding open-loop resonators [105}|106], ring resonators [107,/108], stepped-impedance
resonators [109,|110] or quadruple-mode resonators [111]. Furthermore, the coupling
between adjacent resonators is normally complicated, and there is a strong dependence
on full-wave simulations to characterize it. Therefore, the time spent in the design and
optimization process of filters based on resonators is usually large. Transmission or
coupled lines are also quite used in planar dual-band [BPFY both in single-layer [112//113]
as in multilayer technologies [114,115]. Under certain conditions, as proposed in this
chapter, it is possible to obtain analytical design expressions, even without the use
of [EM] simulators. Apart from that, mathematical transformations from single-band
to multi-band filters have been proposed to synthesize multifrequency responses from

single ones [116].

Sometimes, services and applications as [oT devices demand multifrequency bands
simultaneously. For that reason, researchers are also focused on how to achieve more
than two band elements, especially for communication systems, such as antennas [117],
amplifiers [118] or filters [119]. Concretely, and related to this chapter, many [RF] and
microwave applications need compact filters with low losses and multi-band operation.
In recent years, there is a research group that stands out for having proposed different
technologies to create multi-band responses, including filters based on Acoustic-Wave-
Lumped-Element-Resonators [120], Evanescent-Mode-Cavity-Resonators |121], and
differential [122] or split-type filters [123]. Coupled lines have been used traditionally in
many applications to develop filters with appropriate frequency responses. One of their
most important advantages is that, normally, an analytical model allows designers to
control the main parameters of the filters. When increasing the number of fingers in
[MTLs, a great variety of responses can be obtained because there is a greater range of

impedance and coupling factor values that can be achieved. This is only possible as the
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coupled lines are alternatively interconnected with wire-bondings to eliminate undesired
TEM modes inherent to multiconductor structures. In this sense, [MTLs have been
used successfully for synthesizing wide and Ultra Wide Band (UWDB]) differential [12] or
dual-band [BPFS [124].

In this chapter, two topologies of dual-band and a topology of multi-band planar
[BPFS based on series short-circuited [MTLd and shunt open stubs are proposed and
analyzed through analytical equations. Using the proposed architectures, dual-band or
multi-band filters with one or two poles in each band can be achieved. As one of the
main contributions, new design equations to synthesize filters with a Chebyshev-type
response employing a quick and reliable procedure are deduced. With this configuration,
filters parameters can be controlled by varying the even and odd mode impedances
and the electrical lengths of the and the stubs. Additionally, and to improve
out-of-band frequency response, wire-bondings have been added in the middle of the
[MTLs, whereas two spur-line filters are used to mitigate the first replica of the filter

frequency response.

This chapter is structured as follows. First, in Section [5.2.1] circuit analysis of
the first two presented topologies is carried out to characterize the behavior of both
topologies separately. Subsequently, dual-band filtering functions and a transformation
between frequency and electric length domains are presented in Section [5.2.2l By using
such transformations, a synthesis procedure and a complete set of analytical equations
for the design of Chebyshev-type dual-band filters are obtained in Section [5.2.3] A
design methodology, taking into account the limitations of the filter, is proposed in
Section In Section an additional configuration that allows obtaining multi-band
responses is proposed. Finally, in Section [5.5] experimental validation is carried out by
designing, fabricating, and measuring four filters, corroborating the developed theory

and techniques. Conclusions are given in the Section [5.6]

5.2 Analytical design procedure

In this section, the first two circuit topologies, shown in Fig. [5.1] have been analyzed.
The procedure used to analyze these circuits is similar to the one in [125-129]. Firstly,
the frequency response of the circuits is computed (i.e., the Sy; parameter). Then,
a proper filtering function for synthesizing dual-band [BPFY is obtained, and finally,
the circuit design parameters are determined by equating the transfer functions to the

filtering functions. Through this procedure, closed-form analytical design equations are
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obtained to design dual-band [BPES with known return losses and operating bandwidths.

5.2.1 Circuit analysis

MTL MTL MTL

o [o 9
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Figure 5.1: Layout of the proposed circuit for the analyzed dual-band bandpass filters:
(a) prototype I and (b) prototype II.

The proposed circuits (see Fig. are composed of series short-circuited [MTLs
and shunt open-circuited stubs. Two symmetrical prototypes are considered to design
first- and second-order dual-band [BPFs The analysis of both filters can be directly
carried out by using the equivalent circuit for a short-circuited [130], consisting
of a [Tl section and two shunt short-circuited stubs with characteristic impedances Zp,
and Z,.,, respectively. The equivalent circuit models based on [TL] for both prototypes
are depicted in Fig.[5.2] On the one hand, the characteristic impedances of the [MTT]
Zy, and Zg.,, are given by

; 2 B 2 Z 00 Ze (5.10)
O (k - 1)(Yoo - Yoe) N (k - 1)(Zoe - ZOO) '
(k—2)Z00\ c
Zgeo = Zoo | 1+ o222} =7 , 5.1b
‘ ( * Zoe + Zoo 0o 1-c ( )

where Z,, and Z,, denote the even- and odd-mode impedances of a pair of coupled
lines, and & is the number of conductors. 6, is the electrical length of a MTL] computed
as the arithmetic mean value of the even- and odd-mode electrical lengths, and c is

related to the maximum coupling coefficient of a k-lines quarter-wavelength four-port
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Figure 5.2: Equivalent circuit model for the proposed filters: (a) prototype I and (b)
prototype II.

coupler [131], which can be written as

C

Zue = o (1 B (k(k — 2220 Zs )_1 (5.2)

- Zoe + Zoo - 1)(Zoe + Zoo)2

On the other hand, the open-circuited stubs are defined by their characteristic impedance

Zy, and their electrical length 6.

To analyze these circuits, the even- and odd-mode analysis is employed. Once the
even- (Z;,,) and odd-mode (Z;,,) input impedances are calculated, the S-parameters of

the filters are determined as
ZineZinu - Zg ZO (Zine - Z'mo)

A ’ A (5.3)
A= Z§ + 2o (Zin, + Zin,) + Zin, Zin,,

S = So1 =
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being Z, the characteristic impedance used to terminate the input and output ports.

These expressions can be simplified because both, the wire-bonded [MTL] and the open

stubs, are chosen to be a quarter-wavelength long at the middle frequency (f,) of the

desired two passbands. Besides, assuming a propagation, it can be considered
that

6, =0 —0=09,1 -1

fo 2]

From , and after some algebraic transformations, the squared magnitude of Si;

(5.4)

and So; can be expressed as

- Prototype I

Sul = = g = (5.50)
S WD - L L 0

O tan* 0 + go tan? 0 + g

E 5.5b
! tan @ (1 + tan? 6’) ( )
1

K= 5m—re 5.5
"7 2632, 2, (5.5¢)
g1 = Zy, K (5.5d)
n= (ot 22, (1- ) K (550
go = —27,, (1 — 02) K (5.5f)

- Prototype 11
1S |* = Fir |9 |? = 1 (5.6a)
1+ Ff 1+ F%
patan 6 + potan? 6 + po
Fir = 5.6b
" tan® 6 (1/sin 6) (5.6b)
1

K= o577y 5.6
" 027,72 (5.6¢)
pa = Zg Ko (5.6d)
P2 = — (QZOGZObC + 23502 (1 — Zga)) K][ (566)
Po = Zgb (1-¢) Ky (5.6f)

where
Zoo = Zo. /%0, Zo, = 20,/ %0 (5.7)
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The frequency response of both structures is perfectly characterized by means of
and , and taking into account the form of F; and Fy;, designing dual-band [BPEd
with real transmission zeros at 0.=z 7 and z = 0,1,2,... is possible. These transmission
zeros are used to enhance both the isolation between two passbands and the rejection
level in the lower and upper stop-bands. The transmission zeros at 0,=27, 2=0,2,4,...
are inherent to the series [MTT], while the zeros at 0.=2%, 2=1,3,... are caused by the
open stubs. Moreover, because of the degree of the numerator of F; and Fjy is four,
both structures are, a priori, suitable to synthesize fourth-order dual-band bandpass
filters. By adding different electrical length stubs, it could be possible to obtain multi-
band bandpass responses, forcing zeros in the [MTT] passband. Notwithstanding, this
feasibility will depend on the physical realizability of the required values of Z,, Z,,

and ¢, which also conditions the operating bandwidths and the passband frequency

ratio. This configuration will be further explored in Section [5.5]

Therefore, at this point, it is important to highlight the advantages of using
instead of only a pair of coupled lines. The achievable values of Z;, and c as a function
of the line width W and spacing S for several numbers of conductors k£ are shown
in [12]. These curves were calculated using the Rogers 4350B substrate with a dielectric
constant of 3.66 and a thickness of 30 mils, used throughout this Ph.D. thesis. It is
straightforward to observe that by increasing the number of conductors, it is possible to
reduce the value of Z;, with higher coupling values (c), which can be directly translated
into wider bandwidths and higher frequency passbands ratios. This behavior will be

examined in Section [5.3

5.2.2 Dual-band filtering functions

Given the transfer functions of the two configurations analyzed 7 , it is necessary
to compute suitable filtering functions to synthesize the dual-band frequency responses
properly. These functions have to be symmetric concerning the middle design frequency
fo, with one or two transmission zeros at §=0y=m/2. Two procedures are explored to
calculate such filtering functions. The first one uses a classical low-pass Chebyshev
prototype [132,|133] with a dual-band frequency transformation (Fig. [5.3(a)) [116L/134],
while the latter makes use of a generalized Chebyshev prototype [135] with the well-
known Richard’s transformation (Fig. [5.3(b)) [127]. Nevertheless, it is important to
know the limitations or particularities of both methodologies. Using the first method, a

dual-band filter of order 2m will have m coincident transmission zeros in the middle
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of the two passbands (), while through the generalized Chebyshev prototype, the

number of zeros at 8y will be one or an odd number.
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Figure 5.3: Transformations from the normalized w-plane to the 6-plane using a (a)
conventional low-pass Chebyshev prototype or (b) a generalized Chebyshev polynomial.

As seen in Fig. the filtering functions in the normalized frequency w corresponds
to a conventional low-pass prototype (Fig. [5.3{(a)) or a filter with two pass bands
symmetrical respect to w=0 (Fig. [5.3(b)). 6y, 02, m-02 and 7-6; relate to the lower and
upper cut-off frequencies of the two pass bands with central frequencies given by 6y
and 0py (being pe=m-6y;). By considering the desired Fractional Bandwidth (FBWI]) of
the first band (FBWI]) and the central frequencies of the dual pass bands (fo1, fo2), the
required design parameters 6; and 5 are obtained as

Jor + fo2 Jo—fi  O:—0;

o=—%—, [BW= = :

J 2 Jor Oo1
T fo1
Oy =7/2, Oy =—="—"F
0 7T/ ) 01 2/, )
[EBWI EBWI
0y = O (I_T , 0y =00 1+T ;

and the frequency transformations can be calculated as

e Conventional low-pass Chebyshev prototype [132] to dual-band Bandpass filter
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(BPE)

w=atanf — bcot § (5.9a)
1 tan 0y tan 6
= = 5.9b
= fan 0y — tan 6’ tan fy — tan 6, ( )

e Generalized low-pass Chebyshev prototype [135] to dual-band [BPE]

-0 tan 6
=——  O0=tanf;, w; !
tan 6

(5.10)

w = )
tan 0

5.2.3 Synthesis of dual-band bandpass filters

Once the transfer functions of the structures analyzed have been derived in Section [5.2.1
and the low-pass to dual-band bandpass frequency transformations are known ({5.9)),
, the proper filtering functions are derived herein. Thus, the design parameters
Zv., Zo, and c can be easily calculated equating the transfer function of the circuits

(Fy, Frr) to the theoretical filtering functions (F),) as
GFH(Q) = FL][(Q), (511)

where € is the in-band ripple factor related to a given return loss Lg in decibels as [136]

€= S (5.12)

VI10ER/10 77

Prototype I

This prototype (Fig. [5.1(a)) has a polynomial F; of order four with one real transmission
zero at =m /2. Thus, its frequency response can be modeled by using the generalized
fourth-order Chebyshev function [135] and the Richard’s frequency transformation. The

transmission zeros of the Sy; are located in
tanf = 0,00; tanf = 47, (5.13)
which can be mapped to the normalized w frequency as (/5.10)

W =0, Wy =00, W4 ==Ej0==Ejtanb,. (5.14)
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To compute the filtering function in the w-plane, once the transmission zeros and the
specifications of the passbands (6; and 6s) are given, the recursive formulas derived
in [135] are employed. Subsequently, a filtering function for a fourth-order dual-band
[BPE] can be obtained. However, it can be demonstrated that, regardless of the values
of Zy,, Zy,, and ¢, it is not possible to obtain four real transmission poles. The roots of

the numerator of F; can be calculated by solving the quadratic equation
2 —
942" + gox + go = 0, (5.15)

with x=tan?#. However, because gq/g4 is always negative, one root of will be
positive whilst the other negative and, consequently, this structure is unsuitable for
generating four real poles. Nevertheless, under the condition Z,c=1, this topology can
be used to design second-order dual-band [BPFs. Imposing this relationship on (5.5)),

the new transfer function reduces to

_ gatan®6+ go 1
B tan 6 ’ = 2c2 7, (5.16)

92 =K1, go=-2Z, (1-%) K.

Fr

Note that this transfer function has only a transmission zero at §=m/2 and, thus, the
dual-band filtering function F}, can be obtained using the two frequency transformations
discussed in Section [5.2.2] It can be proved that both methods lead to the same result.
From a first-order Chebyshev polynomial in the w-plane (F,,=w), and after the frequency
mapping to the bandpass domain, the filtering function is given by

g tan® 0 + go
tan 6 (5.17)
gor = a,  gor = —b.

£ (0)

Equating (5.17) to (5.16)), the following relations between coefficients are obtained

Y (5.18)

g2 gat [
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that can be used to calculate the closed-form design equations as

- 1+ be
Zob = 2ae (519&)
1
= —— 5.19b
V14 be ( )
Zy, = 1/c. (5.19¢)

For this configuration, there is a single transmission pole in each passband, so that €
determines the return losses (Lg) at the cut-off frequencies (¢, and 6y). Mathematical

development of filtering functions for prototype I is described in Appendix [B]

Prototype II

This prototype (Fig. [5.1(b)) has two real transmission zeros at § = /2 and
it can be designed to generate four real poles. Therefore, the use of a conventional
second-order Chebyshev polynomial with the frequency transformation indicated in
(5.9) is used to obtain the required theoretical filtering function. If the generalized
Chebyshev low-pass prototype presented in [135] was used, it would be possible to
generate only an odd number of transmission zeros at the middle frequency of the
two passbands. However, with the second-order polynomial and the low-pass to dual
band-pass transformation , a filtering function with two real transmission zeros
can be generated. The second-order Chebyshev polynomial F,, = 2w? — 1 is mapped to

the #-plane as

_ Pu tan® @ + po, tan® 6 + py,

N tan® ¢ (5.20)
Par = 2&2, Dot = _(4ab + 1)a Pot = 2b?a

F(6)

and by equating this function with ([5.6bf), the following relationships are derived

Pr_gu P _gu  __ P

(5 2 1)
D4 gat D4 gat Pat

Note that the term 1/sin 6 in (5.6b)) is not in the filtering function obtained in ([5.20)).
Therefore, the next design equations will provide an approximated synthesis procedure.

Nevertheless, once the design parameters are obtained, they can be easily corrected by
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means of (5.6). From ([5.21)), the circuit design parameters can be calculated as

1
_ 4abv'1l — ? — (dab+1)(1 — *)\ 2
Zy, = (1 + 2.2 (5.22a)
_ _ c b
Zo, = 7, — 5.22b
0p Oama ( )
1—¢2 1
= _ 5.22
‘T 4z (5.22¢)

where Z;, and Zo,, depend on both, the coupling factor and the specifications of the pass
bands (#; and 6,). Besides, from ([5.22a]) and (5.22¢)) it is possible to find an expression
that relates ¢ with the in-band ripple factor e (5.12)) as

asxt + a3x3 + asx® + ayx + ag =0
a; = 1 —8m?b*(1 + 4ab + 2b%)

as = 32¢m2ab?

ay = 8> m?b*(1 + 4ab + 4b%) (5.23)
a; = —32¢2m2ab?
ap = —16e2m?b*

m = 1/sin 6y

where

c=V1—a2 (5.24)

In the term sinfp; has been included to compensate for the effect of 1/sin#.
Utilizing this correction, it is guaranteed that the desired return losses are achieved at
the central frequency of both passbands. The analytical solution of this quartic equation
(5-23)), using an efficient algorithm proposed in [137], is described in Appendix [C]

Consequently, once the specifications of the dual-band [BPF] are known, equations

(5.22a) and ([5.22b)) can be used along with (5.23)) to determine analytically the design

parameters of the filter.
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5.3 Bandwidth and design considerations

In the previous section, design equations for the two prototypes shown in Fig. [5.2] are
obtained. However, it would be desirable to get a relation between the circuit design
parameters and both, the achievable operating bandwidth and the pass band frequency
ratio. Obviously, the performance of both filters will be conditioned by the required
design values for the and the shunt stub, and the limit values imposed by the
manufacturing process capability. Therefore, it is possible to establish some design

criteria depending on the obtained values.

Figure shows several values of Zj,, ¢ and Zj, in order to achieve different
combinations of [FBW] and frequency ratio (r = foo/fo1) for prototypes I and II,
respectively. Lrp=3 dB (e=1) is used for prototype I, while for prototype II Ly = 15 dB

has been employed. Thus, the 3 dBIFBW] is considered for the former, while the FBWI
with equal-ripple response is defined for the latter. This definition is shown in Fig. [5.5

As seen in Fig. |5.4] prototype I allows narrower bandwidths, independently of the
separation between bands. Nevertheless, to achieve high-frequency ratios, low stub
impedances (Zp,) must be used. Furthermore, increasing the number of conductors (k)
must be taken into account to get a low [MTLI characteristic impedance (Zp,) and high
coupling factors (c) |12]. Prototype II does not allow narrow bandwidths because large
stub widths would be needed. In addition, it is remarkable that the frequency ratio
hardly varies with the [MTLl impedance. As this impedance must be low, the number of
conductors has to be increased to achieve the desired [MTL] impedances [12], justifying
again the use of [MTLg instead of only a pair of coupled lines. Thus, prototype I is
more appropriate when using higher frequency ratios and narrow bandwidths, whereas
prototype II is better suited to wide bandwidths. Once these criteria are taken into
account, the design parameters can be effortlessly selected to synthesize the desired

frequency response of the filter.

Taking into account the design considerations and limitations previously mentioned,
it is possible to elaborate a design procedure to select the best prototype depending on

the required specifications. This procedure can be summarized as follows:

e Step 1: From (j5.8)), calculate 0y, and Oys according to the desired central frequen-
cies of both bands (fo1, fo2) and the [FBWIl Obtain the value of f.

e Step 2: Choose the MTLs and stubs lengths to be a quarter-wavelength long at
Jo-
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Figure 5.4: Z,,, ¢ and Z,, values for prototype I (a)(b)(c) and prototype II (d)(e)(f)
depending on the fractional bandwidth and the frequency ratio (r), calculated using
(5.19)), (5.22) and ((5.24]).

e Step 3: Obtain the values of a and b using (/5.9)).
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Figure 5.5: Fractional bandwidth definition: (a) prototype I and (b) prototype II.

e Step 4: Look at Fig.[5.4 and decide which prototype is more suitable for the given
specifications, taking into account the [FBW] definition. When choosing the first
prototype, consider Lr=3 dB (e=1), but for the second one, obtain the in-band
ripple factor e, depending on the desired return losses Lg .

o Step 5: Use (5.19) or (5.22)) and (5.24), depending on the chosen prototype, to

calculate the required values of Z,, c and Zj,.

Finally, it should be verified that the accomplished values are physically achievable by
the manufacturing process. The whole design process is depicted in the flowchart of
Fig. [5.6]

5.4 Multi-band bandpass filters

From the circuit elements used in this chapter, it is also possible to obtain multi-band
responses. For this purpose, the topology shown in Fig. is proposed. It is composed
of two identical short-circuited [MTLg|, several shunt open stubs (by simplicity, only
two are depicted in Fig. , and spur-line sections at the input and output of the
filter to mitigate the first replica of the structure. The analysis is based on the one in
Section [5.2.1] In short, the S-parameters from the [Tl equivalent model are computed
and considered to obtain a proper filtering function so, finally, determine circuit design

parameters.
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E2) and G20)

Verify that the
—  values are physi-
cally achievable

Figure 5.6: Flowchart of the filter design process.

The open stubs are defined by their characteristic impedance (Z,,) and electrical

length (6,,), whereas the equivalent model of the spur-line filters is composed by a [TT]

section and a shunt open stub. Their characteristic impedances, Zy;; and Zg,,, can be

calculated from [13§]

ZooS . + ZoeS .
Zgy, = % (5.25a)

Py Tl (5.25h)
sl2; — ZOOSL]. 2 ) .

where Z,., and Z,,, are the even- and odd-mode impedances of the pair of coupled
J J
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Figure 5.7: Layout of the proposed circuit for the analyzed multi-band bandpass filter.

lines that forms the filter, and the electrical length, 6, is calculated again as the
arithmetic mean value of the even- and odd-mode electrical lengths. The complete
circuit model is presented in Fig. The total S-parameter matrix can be obtained by

cascading the transmission parameters of every section in the equivalent model.

5.4.1 Design considerations

The operation of the filter is based on splitting the wide band of the by forcing
transmission zeros inside it with the stubs. These real transmission zeros will be used
to get a good rejection for out-of-band signals and to improve the isolation between

adjacent bands.

Multiconductor transmission lines

[MTTI design is the first step that must be taken. One of the most important advantages
of using instead of a pair of coupled lines is the feasibility for synthesizing a
wide range of different impedance values compared to a pair of coupled lines. This
fact can be used to achieve high selective filters. The achievable values of Z,, and Z,
as a function of line width W and spacing S for a different number of conductors are

represented in [12] (Fig. 3). That plot was calculated using the Rogers 4350B substrate,
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Figure 5.8: Equivalent circuit model for the proposed filter.

with a dielectric constant of 3.66, a loss tangent of 0.0031, and a thickness of 30 mils.
This is also the substrate used in this chapter’s analyzed and manufactured prototypes.
As it can be seen, increasing the number of conductors or reducing the space between
them, it is possible to achieve lower values of Zj,, and, therefore, it increases the design
possibilities concerning using the traditional pair of coupled lines. Transmission zeros
inherent to the are located at 0, = nm, n = 0,1,2,3,.... However, the exact
position of the zeros will vary with the [MTIL] parameters. For instance, bandwidth
will be wider and more selective when decreasing both finger width and gap spacing
between them, equivalent to increasing the coupling factor. Another aspect that must
be taken into consideration is fingers interconnection. When connecting them,
their real length is greater than the one without considering the interconnection. This
fact provokes a resonance close to the transmission zero, when the length is equal
to A/2. Nevertheless, this fact can be effortlessly corrected by adding wire-bondings
connecting alternate lines in the middle of the [MTLs Doing it guarantees that the
alternate lines maintain the same voltage in the middle of the MTL. Therefore, the
propagation of undesired TEM modes is avoided, so resonances are eliminated. Higher

frequency resonances and replicas will be mitigated by the spur-line sections at input
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and output ports.

Open stubs

The role of the open stubs included in the design is to force real transmission zeros
in the middle of the [MTLd passband. For this reason, the stubs will work as quarter-
wave transformers, imposing short-circuit conditions to the structure at the desired

frequency. When doing it, transmission zeros inherent to the stubs are located at

s

2
stubs inside the [MTLl band, and consequently, there will be N+1 bands. In real cases,

Op, =n%, n=1,3,5,.... Theoretically, N transmission zeros can be forced by N open
transmission media and geometry limit the number of possible stubs. Tee junction and
open-ended effect in the shunt stubs [139] must be considered carefully to improve the
design precision. To increase the order of the filter, it would be enough to choose stubs

with greater bandwidth, such as radial stubs.

Spur-line sections

Spur-lines have been traditionally used as microstrip bandstop filters. They are compact
structures, not susceptible to influence other parts, and they can be placed in every part
of the circuit. They are used to mitigate the undesired high-frequency replicas of the
MTLs and the stubs, and they will be located at the input and the output of the filter.

Design criteria

To design the proposed filter, the first step is to choose the [MTL] bandwidth through
its length and position the zeros with the stubs, where its electrical length is equal to
A/4. To achieve a more selective filter and increase the bandwidth, it is only necessary
to increase the coupling of the or decrease the impedance of the stub, being
possible to obtain very selective responses without the need to optimize or perform [EM]

simulations, just using the analytical model.
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5.5 Experimental validation

5.5.1 Dual-band filters

Three filters have been designed, fabricated, and measured to assess the developed
theory and techniques. For prototype I, the center frequency was fy = 3.9 GHz, using
the analytical equation to choose its parameters. For the two filters of prototype
IT, the center frequency was set to be fo = 2 GHz, using , and . The
physical dimensions and design parameters are given in Table All the measurements
have been obtained by using Agilent PNA-X N5247A, after a[TRIl calibration to position
reference planes correctly for further comparisons. Figure details the coaxial to
microstrip transition used for the characterization of filters designed in this chapter.
Figures [5.10} |5.11| and [5.12] show the predicted values by analytical equations and
, and measured S-parameter results of the fabricated prototypes. In this sense, the

measured group delay responses and photographs of these filters are depicted as well in
Figs. [5.10} b.11] and [5.12] For prototype II, double shunt open stubs have been used to

reduce the stub width. The minimum strip width and the gap between lines allowed

by our manufacturing capability are limited to 100 pm, which determines the range
of possible values of Z,, Z, and c, and therefore, conditions the achievable frequency

responses of the filters.

t1troMTL _openStub_Za%8_cad
kad_HalB@_Sa214_7b80

|Jrr|'l||!I]l’lrl|l|lil'lrl|I|I|I'I[I|I!I |Fr|||\1||||r||||]l Illll|l|l|]'|l'|l1lit llll“"|'|'|l|l|l‘l||“|||.|H|,””””|1] I\
b ' § 2 3 R i

Figure 5.9: Photograph of the first prototype filter with connectors and a ruler that
show its dimensions.

From Figs. [5.10, |5.11| and [5.12} it is noted that there is a very good agreement

between the predicted and measured S-parameter results. In Fig. |5.11} it is plotted

the broad-band measurement of one of the filters. As they are distributed structures,

there will be replicas because of the wavelength dependence. The selectivity at the high
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Figure 5.10: Theoretical prediction (5.5) and measured S;;, S»; and group-delay
parameter performances for the manufactured prototype I filter (see Table .

side of the first passband and the low side of the second passband is better because
they are close to the transmission zero, whereas in the opposite sides of the passband,
transmission zeros are far away, and the slope is slight. [FBW] of 30% is used in the
filter of the first prototype, whereas 30% and 48% are the ones for the second type.
Deviations in the central frequency f or S1; parameters and high-frequency degradation
are mainly due to fabrication tolerances, unequal even- and odd-mode phase velocities
in the wire-bonded as well as tee junction and open-ended effect in the shunt

stubs [139).

Finally, a comparison of the proposed prototypes is summarized in Table In
this table, 3-dB [FBW]is used in all the cases, and A, denotes the guided wavelength at
the center frequency of the lower passband. The proposed filters are more compact,

even taking into account that stubs are not bent, which would have reduced even
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Figure 5.11: Theoretical prediction (5.6) and measured S;;, S and group-delay
parameter performances for the manufactured prototype II first filter (see Table .

more the size of the circuits in the transversal dimension. In terms of insertion and
return losses, the obtained results are significant in both bands, outperforming most
of the compared cases. It must be taken into account that all the filters have been
designed directly using the computed analytical equations previously developed, without
any optimization made by an simulator. Furthermore, it is important to remark
that there was no post-manufacture tuning. These facts are significant not only for
validating the presented theory but also for providing feasibility to design dual-band
[BPTS without using an EM simulator, just by taking the analytical equations developed
and calculating the [MTL] and stub parameters [91}[142].
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Figure 5.12: Theoretical prediction (5.6) and measured S;;, S and group-delay
parameter performances for the manufactured prototype II first filter (see Table .

5.5.2 Multi-band filters

As a design example of the multi-band [BPEY a prototype fabricated using Rogers 4350B
substrate (h = 30 mils) has been manufactured using external commercial facilities.
The physical dimensions of the filter are summarized in Table [5.3] It is noteworthy
that a problem in manufacturing tolerances caused a variation in the impedances of
the original circuit design. Two identical short-circuited [MTLs and two open stubs of
different lengths and same widths are interconnected, as depicted in Fig. [5.13] When

considering the dispersion model for microstrip and coupled lines, the values of the
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Table 5.1: Physical dimensions of the fabricated filters.

fO IEBAMF f /f ZOa ZOb c ZsCa Zaea ZDUa k Wa Sa la Wb lb
) (GHz) (%) ™71 (@) (@) B) (@) | (@) () |™ (um) (pm) (mm)| (pm) (mm)
Fig.15.10 3.5 30 2.2 90 80 -5 115 184 78 4 180 214 12 685 12
Fig.|5.11 2 30 2.55 60 70 -4 102.5 | 157 57 4 314 118 23.5 130 23.8
Fig. 5.1 2 48 2.45 50 70 -4 85 185 75 6 195 200 23.7 130 24
[EFBWF: 3 dBIEBWI(Prototype I) or EBW]with equal-ripple response (Prototype II)

Table 5.2: Comparison among the proposed dual-band filters and published ones.

. Frequency ratio Return Losses | Insertion Losses | Transmission Zeros Size
Filter |7 o/ fo) | TOBEERICN | gp) (dB) in (0, 2/0) (A X Ag)
1.08 4/3.7 21.52 /23.78 0.98 / 1.03 2 0.33)y x 0.34),
1.41 13 /9.3 12 1.2 4 0.3 x 0.28),
2.24 6.5/ 19.1 15 / 12 1.86 / 1.4 3 0.327X x 0.194
1.77 33/24 14 13/18 3 0.294, X 0.58),
1.97 82 /6.7 14 13/1.2 4 0.291, X 0.29),
2.2 30 24.9 / 27.2 0.6 / 0.74 3 0.36), x 0.18),
2.55 48 29.7 /22 0.28 / 0.54 3 0.165X, x 0.33),
2.45 50 24 / 18.5 0.25 / 0.52 3 0.17X, x 0.34),

Figure 5.13: Photograph of the manufactured prototype with 6-finger short-circuited
Multiconductor Transmission Lines and two shunt open stubs.

characteristic impedances are Zp, = 56.5 2 (69.3 Q in the manufactured prototype),
Zse, = 91.9 Q (99.1 Q) and Z,, = 140.6 Q (158.6 Q) respectively, using a reference
impedance Zy = 50 €. The first transmission zero of the [MTL must be located at 9.55
GHz, whereas the zeros provoked by the open stubs should be located at 3.91 GHz
and 5.87 GHz, respectively. It could be used for WiFi, and other applications, such as
[oT or vehicle-to-vehicle communications where high slopes are not critical and simple
structures are needed. Theoretical S-parameters of the are calculated by using
the model proposed in [131], whereas the model presented in was used for the
open stub. Once these parameters have been calculated, ABCD two-port parameters
of both [MTT and stub are computed. No [EM| simulation or optimization have been
carried out for this design. Results are shown in Fig. As seen, there is an excellent
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Table 5.3: Physical dimensions of the simulated filters.

Parameter

Design Value Manufactured

[IMTTLI number of fingers 6 6
finger width 170 pm 123 pm
[MTT] finger separation 200 pm 238 pm
[MTTI finger length 9.5 mm 9.46 mm
Stub #1 width 130 pm 83 pm
Stub #1 length 8 mm 7.97 mm
Stub #2 width 130 pm 83 um
Stub #2 length 12 mm 11.96 mm
Spur-line width 150 pm 192 pm
Spur-line gap 150 pm 195 pm
Spur-line length 3.25 mm 3.21 mm

-30

Magnitude [dB]

-50 I I I

——

4

5 6

Frequency [GHz]

7 8 9 10

Figure 5.14: Analytical and measured scattering matrix elements (S1; and Sy;) of the

proposed prototype.

agreement between analytical and measured results. The small difference in bandwidth

and matching is due to fabrication tolerances, which denotes the robustness of the

technology presented, even when manufacturing errors are made. Finally, a comparison

with others based on coupled lines filters found in the state-of-the-art is summarized
in Table 5.4} In this table, RL denotes the minimum return losses, IL the maximum

insertion losses, and A, is the guided wavelength at the center frequency of the lower

passband. As it can be seen, the proposed filter improves the performance of those

published, being more compact and easy to design.

Table 5.4: Comparison among the proposed multi-band filters and published ones.

Filter RL (dB) 1L (dB) | Size (A, X Ay)

[119] 16.7 16 0.66 x 0.42

[143] 17.12 288 | 0.35x0.25
Proposed Filter |  14.5 145 | 0.29 x 0.29
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5.6 Conclusion

In this chapter, a rigorous analytical study consisting of short-circuited wire-bonded
and shunt open stubs has been performed to design dual-band [BPFs First,
closed-form equations are presented to characterize the behavior of the two developed
configurations. From these analytical equations, a synthesis procedure is carried out to
obtain the parameters that enable to have the desired Chebyshev frequency response.
Expressions for two configurations, single-stub with two sections and double-stub
with a [MTT section filters, have been deduced and validated through experimental
results. In addition, the formulas presented here are also suited for designing other
double-band bandpass coupled-line-based filters. It is important to stand out the
excellent agreement between measured results and theoretical predictions, which gives
designers a useful mathematical tool based on the developed theory for a quick and
accurate synthesis of dual-band [BPFsl

As an extension of the dual-band filters study, a modification of the proposed
topology, consisting of two identical short-circuited [MTLd interconnected with several
shunt open stubs, has been proposed to obtain simple but extremely useful multi-band
responses. When using this topology, a multi-band bandpass response is obtained as
the open stubs create real transmission zeros in the [MTT] passband. By changing [MTT]
and stubs parameters, it is possible to effortlessly select the central frequencies and
the bandwidths of each band. Results from the considered prototype also showed an
excellent agreement between the theoretical model and measurements, even considering
manufacturing errors. Spur-line sections have been added to the circuit to mitigate
the effect of the frequency response replicas inherent to distributed structures. In
addition, it is noteworthy that there were no optimization processes or [EM| simulations

throughout the design procedures provided in this chapter.
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Conclusions and Outlook

This final chapter summarizes the research work developed in this thesis and highlights
the main contributions. Lastly, it points out different perspectives of future work to

carry on from this research.

6.1 Summary and conclusions

The synthesis and main contributions of this thesis are listed below.

Characterization of transmission lines

Three different methods used for the experimental characterization of the propagation
constant of [TLg from two-port measurements have been compared. Although it might
be thought that these three methods work similarly, it has been demonstrated that
they have totally different behavior in the presence of errors. In this context, the main

contributions are:

e Regarding random [VNA] errors, methods work in a completely different way. The
best strategy is to use the method based on eigenvalues, which is the only one

that does not show a resonant behavior.

e Regarding line lengths and conductivity errors, they work as a bias in the solution,

being more significant at high frequencies.

e Regarding end-launcher repeatability errors, all methods work in the same way.
Using the same connector kit instead of different ones in all the used for the

99
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characterization of the propagation constant is an appropriate way to reduce the

uncertainty of the final estimation considerably.

e Increasing the number of lines and using a [LMS| estimator is an excellent way to

reduce uncertainty in the solution.

Characterization of additive manufacturing materials

A simple technique to determine the broadband [EM] characteristics of additive manufac-
turing materials has been proposed. It has been demonstrated that it is very useful since
no calibration is needed. The achieved results show an excellent agreement between
measurements and simulations, which is why the proposed procedure can be considered
an excellent alternative to those found on the literature. The model includes substrate

dispersion and metal surface roughness effects. The main contributions on this topic

are:

e The methods allow very accurate results in terms of attenuation constant and
effective dielectric permittivity using only a few lines.

e A non-linear criteria to choose the line lengths has been proposed to minimize
errors provoked by resonances.

e A dispersion model has been proposed to characterize the relative permittivity of
the available material samples in the whole bandwidth of the used [VNA] (0.01-67
GHz).

e [HIPS has demonstrated excellent losses and can be established as a candidate for

fabrication of [EM| structures due to its loss tangent close to 0.004.

Characterization of coupled microstrip lines

A method to obtain the propagation constant of the even and odd modes of symmetrical
coupled microstrip [TLs has been presented, using lines of different lengths. For this
purpose, the measurement of the pure-mode S-parameters has been used to obtain the
separated matrix of each mode. The proposed method has been validated through
simulations and measurements since four different prototypes have been manufactured.

The main contributions are:
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e A method to accurately characterize and obtain both modes’ propagation constant

in symmetrical coupled microstrip lines separately has been proposed.

e A rigorous and comprehensive study of the modes excitation that shows that
bend angles in the feeding lines are critical for the attenuation constant has been
presented. The estimated attenuation constant is significantly better when using

reduced bend angles.

e The measured results are very accurate throughout the whole bandwidth of
the available VNA] (0.01-67 GHz), especially in the phase constant. This fact
represents a significant advance in the characterization bandwidth for this kind of

structures.

Multi-band bandpass filters

The use of [MTLs and shunt open stubs have been proposed to synthesize compact
dual-band [BPFs A synthesis procedure is carried out from the derived analytical
equations to obtain the parameters of a filter with the desired Chebyshev frequency
response. The presented theory is validated by designing, manufacturing, and meas-
uring three prototypes. The excellent agreement between the analytical model and
measurements gives designers the confidence to use the proposed model. Furthermore,
an additional configuration that includes several shunt open stubs allows obtaining
multi-band bandpass responses. Replicas inherent to the proposed distributed structure

can be mitigated using spur-line sections. The main contributions about this topic are:

e A novel structure to design compact dual-band and multi-band [BPES with good
out-of-band rejection has been proposed and assessed through experimental

validation.

e A set of closed-form design equations is obtained to design dual-band bandpass

compact filters with a Chebyshev type response using two different prototypes.

e A filter design technique is proposed to obtain multi-band bandpass responses
effortlessly. It is possible to select both the bandwidth and the center frequency
of each band.
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6.2 Future work

Some brief ideas and guidelines are presented below as future work that can carry on

from this dissertation:

e Using Deep Learning Techniques for characterization of [TLs
Deep learning techniques have been on the rise in recent years in many fields of
science, including telecommunications. They can be used to estimate the main
parameters of a[TLl from the measurement of its S-parameters since a model has
been previously trained with parameters of other [TLs. The main objective would
be the extraction of the characteristic impedance together with the propagation
constant. With this procedure, it would not be necessary to use lines of different
lengths. However, the accuracy would depend on how well the model has been

trained.

e Characterizing materials in free space
The use of samples of [AM| materials that are illuminated with a transmitting
antenna to study their transmissivity and reflectivity must be further explored
in the future. For this purpose, the variation of S7; and Sy; parameters must be
explored when the material is located in the direct path between the transmitting
and receiving antennas. From this variation, it would be possible to extract

material [EM] characteristics.

e Characterizing asymmetric coupled lines
The technique proposed in Chapter {4 is used to characterize the propagation
constants of symmetric coupled lines. However, an extension of the method should
be carried out to explore C' and m modes of asymmetric and inhomogeneous
coupled microstrip structures. For this purpose, it would be necessary to ensure

that the excitation of both modes is carried out correctly.

e Characterizing multiconductor transmission lines
Another possible application to the technique proposed in Chapter [4]is to cha-
racterize the propagation modes in [MTLg with interconnected alternate lines.
Another study should be performed to ensure that the excitation of both modes

is carried out correctly.

e Using [MTT] stub loading for creating higher order [BPFs
The use of based stubs allows the implementation of impedance levels that
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are unapproachable with a single stub and that are of interest for the design of
filtering structures. They can be used in the proposed multi-band [BPEd to achieve
more selective responses since the used single stubs limit the bandwidth of the
transmission zeros forced inside the broadband of the [MTLs Using [MTT}based

stubs would allow improving the reject between adjacent bands significantly.

e Implementation of using

In this thesis, a planar transmission line prototype made by [AM| has been proposed.
This technology can be beneficial for the manufacture of MTLs However, it will
be necessary to improve the found problems, such as the inhomogeneity of the
substrates and the conductivity of the printed inks. If these problems could be
improved, the manufacture and implementation of competitive microwave circuits,
such as the filter topologies based on [MTLg developed in this thesis, will be
possible using [AM] technologies.






Appendix A

Influence of Conductivity in the
Estimation of the Propagation

Constant

This appendix aims to study how conductivity influences methods for characterization
of the propagation constant. For this purpose, it is intended to characterize a [T1]
used to feed an antenna, creating a system like the one shown in the diagram in
Fig.[A.1] In this diagram, [R] includes transition effects. Figure shows the set of
layers that will make up the stripline. will be used as the dielectric material. The
metallization of the upper and lower ground planes will be done by spray deposition.
The center strip will be made by printing silver nanoparticle ink on a kapton substrate.
This process requires a curing process, usually made by heat or photonic curing. If it is
not done correctly, the conductivity (o) of the strip can change, which would provoke a
change in the propagation constant of the structure. If this fact happened, the [TEM]
mode initially expected might not propagate as expected, and the effective relative

permittivity could not coincide with the permittivity of the dielectric.

In this Appendix, an experimental study of the effect of strip conductivity on
the phase constants and attenuation of the [TT] is presented. Section shows the
description of the structure. In Section [A.2] it is studied how conductivity affects
methods for characterizing the propagation constant. Finally, the experimental results
obtained are given in Section [A.4]. Conclusions are provided in Section
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Figure A.1: Block diagram of the proposed device.

HIPS - 775 um
Kapton - 50 um
HIPS - 775 pm

Printed metallization

Spray metallization

Figure A.2: Prototype stack-up.

A.1 Stripline description

An antenna using [AM] is being design using the stack-up of materials in Fig.[A.2] That
antenna, shown in the block diagram of Fig. [A.1] requires a[TLl with a characteristic
impedance, Zj, of 50 2. A coaxial to stripline transition has been employed on each
side of the stripline. This line is manufactured using two substrates made of HIPS and,
subsequently, they have been metallized. These substrates have been manufactured
by filament extrusion using the Ultimaker 3 printer with a height of 100 ym for each
layer and a 100% density. Figure shows a photograph of the complete assembled
structure, as well as the exploded view of the commercial connector. Between both
substrates, a kapton film is inserted where the [TLg have been printed using a silver
nanoparticles ink [144] in the Fujifilm Dimatix DMP2850 material printer. In this
structure, there is no impedance transformation since the width of the line remains
constant at a value of 1.23 mm. The taper located on the ground plane is used only to
screw the connector to the structure and causes little difference in the impedance of
the line. In any case, this change in impedances would not affect the characterization

method, as the used method is invariant to impedance transformations.
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Figure A.3: Transmission line assembled with its connectors and an exploded view of
those connectors.

A.2 Conductivity variation

One of the premises from which all invariant-based methods start is that the lines
are made in the same way. This means that both the dielectric and the conductors
are homogeneous, presenting the same permittivity, permeability, loss tangent, or
conductivity properties. The problem is that these properties cannot be guaranteed in
the proposed structure. Dielectrics can be assumed to be homogeneous and equal for
all lines , as they are manufactured under the same conditions. However, it is more
difficult to guarantee that the conductivity of metallic elements is the same. On the one
hand, the ground planes are being metallized with a copper spray, whose conductivity
depends on the homogeneity of the paint deposited on the substrate. On the other
hand, the strip is made through ink printing. This printing requires a curing process
whose main objective is that the element in which the silver nanoparticles are initially
dissolved must be evaporated. The silver nanoparticles are deposited on the substrate
and acquire conductivity through this process. The repeatability of this process is quite
challenging to achieve. Proof of this is the difference in electrical impedance that the
different conductors can present in every line. Starting from the previous problem,
and to examine how the difference in the conductivities of the materials affects the
proposed methods and the propagation constant, a simulation of the structure has
been carried out in the full-wave simulator ANSYS HFSS [47], using metallic materials
of different conductivity. For this purpose, the conductivity of the reference planes

has been set and the one of the strip has been varied. Subsequently, it has been done
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Figure A.4: Simulation of the attenuation constant (a) and effective relative permittivity
(b) for several values of the conductivity of the strip.

oppositely, setting the one of the strip and changing the conductivity of the ground
planes. Results show that the most influential factor is the conductivity of the strip,
significantly affecting the propagation constant. That o causes greater variations in
the propagation constant than the one of the ground plane, both in the attenuation
constant « and in the phase constant 5. As seen in Fig. both constants increase

their value when the conductivity is lower.

The sintering process is usually carried out by applying heat or light for a certain time,
which the ink manufacturer usually specifies. Once this process has been performed, the
ink is settled on the substrate and acquires the necessary conductivity. However, many
times, factors can cause o to vary from one strip to another: the number of printed
ink layers made, the time between those passes, the handling of the strips, or whether
the curing process is carried out correctly. All these factors make it impossible, in
practice, to ensure that conductivity is the same in all the printed strips, so it can not
be ensured that the propagation constants coincide at all. To study how this difference
in the propagation constants affects the studied methods, it is proposed that one of the
lines has a lower conductivity, so it will have a higher propagation constant, which will

be called «/. Taking this propagation constant, Eq. (2.2)) can be rewritten as

evle—'h 0 VAl 0

L] = = Al
[ 0 eY'hi—l2 0 e~ VAl ’ (A1)
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Figure A.5: Experimental results of the attenuation constant (a) and effective relative
permittivity (b) estimated using lines of the same or different conductivity.

being All = Iy — &l and € = 7/ /~. £ is the quotient between the propagation constants.
These constants are imaginary numbers whose phase is very close to 7/2. This quotient,
therefore, will tend to be a real number. Furthermore, it is known that ~" will be greater
than v, as it belongs to the line with the lowest conductivity. This fact guarantees
that ¢ will always be greater than 1. It implies that the proposed equivalent length
variation, All, is different from the original one but real. As demonstrated in [50], an
error in the length of any of the lines corresponds to a deviation in the solution. This
deviation will be positive if the line with the shortest length is the one with the lowest

conductivity, while it will be negative otherwise.

A.3 Results

Four striplines, whose lengths are 10, 14.01, 19.22 and 25 mm, have been manufactured
to check the validity of the proposed method. These dimensions have been calculated
following the quasi-linear criterion with ¢ = 1.2 raised in Section [2.4, However, and to
check the validity of the proposed theory, one of the lines has had a reduced curing time,
forcing its conductivity to lower values. Figure shows the obtained results applying
the method to the four lines of equal conductivity, as well as applying it to a pair of lines
with different conductivity. As expected, the different conductivities turn into a bias in

the solution. It can be seen in both the attenuation constant and the phase constant.
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When the line of lower conductivity is the longest one, the displacement is negative,
while when it is the shortest, the bias is positive. In addition, it is possible to check how
the precision of the method improves as the number of lines is increased. Although the
structure presents high losses, its operation is correct in the band between 0.01 and 10
GHz. Above that frequency, high losses associated with low conductivity make it very
difficult to use this technology for manufacturing electromagnetic structures. However,
effective relative permittivity does show good behavior, tending to the nominal HIPS
substrate, which is around 2.45 [50]. This is because being a closed stripline, the field is

concentrated in the substrate, and the propagation is carried out through a[TEM]| mode.

A.4 Conclusion

In this appendix, the use of a broadband method to characterize the propagation
constant of a stripline made with additive manufacturing has been studied. As the
lines were not complete equals, the method’s results varied depending on the lines used.
After some checks, it was possible to conclude that these differences were due to the
conductivity of the printed conductor since it is highly variable depending on the curing
process. This variation has been characterized as an error in the effective length of
the lines, which is interpreted as a bias in the propagation constant. Therefore, it can
be concluded that it is essential to properly carry out the curing process to guarantee
that the propagation constant is the same in all lines. Thus, it is possible to apply
appropriate characterization methods that allow extracting the propagation constant

from measurements.
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Filtering Functions for Chapter ,
Prototype I

Given the prescribed transmission zeros in the low-pass domain as
w, = {0,00,j,—7} (B.1)

the filtering function in the normalized frequency w for a fourth-order Chebyshev filter

is obtained as follows [135]
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This function is mapped to the f-plane as (w=-6 cot f)
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Equating this filtering function with the transfer function in (5.5)), the following equations

are obtained:

92/91 = got/gar = 6*t2/tg B.5)

90/91 = Got/gar = 6*ta/to.
From these equations, it is easy to derive the design expressions to calculate the values

of Zy, and Zy, as a function of the coupling factor c¢ as follows

, 1— )+ guc® 1-¢

Zga N ! gjt; — Zga + g4t<g()tc4c : =0 (B.6a)
_ —gouc® 73
Zs o€ “o, (B.6b)

b= 294 (1 — )
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Analytical Solution to the Quartic
Equation of Chapter , Prototype 11

Given the quartic equation

agxt + azx® + asx® + a1 +ag =0

with a4 # 0, the four roots are determined as

where
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and where

Q_\s/AH—\/iA%—ZLAg
- 2

) (C4)
Ay = a5 — 3aza; + 12a4a0
A = 2(1‘3 — 9asaqaq + 27a§a0 + 27a4a% — T2a4a0a0.
If the discriminant A, defined as
A2 — 4N}
A=="1 "70 C.5
—27 (C-5)
is greater that 0, then () is a complex number, and S must be recalculated as
1 2 2 )
S=—/—=p+—VA = C.6
2\/ 3P 3, VO (C6)
where
A
¢ = arccos L. (C.7)
21/ A}

It is worthy to mention that, if the value of ¢ is negative, x; (C.2al) must be chosen
as the correct solution, but if it is positive, x5 ((C.2c|) will be the chosen solution for the

synthesis procedure.
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Appendix E

Summary in Spanish

E.1 Resumen general

En esta tesis doctoral se han estudiado varias técnicas para la caracterizacion de lineas
de transmision. A partir de la medida de parametros S de 2 puertos de lineas de
distinta longitud es posible estimar la constante de propagacion de dichas lineas. Para
cada una de las técnicas de caracterizacion estudiadas se realiza un analisis de errores
que incluye diversas fuentes de error, con el objetivo de poder detectar las causas que
provocan inexactitudes en la estimacién. A partir de este analisis, se proponen varias
formas de mejorar la forma de actuacion y el ancho de banda de los métodos estudiados.
Posteriormente, estos métodos se utilizan con dos fines: por un lado, caracterizar las
propiedades electromagnéticas de varias muestras de materiales elaborados mediante
fabricacién aditiva. Por otro lado, caracterizar la constante de propagacién de los
modos par e impar de lineas de microstrip acopladas, utilizando la medida parametros
S en pure-mode. Finalmente, un caso especial de lineas acopladas, como son las lineas
de transmision multiconductoras con lineas alternas interconectadas, se utiliza para
sintetizar respuestas de filtros paso banda de dos o mas bandas. Todos los circuitos y
métodos propuestos en esta tesis han sido validados mediante trabajo experimental, el
cual muestra una excelente concordancia entre los resultados analiticos, simulados y

medidos. Este hecho prueba la fiabilidad del trabajo presentado.
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E.2 Introduccion

E.2.1 Marco contextual

El mundo estéd experimentando grandes cambios en los tltimos anos que afectan nuestro
estilo de vida. La tendencia actual en la sociedad es acercar de una u otra forma
todos los puntos del mundo, ya sea fisica o virtualmente. Sin embargo, los avances en
movilidad deben ir acompanados de avances en las comunicaciones para que puedan ser
efectivos. Estas comunicaciones deben ser accesibles para todos, independientemente
del lugar o la situacion econémica. Para ello se deben producir ciertos cambios, que

seran especialmente notables cuando afecten a los sistemas de comunicacién.

Miés alla de la globalizacion de las comunicaciones, los sistemas son cada vez mas
complejos y sus requisitos crecen exponencialmente. Cuando la implementacién de la
quinta generacion de redes de comunicaciones méviles (5G) atn estd comenzando en
muchas ciudades del mundo, empiezan los estudios preliminares sobre las redes de sexta
generacién [1]. El principal requisito de las nuevas redes es un aumento considerable de
la tasa de bits. Se espera que en 6G se puedan alcanzar tasas de 1 Th/s. En el campo de
la radiofrecuencia, las microondas y las ondas milimétricas, que son el tema principal de
esta tesis, un aumento en la tasa de bits se convierte en un aumento considerable en el
ancho de banda utilizado. Para lograr esto, no hay mas remedio que utilizar frecuencias
mas altas. Por ejemplo, los sistemas 5G tienen aplicaciones en la banda E (60 GHz).
Mas alld, se espera que los sistemas 6G utilicen las bandas de THz (por debajo de 300
GHz), incluyendo ondas milimétricas para el acceso mévil. Este es solo un ejemplo de
como los sistemas de comunicaciones, su ancho de banda y sus especificaciones estan

creciendo exponencialmente.

Estos nuevos requisitos van acompanados de funcionalidades, como el bajo costo,
amplios anchos de banda, ligereza, facilidad de fabricacién o facil integracion, que
debe cumplir un sistema a comercializar. En este sentido, surgen constantemente
nuevos materiales y técnicas de fabricacién, que pueden utilizarse en los sistemas
de comunicacion. De cara a la llegada de estos nuevos materiales, es fundamental
contar con una caracterizacion precisa de sus propiedades, para poder utilizarlos en la
implementacién de elementos de sistema como filtros, lineas de transmision, guias de

ondas o antenas.

Uno de los problemas a los que se enfrentan los disenadores es tener un conocimiento

exacto del comportamiento electromagnético de las estructuras y sustratos utilizados
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para implementar dispositivos. En este sentido, las técnicas de caracterizacion son
necesarias para el diseno de circuitos de microondas con especificaciones de alta exigencia,
como acopladores direccionales y filtros de banda ancha. Es por ello que, desde la década
de 1960, se han propuesto métodos para la caracterizaciéon de la constante de propagacion
de lineas de transmisién. Las primeras técnicas se basaron en el uso de reflectémetros [2].
Posteriormente, en 1975, Bianco y Parodi propusieron un método para la estimacién de
la constante de propagacién [3] basado en la medicién del coeficiente de reflexion a la
entrada de cuatro lineas de transmision, igualmente terminadas, de diferentes longitudes.
Esta idea, asi como algunas variaciones que incluyen medidas en transmisiéon, se han
utilizado en numerosos estudios para caracterizar la constante de propagacién [4,5].
Ademaés, se han propuesto varias mejoras estadisticas, que generalmente se basan en

aumentar el nimero de longitudes distintas a medir |6].

Volviendo a los nuevos materiales y técnicas de fabricacién, en los ultimos anos, las
técnicas de fabricacion han destacado en muchos campos cientificos. Especificamente, en
el drea de microondas y ondas milimétricas, dispositivos como lineas de transmisién [7] o
antenas [§] han sido fabricados utilizando tecnologias de impresién 3D. Una de las grandes
ventajas es la posibilidad de sintetizar diferentes permitividades relativas utilizando
el mismo material, variando simplemente el relleno de impresion, lo que determinara
la cantidad de aire que queda dentro de la estructura impresa [9]. Sin embargo,
estos materiales no estan disenados especificamente para implementar dispositivos de
radiofrecuencia. Por ello, es necesario buscar técnicas de caracterizacion precisas que
permitan obtener las propiedades electromagnéticas del material (permitividad relativa
y tangente de pérdidas) en banda ancha. Una posible opcién es realizar una medicién
directa de los materiales, como la propuesta en [10]. Otra opcién es el uso de medidas

indirectas, que hacen uso de un analizador de redes vectorial, como la descrita en [11].

Otra opcién en la que centrarse para mejorar el rendimiento de los dispositivos es
aumentar el nimero de conductores. Con esta configuracion se pueden lograr respuestas
mucho més selectivas, mayores anchos de banda o dispositivos diferenciales [12]. Sin
embargo, es muy importante contar una caracterizacion precisa de los modos que se
propagan a través de una estructura de lineas acopladas. Es por eso que también se
han utilizado métodos de caracterizacion para obtener las constantes de propagaciéon
y las impedancias de un par de lineas acopladas [13]. Cuando se usan més de dos
lineas, la estructura se suelen llamar lineas de transmisiéon multiconductoras. Con esta
topologia, aumenta la viabilidad del diseno. En [14], los autores propusieron unas

estructura de lineas multiconductoras con lineas alternas interconectadas, que se utiliza
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para eliminar resonancias no deseadas en el condensador interdigital tradicional. Los
autores lo llamaron wirebonded interdigital capacitor. En |15] se presenté un modelo
analitico de ese circuito para un nimero par de lineas, mientras que en [16] se analizé un
modelo generalizado para un nimero par o impar de lineas. En este sentido, los autores
demostraron que las lineas de transmisién muticonductoras son aptas para disenar o
mejorar el rendimiento de circuitos de microondas, ya que se puede obtener una gran
variedad de factores de acoplamiento e impedancias, y existe un modelo analitico que
permite manipular la estructura incluso sin el uso de simulaciones electromagnéticas.
Usando lineas de transmisién multiconductores con lineas alternas interconectadas,
dispositivos como desfasadores [17], baluns [18], stubs [19] o filtros cuasi elipticos [20],

fueron propuestos por Juan José Sanchez Martinez y Enrique Marquez Segura.

E.2.2 Génesis

El ntcleo de esta tesis doctoral surgio en el contexto de un proyecto de investigacion
cuyo principal objetivo era explorar nuevas técnicas de fabricacién de dispositivos
de microondas y ondas milimétricas. En este sentido, el laboratorio de investigacion
contaba con capacidades de fabricacién aditiva 2D (Fujifilm Dimatix DMP-2850) y
3D (Ultimaker 3). Sin embargo, se habian realizado pocas investigaciones previas en
este ambito, por lo que uno de los puntos de partida fue poner en funcionamiento los

equipos de fabricacion.

Cuando comenzaron a desarrollarse los primeros dispositivos, nos dimos cuenta de
que el primer paso debia ser conocer y caracterizar las propiedades electromagnéticas
de los materiales que teniamos disponibles en el laboratorio. Por eso se inici6 la
investigacion de métodos para estimar la constante de propagacion que nos permitieran
caracterizar las estructuras fabricadas. Para ello, se decidi6 elegir métodos de banda
ancha basados en el propuesto por Biancco y Parodi [3], ya que el grupo de investigacién

tenia mucha experiencia previa en este tipo de métodos y medidas.

Por otro lado, en base a los excelentes resultados obtenidos en la tesis doctoral de
Juan José Sanchez Martinez, se decidié continuar con la linea de investigacion de lineas
de transmisién multiconductoras para la realizaciéon de circuitos de microondas. En
este caso, para desarrollar nuevos dispositivos que hagan uso de los modelos analiticos
previamente creados en el grupo de investigacion. La idea es que, en el futuro, se puedan
desarrollar dispositivos de linea multiconductores utilizando tecnologias de fabricacién

aditiva, combinando asi los dos grandes bloques tematicos de esta tesis doctoral.
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E.2.3 Objetivos

Como se describié en las secciones anteriores, la caracterizacién de la constante de
propagacién es extremadamente importante para el diseno de dispositivos de microondas
y de ondas milimétricas. Ademas, esta caracterizacion es fundamental cuando se
desconocen las propiedades de los sustratos utilizados, ya que estas deben utilizarse
para poder llevar a cabo simulaciones electromagnéticas. Considerando la robustez de
los métodos para la estimacién de la constante de propagacion, estos seran el punto de

partida de esta tesis doctoral.

En este contexto, el primer objetivo de este trabajo es estudiar y comparar varios
métodos, asi como posibles fuentes de errores aleatorios que afecten a la exactitud
de los mismos. Del mismo modo, se propondran mejoras que permitan lograr una
mayor precision al aplicar esos métodos. Posteriormente, estos métodos se utilizaran
para caracterizar materiales novedosos, hechos a través de la técnica de fabricacion
aditiva. Por otro lado, se realizara una caracterizacion de la constante de propagacion
de los modos que se propagan en un par de lineas acopladas. Finalmente, el uso de
estructuras de varios conductores se propondra para desarrollar nuevas topologias de
filtros para sintetizar respuestas de doble banda y multi banda, proporcionando siempre
un modelo analitico que permita realizar disenos analiticos sin optimizacién. Toda la

teoria presentada se evaluara con trabajo experimental.

E.2.4 Estructura de contenidos

Esta seccion proporciona una explicacion del esquema de tesis, incluyendo una breve

descripcion que destaca las principales contribuciones de cada capitulo.

El Capitulo [2| comienza con una descripcién de tres métodos usados tradicional-
mente para caracterizar la constante de propagacion de las lineas de transmisiéon. Estos
métodos se basan en el propuesto por Bianco y Parodi en [3], tomando medidas de
parametros S de 2 puertos de dos lineas con diferente longitud. Se aplica un analisis de
errores a estos métodos, que incluye 4 posibles fuentes de error: errores del analizador
de redes vectorial, errores en la longitud de las lineas, errores de repetibilidad del
conector y errores de no homogeneidad del sustrato. Posteriormente, se propone una
mejora estadistica basada en un estimador de minimos cuadrados, la cual consiste en
incrementar el nimero de lineas a medir. Con esta mejora es posible reducir la varianza

de la constante de propagacion obtenida. La principal contribucion de este capitulo es
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la demostracién de que la estrategia basada en autovalores es la menos afectada por los

errores aleatorios.

Una vez que se han presentado los métodos, en el Capitulo [3] son aplicados a
una linea microstrip cargada con una pieza de algunos de los materiales realizados
con fabricacién aditiva. Posteriormente, se obtiene una estimacion de la constante de
propagacion de la estructura completa. En este caso, dicha constante se vera afectada
por las propiedades electromagnéticas (permitividad relativa y tangente de pérdidas)
de la parte superior. Sin embargo, conociendo la altura de ambos sustratos y la
permitividad relativa inferior, es posible obtener una aproximacién bastante precisa de
las propiedades del material colocado en la parte superior. Se fabrican varias muestras
de material para validar el método modificado presentado. La principal contribucion de
este capitulo es proponer el como un muy buen material para construir estructuras
como circuitos o antenas, debido a sus bajas pérdidas y su permitividad relativa cercana
a2.4.

En el Capitulo [4] el método citado anteriormente se aplica a un par de lineas
microstrip acopladas. En este caso, en lugar de medir los pardmetros S en modo
single-ended, se miden en pure-mode. Con este tipo de mediciones es posible excitar
por separado los modos par e impar de la estructura y extraer los pardametros S
correspondientes a cada modo. Posteriormente, estas matrices se consideran como
una linea de transmision de 2 puertos equivalente, a la que se le aplicara el método
propuesto. La principal contribucién de este capitulo es haber demostrado que reducir
el angulo de los codos en las lineas de alimentacion es una forma sencilla de mejorar
considerablemente la estimacién de la constante de propagacion, ya que su radiacién

limita fuertemente el ancho de banda de las constantes de fase y atenuacién obtenidas.

El Capitulo |5 presenta tres topologias diferentes para disenar de forma sencilla
filtros paso banda de doble banda y multi banda, utilizando lineas de transmisién
multiconductoras cortocircuitadas y con lineas alternas interconectadas entre si y stubs
en abierto. Utilizando las dos primeras configuraciones propuestas es posible sintetizar
funciones de filtrado de tipo Chebyshev, permitiendo ademéas obtener anchos de banda
estrechos o moderadamente anchos. La tercera configuracién consiste en incrementar el
nimero de stubs para lograr respuestas multi banda. Los resultados de los prototipos
fabricados muestran una excelente concordancia con el modelo analitico propuesto. Por
lo tanto, la principal contribucién de este capitulo es haber propuesto una topologia
novedosa y su modelo analitico para disenar filtros de doble banda y multi banda sin

realizar ninguna optimizacion o simulacién electromagnética, solo usando el conjunto
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de ecuaciones propuesto para disenar los filtros con la respuesta deseada.

Finalmente, el Capitulo [6] resume los principales resultados y destaca las contribu-
ciones mas importantes logradas en cada capitulo de esta tesis doctoral. El manuscrito

concluye con la propuesta de algunas ideas para continuar este trabajo en el futuro.

Ademas, se incluyen tres apéndices para ampliar los contenidos proporcionados. El
Apéndice [A] muestra la influencia de la conductividad en los métodos propuestos para
la estimacion de la constante de propagacion. Se demuestra que el efecto es similar
al provocado por los errores en las longitudes de las lineas. El Apéndice [B| muestra
el desarrollo matematico realizado para obtener las funciones de filtrado del primer
prototipo del Capitulo [5] El Apéndice [C] describe la solucién analitica de una ecuacién
genérica de cuarto orden, y luego aplica dicha solucién a la funcién de filtrado del
segundo prototipo de filtro presentado en el Capitulo 5l Las publicaciones derivadas de

esta tesis se enumeran en el Apéndice

E.3 Meétodos de caracterizacion y sus fuentes de

error

La determinacion experimental de la constante de propagacién de lineas de transmision
planas es extremadamente importante en el diseno de circuitos de microondas y de
ondas milimétricas. En los ultimos anos, ante la inminente llegada de nuevos materiales
utilizados para fabricar circuitos de microondas, ha habido varios estudios que se han
basado en la medicién de la constante de propagacion para extraer las propiedades
electromagnéticas de estos materiales |10,21,122]. Los métodos disponibles para obtener
la constante de propagacién se pueden clasificar en varias categorias dependiendo del
tipo de medidas consideradas [23|. La primera clasificacién posible distingue entre
métodos de banda ancha [3] y métodos resonantes [24]. Por un lado, los primeros
métodos permiten caracterizar la constante de propagacion en todo el rango de puntos
de frecuencia medidos. Su principal inconveniente es su exactitud, que depende de la
precision de las medidas, mostrando un peor comportamiento, precisamente, en las
resonancias. Por otro lado, los métodos resonantes permiten una estimacién precisa de
la constante de propagacion en un conjunto discreto de puntos de frecuencia, aquellos
en los que se produce una resonancia en la estructura de medida. Sin embargo, no
pueden ser ttiles cuando se requiere una caracterizacion de banda ancha. Desde otro

punto de vista, otra clasificacién distingue entre mediciones de 1 puerto [25] y de 2
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puertos [26,27].

E.3.1 Descripcion de los métodos

Los métodos estudiados en esta tesis utilizan una configuracién de medicién como se
muestra en la Fig. Se miden los parametros S de dos lineas de transmisién con
diferentes longitudes y se calculan las matrices de pardmetros de transmision, [M;]
y [Ms]. Dichas matrices de transmision se pueden obtener facilmente a partir de los

pardametros S medidos utilizando las transformaciones propuestas en [3§]:

1 S
Th=—o To=-""
521 521 (E 1)
T21 o & T22 _ 512521 - S11522 .
521 S21

Segun la informacién mostrada en la Fig. la conexién en cascada de las matrices
de ambas lineas se puede expresar como [M;] = [Ra|[L:1][Rg] v [Ms] = [Ra][Lz2][RB].
Las matrices [L1] y [Lo] son las matrices de transmisién de las lineas medidas excluyendo
las transiciones, cuyos efectos se consideran en las matrices Ry y Rp. Las matrices L;

para cada linea medida vienen dadas por

Las matrices medidas [M] se pueden combinar utilizando la expresién

(M) [Ma] ™" = [Ra][La][Lo]  [Ra] (E.3)

La ecuacién se puede reescribir como [M] = [R4][L][Ra]™', donde [M] =
[Mi][Ms] ™t y [L] = [L1][Lo]™!. [M] y [L] son matrices similares y, en consecuencia,
sus autovalores, trazas y determinantes coinciden. Como [L] es una matriz diagonal,
[L] = diag(e?7?! e=72!), sus autovalores son et72! - y e77A! respectivamente, y su traza
es eT7Al 4 778! Estos valores son los mismos para [M]. Para obtener la constante de
propagacién, se pueden utilizar las invariantes mencionadas anteriormente. En este
punto, se deben definir los tres métodos que se utilizaran para obtener la constante de

propagacion.
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Método 1

Por un lado, debido a que la traza no cambia bajo una transformacion de similaridad,

se cumple la siguiente igualdad
traza([L]) = traza([M]) = e 78 4 ™AL (E.4)

siendo Al = [y — [;. De esta forma, la constante de propagacién se puede calcular como

_ 1 cosh™ (traza ([Ml] [M2]_1)> ) (E.5)

TTAL 2

Método 2

Por otro lado, los autovalores de [M] son idénticos a los de [L]. Por lo tanto, si A y
A2 son los autovalores de [M], deben ser iguales a e 72! y e*72! respectivamente [39)].

Resolviendo estas ecuaciones para 7, se obtiene

1 1 1

En este caso, se pueden obtener dos valores diferentes para la constante de pro-

pagacién. Un promedio de los autovalores de [M], 1/2 (1/A; + A2), se puede usar para

NI (M) (E.7)

calcular ~, es decir,

Al 2

Método 3

Comenzando de nuevo de una manera diferente [31], la suma de las matrices medidas,

[Mi42] = [Mi] + [Ma], en lugar del producto, puede ser considerada y expresada como

e (1 4+ et 0
[Mi.2] = Ra Rp. (E.8)
0 e h (1 + e‘”’AZ)



126 E.3. Métodos de caracterizacion y sus fuentes de error

Tomando el determinante de la matriz resultante en (E.8) y dividiéndolo por el determ-

inante de [M;], el resultado es

det ([M;2])

det(r)) — ATeT) e, (E.9)

A partir de (E.9), la constante de propagacion se puede obtener como

. 1 _y ((det ([My42])
Y= E cosh (W - 1). (ElO)

Consideraciones de los métodos

Es importante considerar que z;, el argumento de las funciones del método, es un
nimero complejo definido como z; = r;e/%. La funcién cosh™" se puede reescribir como

una funcion logaritmica dada por

cosh™(z) = In(z + vz — IVz + 1). (E.11)

Por lo tanto, para cada método, la constante de propagacion se puede expresar siempre

como una funcién logaritmica que viene dada por

1
siendo
1
a = — In(r;),
All (E.13)

Estas expresiones seran el punto de partida del andlisis de sensibilidad del siguiente
apartado, para saber cémo afectan los errores aleatorios a la constante de propagacion.
Es importante destacar que « tiene una solucién tnica si r € R, mientras que [ tiene
un nuamero infinito de soluciones. Este hecho jugara un papel muy importante en la

implementacion de los métodos.
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E.3.2 Analisis de sensibilidad con errores del VNA y de

longitud de las lineas

Para el primer analisis de sensibilidad, se consideran dos fuentes de error, que son la
longitud de las lineas y errores aleatorios del analizador de redes. Para ello, y buscando
la covarianza de a y f3, las derivadas de ([E.13)) con respecto a r, § y Al se puede

expresar como

o 1

or  rAl
Oa

20 =0
da _ln(r) . a

OAl Al2 Al (E.14)
0,

or
96 _ 1

00 Al
95 _ 0
oAl A2

A partir de estas expresiones, y asumiendo que no hay covarianza entre los errores del

analizador y los de longitud, las varianzas de las constantes de atenuacion y fase vienen

dadas por
da |? da|?
o2 = [ 2] 2, |99
« oAl Al ) r
. (E.15)
_ ,g 22 || g2
VN IR YV G
2 2
7= | omi| it (5] o
0Al 00
2 ! (E.16)
0 2 1 2
= ’A_lg onrt ‘Kl oy

respectivamente. Como se ve en las expresiones desarrolladas, elegir un Al més grande

es la forma mas sencilla de reducir las varianzas a y f3.

Para cubrir todos los casos se ha realizado una simulacién de Monte Carlo. Se
utilizaron lineas de 10 y 35 mm de longitud, simuladas en RO4350B de 30 mils de

altura, con un ancho de linea de 1.65 mm. Las desviaciones estandar se establecieron en
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o5 = 0.1dB, 045 = 5° y oa; = 0.02 mm y se generaron errores usando una distribucién
gaussiana [41]. Las figuras y muestran la influencia de la magnitud y el error de
fase para cada uno de los métodos. Como se ve, el Método 2, basado en autovalores es
el que mejor comportamiento presenta, ya que no tiene resonancias y ai es constante

con la frecuencia.

E.3.3 Minimizacién de errores

Sobredeterminacion

Para mejorar la precision de los métodos, se propone aumentar el niimero de lineas a
medir y utilizar una estimacién por minimos cuadrados. De esta manera, los efectos
producidos por errores aleatorios en las mediciones se minimizan ya que el [LMS| es el

estimador de maxima verosimilitud para una distribuciéon normal.

Longitudes 6ptimas de las lineas

Una de las partes mas importantes para reducir los errores aleatorios es la eleccién de
las longitudes de las lineas empleadas. La distribucion de la longitud debe elegirse de
modo que las diferencias entre los incrementos de longitud sean lo més pequenas posible.
Ademas, cuanto mayores sean los incrementos, mejor. Los incrementos constantes de
longitud entre diferentes lineas concentran las resonancias en un ntimero discreto de
puntos de frecuencia. Las longitudes seleccionadas se pueden escoger siguiendo una

distribucion cuasi lineal, como

i—11\7
li =1+ AL ,i=1,2,...N. E.17
= (E.17
La Fig. compara los histogramas de frecuencias donde hay 7 /2 de diferencia de fase
entre los Sp; medidos. Como se ve, ¢ = 1.2 es la distribucion més homogénea en todas

las bandas de frecuencia, mientras que ¢ = 1 muestra un comportamiento resonante.

E.3.4 Errores de repetibilidad del conector

Se presenta un andlisis de la influencia de la repetibilidad del conector en los tres
métodos previamente mencionados para estimar la constante de propagacion. Para

este proposito, se ha probado la repetibilidad de 16 transiciones utilizando conectores



Appendix E. Summary in Spanish 129

coaxiales de 1.85 mm. Se ha demostrado que el uso del mismo kit de conectores en todas
las lineas en lugar de varios kits distintos reduce significativamente la desviacion estandar
de los pardmetros S de la transicion transicién, los cuales afectan a la estimacion final de
la constante de propagacion, y especialmente la constante de atenuacién. Ademas, se ha
validado la hipétesis de que los datos medidos tienen una distribucién de probabilidad
gaussiana realizando un test de Anderson-Darling sobre los parametros S de la transicion.
La desviacion estandar obtenida se ha incluido en un analisis de sensibilidad, generando
parametros S a partir de una distribucién normal y realizando una simulaciéon de Monte
Carlo, con el objetivo de estudiar la desviacién estandar de la constante de propagacion
obtenida mediante los métodos propuestos cuando existen errores relacionados con
la repetibilidad del conector. En este caso, a diferencia de los errores aleatorios del
analizador, se ha encontrado que todas las estrategias comparadas para la estimacion
de la constante de propagacién (trazas, autovalores y determinantes) funcionan de
la misma forma con respecto a los errores de repetibilidad del conector. Ademas, se
ha visto que la constante de propagacién obtenida también sigue una distribucién
normal. Finalmente, para validar la teoria presentada, se han aplicado métodos a varias
mediciones de dos lineas en el rango de frecuencia de 0.01 a 67 GHz, utilizando el
mismo kit y diferentes combinaciones de conectores. Los resultados muestran que se
obtiene una mayor precision cuando se utiliza el mismo par de conectores, lo que reduce
considerablemente el rizado de la constante de atenuacion. Esto valida la idoneidad del

analisis de error propuesto.

E.4 Caracterizacion de materiales realizados con

fabricacion aditiva

En este capitulo se aplica el Método 2 del capitulo anterior, basado en autovalores, para
obtener la permitividad relativa de varias piezas de material realizado con la impresora
3D Ultikamer 3. Para ello, se propone una estructura microstrip multicapa que cuenta
con un sustrato conocido y una pieza del material a caracterizar que se coloca encima
de dicho sustrato. Primeramente se caracteriza el sustrato inferior y posteriormente

estos datos se utilizan para caracterizar el sustrato superior.
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E.4.1 Caracterizacién de la linea microstrip

Para caracterizar el sustrato inferior se fabrican 7 lineas microstrip sobre el sustrato
Rogers 4350B LoPro, con 30 mil de espesor, €, = 3.66, tand = 0.0031, y metalizacién
de cobre de 17.5 um de espesor. La longitud de las lineas, que se muestra en la leyenda
de la Fig. [3.4] se calcula siguiendo el procedimiento cuasi lineal de ¢ = 1.2. El ancho de
linea se establece en 1.65 mm para obtener obtener una impedancia caracteristica de
50 €.

El método de caracterizacion consiste en medir los pardametros S de las 7 lineas.

Posteriormente, se aplica la ecuacion

N 2
1 L/A + Ao 1vAl
iy S| (F5) e (19

para obtener a y €, .4, a partir de la cual se obtiene la permitividad nominal del
sustrato, &, incluyendo la dispersién, utilizando el modelo de Kirschning y Jansen [68].
Finalmente, la £, obtenida se importa en el simulador comercial [47] y se obtienen los

resultados simulados de la estructura.

La Fig. muestra la permitividad efectiva medida y simulada y la constante de
atenuacion obtenida mediante la aplicacién del método al conjunto de 7 lineas. Ademas,
también se muestra la informacién sobre la dispersién del sustrato proporcionada por el
fabricante del material [40] hasta 50 GHz. Como se ve, existe una excelente concordancia
entre la permitividad relativa efectiva medida y la obtenida por simulacion utilizando
datos del fabricante. En este sentido, se debe resaltar que la permitividad relativa,
obtenida de la de la Fig. (b) utilizando el modelo de Kirschning y Jansen y mostrada
en la Fig. (¢), es bastante similar al dato proporcionado por Rogers, mostrando
lo bueno que es el método propuesto para estimar dicho parametro. Por esta razon,
la e, obtenida se utilizard en la siguiente seccién para la simulacién de la estructura
propuesta, con el fin de caracterizar con mayor precisién, incluida la dispersién del

sustrato, las muestras de material.

E.4.2 Estimacién de los parametros del material

El montaje propuesto para la estimacion de los pardmetros dieléctricos consiste en una
linea de microstrip cargada con una pieza hecha del material que se va a caracterizar.

El esquema de medicién se muestra en la Fig. 3.6, Como se ve, el dieléctrico de la
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microstrip tiene una permitividad conocida €,;, estimada en la seccién anterior, y una
altura hi, mientras que el material superior tiene una permitividad desconocida .5 y

una altura conocida, hs.

El procedimiento consiste en la determinacién de la constante de propagacion de
la estructura completa y, luego, la extraccion de la constante de atenuacién y fase del
material dieléctrico de la parte superior. Se han propuesto varios modelos numéricos
para estimar la permitividad relativa efectiva de esta estructura, destacando [63,/69].

Ambos modelos se basan en métodos numéricos y provienen de [70].

El problema con estos métodos es que la permitividad relativa estimada se calcula
utilizando un modelo cuasi estatico. Por eso, no tienen en cuenta la propia dispersion del
material. Como se ve en la Fig. la permitividad relativa tiene una ligera tendencia
descendente con la frecuencia, y esta tendencia también aparecera en los materiales de
impresion. Por eso, se propone usar un modelo matematico que caracteriza esta curva
decreciente entre las frecuencias minima y maxima que el analizador usado permite

medir. Este curva modelo se definird como

._1 p
Erizgrl_(€r67_5rl) (]C—l) ,izl,N, (E19)

donde £,1 y £,47 son la permitividad relativa estimada a 1 GHz y 67 GHz respectivamente,
y p es un factor cuasi lineal. Este valor puede ser p = 1 para un modelo lineal, p = 2
para un modelo cuadréatico o un valor entre estos valores, que supondra un modelo cuasi
lineal. Después de comparar medidas y simulaciones, el valor p = 1.5 muestra que las
diferencias que se logran son minimas. Por lo tanto, se usara dicho parametro para este

modelo de dispersién cuasi lineal.

E.4.3 Consideracion sobre las pérdidas obtenidas

Para determinar las pérdidas, el proceso constara de dos partes. Por un lado, sera
necesario determinar las pérdidas en los conductores. Para este proceso, se utilizara
el modelo analitico presentado en [70] y mejorado en [71], que incluye el efecto de
la rugosidad superficial. La rugosidad superficial de los conductores provoca que las
pérdidas se incrementen ligeramente. Si no se considerara este efecto, la tangente de
pérdidas estimada del sustrato superior seria mayor. Para comprobarlo, se han realizado
algunas simulaciones. La Fig. muestra la diferencia en la constante de atenuacion

estimada con y sin rugosidad superficial, usando [HIPS como sustrato superior. Como
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se ve, la rugosidad superficial aumenta la pendiente de la «a estimada.

Una vez consideradas estas pérdidas, es necesario determinar las pérdidas en los
dieléctricos. Este proceso se basa en encontrar la tand., de ambos dieléctricos. Este
modelo equivalente se defini6é en [72]. A partir de ella, conociendo la tangente de
pérdidas del sustrato inferior tand;, es posible obtener la tangente de pérdidas del
sustrato superior tand,. Este método proporciona un valor bastante exacto de la
tangente de pérdidas para el sustrato superior. Ademds, nos permite distinguir entre
valores cuya tangente de pérdidas es similar. Por ejemplo, la Fig. muestra la
constante de atenuacion de dos estructuras. La primera tiene una tangente de pérdidas
de 0.001, la segunda de 0.004 y la tercera de 0.01. Como se ve, la pendiente de la
constante de atenuacion es diferente. Es cierto que, a medida que disminuye el valor
de la tangente de pérdidas, sera mas dificil diferenciar los valores, pero el método

proporciona un valor bastante preciso.

E.5 Caracterizaciéon de lineas acopladas

En este caso, para la caracterizacién de la constante de propagacién de los modos par e
impar de lineas acopladas simétricas se vuelve a utilizar el mismo método anteriormente
propuesto. Sin embargo, en este caso se toman medidas con el analizador en pure-mode,
por lo que habra que primero presentar como se hace la descomposicion de los modos

par e impar de la estructura.

E.5.1 Parametros S diferenciales

Para medir los pardmetros S de cada modo, a partir de los cuales se va a estimar su
constante de propagacion, se pueden utilizar parametros S del modo mixto. Fueron
introducidos por D. Bockelman y W. Eisenstadt en 1995 (92|, para modelar circuitos y
dispositivos diferenciales. Con estos parametros es posible caracterizar mas exactamente
el comportamiento de los modos comun y diferencial de este tipo de dispositivos [87].
Parten de una medicién single-ended de un dispositivo de cuatro puertos ([Ss]), que
transforman en un dispositivo equivalente con dos puertos que incluyen los modos
diferencial y comun ([S,,,]). La Fig. muestra un diagrama del funcionamiento de
la medicién de parametros S en modo mixto, donde los cuatro puertos single-ended se
convierten en dos puertos equivalentes, que excitan los modos diferencial y comin de

forma independiente.
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Figura E.1: Diagrama de medida de los pardmetros S en modo mixto.
Los parametros S en single-mode vienen dados por
by Si Sz Sz Su ay
by _ So1 Sop Sz Su Q3 ’ (E.20)
bs S31 Sza S33 Saq as
by Sy Ssz Saz Sy Q4
mientras que los del modo mixto por
ba1 Sqar1 Sadrz | Siide  Si2de QA1d
b2 Saqdao1 Sadze | S21de S22de Q24
= (E.21)
be1 Sed11 Sedzz | Stice  Shzee QA1c
be2 Sed21 Sedzz | S21cc S22¢e a2

La matriz en (E.21]) se puede ver como cuatro submatrices correspondientes al modo

diferencial (Sz), el modo comin (S,.) y las submatrices Sy. y Seq, que representan la

transferencia de energia entre los modos diferencial y comun. Sg. v Sy generalmente se

denominan matrices de modos cruzados (cross-mode). Las matrices (E.20) y (E.21)) se

pueden relacionar usando [92]

(E.22)
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siendo

] —
o |
—_
— o
o
—_

1
— (E.23)
V21 1 0 o0

0 0 1 1

En cierto modo, las lineas acopladas funcionan como dispositivos diferenciales, en los
que el modo impar corresponde a una excitacion diferencial, mientras que el modo par

a una excitacién en modo comin, como se muestra en la Fig.

Pared Magnética Pared Conductora

Figura E.2: Configuracién de campos de los modos par (a) e impar (b) de las lineas
acopladas.

Las matrices de modos cruzados son despreciables en las estructuras de lineas

acopladas, por lo que S;jq = Sijac = 0V, j, y las submatrices se pueden desacoplar como

ba Sad1r Sdd12 Q14

= . ) (E.24a)
baz Sad21  Sdd2 Q24
bcl _ Sccll Sccl2 ) A1c ' (E24b)
ch Schl Scc22 A2c

Estos parametros seran el punto de partida del método propuesto para la estimacién
de la constante de propagacion: se utilizara para el modo impar y (E.24b|) para
el par. Los analizadores de redes actuales permiten medir directamente los parametros
S diferenciales, realizando internamente la transformacion propuesta en , siempre

que tengan la opcion de realizar medidas en pure-mode.
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E.5.2 Medidas del analizador en pure-mode

Las medidas en pure-mode se introdujeron en [94]. Para realizarlas, es necesario disponer
de un analizador de redes vectorial que disponga de dicha opcién. Para este tipo de
medicién hay que utilizar los cuatro puertos fisicos de dicho analizador. La idea principal
es generar los cuatro puertos virtuales que se muestran en la Fig. (dos para el modo
comun y dos para el modo diferencial). Para ello, debe asegurarse que entre los puertos
fisicos 1 y 2, y los puertos 3 y 4, exista una diferencia de fase de 0° y 180°. Si esto
sucede, la estructura se excita en modo comun o diferencial, respectivamente. A partir
de esta excitacion, es posible obtener directamente, desde el analizador, la matriz de
pardmetros S de modo mixto ([Sy,,]). Es importante resaltar la necesidad de que el
analizador tenga dos generadores de senales operando independientemente. Se demostrd
que la incertidumbre de dichas medidas es menor que las de las medidas tradicionales
en single-ended de cuatro puertos y su posterior transformacion cuando se realizan

medidas de dispositivos diferenciales [87].

E.5.3 Consideraciones sobre la excitacion de los modos

Uno de los problemas a la hora de medir las lineas es que es necesario colocar conectores.
Estos conectores no caben en la configuracién de dos lineas acopladas, por lo que habra
que buscar una configuracién, basada en codos, que posibilite alimentar las lineas. Los
codos se utilizan para separar correctamente los conectores y que se puedan conectar
al analizador. Se presentan dos posibles configuraciones. Primero, se propone una
estructura con dos codos de 90°, como se muestra en la Fig. (a). Como todas
las lineas de acceso son iguales, se garantiza que las lineas acopladas tendran una
alimentacion de modo diferencial o comin. Sin embargo, para las mediciones en pure-
mode es necesario utilizar una calibracién que compense las diferencias entre los
puertos del analizador, para garantizar que los puertos puedan tener alimentaciones en
modo diferencial o comun. Esta es la principal diferencia en comparacion con cuando

se aplica el método propuesto a lineas de transmisién de 2 puertos.

El principal problema asociado con las codos son las pérdidas por radiacién [95]. Estas
pérdidas son especialmente significativas cuando el déngulo de las codos aumenta [96] y
a altas frecuencias, cuando la longitud de las lineas entre las codos es comparable con
la longitud de onda guiada. Por esta razdén, se propone una configuraciéon adicional con
solo un codo de 30 °. Dicha configuracion se muestra en la Fig. (b). El codo de
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30 ° también permite una correcta conexién con el analizador. Se pueden usar valores
mas bajos, pero 30° aporta un equilibrio entre los efectos parasitos admisibles y las

longitudes razonables en las lineas microstrip de acceso.

Para comparar cémo las dos configuraciones pueden afectar al método presentado, se
proponen dos figuras de mérito, que son claves para entender cémo funciona el método.
Por un lado, la constante de atenuaciéon depende, en gran medida, del valor absoluto de

los parametros S [50]. Para satisfacer la conservacién de energia, la ecuacién

N
D 1Sl < 1Vm (E.25)

n=1

se debe cumplir en cada linea. Asi, considerando que la estructura es reciproca, y para

evaluar las pérdidas por radiacién, el indicador A se puede definir como

A =[S, >+ [So1, | + S50, )* + [Sa, | < 1. (E.26)

Por otro lado, la constante de fase depende de la diferencia de fase de dos lineas con

diferente longitud. Por esta razén, el indicador § se puede definir como

§ = £S5, — £Ss1,. (E.27)

Los dos indicadores definidos serviran para evaluar cémo los codos pueden afectar
el comportamiento del método propuesto. La Fig. muestra los indicadores A y §
para 2 lineas de 30° y 90°. El sustrato utilizado es el RO4350B de 20 mils, con lineas
de 1.095 mm, un gap de 150 um y longitudes de 10 y 35 mm respectivamente. Como
puede verse, hay una disipacién de potencia mucho mayor cuando se utilizan codos
de 90°. Este comportamiento irregular hara que la constante de atenuacién estimada
se deteriore significativamente en alta frecuencia. Ademés, para esa configuracién, la
diferencia de fase no tiene un comportamiento lineal con la frecuencia, por lo que la
constante de fase no se estimara correctamente en alta frecuencia. Por lo tanto, se

espera que la configuracién de curvas de 30° haga que el método funcione mejor.
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E.6 Diseno de filtros multi banda usando lineas de

transmision multiconductoras

En el ultimo capitulo tedrico se proponen y analizan mediante ecuaciones dos topologias
de filtros paso banda de doble banda y una toplogia multi banda usando lineas de
transmision multiconductoras cortocircuitadas con stubs paralelos en abierto. Mediante
el uso de las arquitecturas propuestas, se pueden lograr filtros doble banda o multi

banda con uno o dos polos en cada banda.

E.6.1 Filtros de doble banda

MTL MTL MTL

° 9

Nt
o N N
N
TN

by Ll
T

ZOaf ) 90,

F £\

© )

0 o
Zoa,c,ﬁa

i i 1 tierr:
Vias a tierra Zo,. 00 Vias a tierra
bs

230b9ab ézobaeb
™~ Stubsen
abierto

(@) (b)

Stubs en abierto

Figura E.3: Esquema circuital de los filtros propuestos: (a) prototipo I y (b) prototipo
II.

Las topologias propuestas se muestran en la Fig. Para analizar estos circuitos
se emplea el andlisis de modo par e impar. Una vez que se calculan las impedancias de
entrada par (Z;,,) y modo impar (Z;,, ), los parametros S de los filtros se determinan

como
ZineZino - Z02 ZO (Zine - Zzno)

A ’ A (E.28)
A =75+ Zo (Zin, + Zin,) + Zin. Zin,,

811 = 821 =

siendo Z; la impedancia caracteristica utilizada para terminar los puertos de entrada
y salida. Las expresiones se pueden simplificar si se hace que tanto las lineas de
transmisién multiconducotras tengan una longitud eléctrica de cuarto de onda a la

frecuencia media (f,) de las dos bandas deseadas. Ademads, asumiendo propagacion
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[TEM] se puede considerar

Oy =0,=0=0,2=__. (E.29)

A partir de (E.28]) y después de algunas transformaciones algebraicas, la magnitud

al cuadrado de los pardametros S1; y So; se puede expresar como

Prototipo I

Suf = ISP s (.30
R TE A s iy 22 '
gstan* 0 + g, tan? 0 + g
b= E.30b
! tan @ (1 + tan?6) ( )
1
K= o57—7— E.30
1= 2870 7o, (E-30c)
91= 25 K (E.30d)
92 = (Zo,c+2Zo,¢* (1 — Z3)) K; (E.30e)
go = =27, (1 —¢*) K; (E.30f)
Prototipo 11
1S |* = Fir S| = L. (E.31a)
1+ FF 1+ F%
patant @ + potan? 0 + py
Fir = E.31b
1 tan? 0 (1/sim 6) (E.31b)
1
Kin=o5s—7r E.31
II 26220a Zgb ( C)
pa= 25Ky (E.31d)
po = — (220, Zoyc+ Zo & (1= Z5))) Ki (E.31e)

po= 25 (1—c) Ky (E.31f)
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donde

Zo. = Zo,/ 20,  Zo, = Zo,/Zo. (E.32)

La respuesta en frecuencia de ambas estructuras esta perfectamente caracterizada
por medio de y , y teniendo en cuenta la forma de F; y Fpy, disenar filtros
paso banda de doble banda con ceros de transmisién reales en 6, = 2z 7y 2 = 0,1,2,

. es sencillo. Estos ceros de transmision se utilizan para mejorar tanto el aislamiento
entre las dos bandas de paso como el nivel de rechazo de los ceros. Dichos ceros de
transmision en 6.=z7, 2=0,2,4,... son inherentes a la linea multiconductora, mientras
que los ceros en 0,=z7, 2=1,3 ... son causados por los stubs en abierto. Ademas, debido
al grado del numerador de F; y Fj; es cuatro, ambas estructuras son, a priori, adecuadas
para sintetizar filtros paso banda de doble banda y cuarto orden. Anadiendo stubs de
diferentes longitudes eléctricas, podria ser posible obtener respuestas de paso de banda
multi banda, forzando ceros en la banda de paso de las lineas multiconductoras. No
obstante, esta factibilidad dependera de la realizabilidad fisica de los valores requeridos

de Zy,, Zo, v ¢, lo que también condiciona los anchos de banda operativos y el ratio de

frecuencias.

E.6.2 Ecuaciones de sintesis

Los parametros de diseno Z,, Zy, y ¢ pueden calcularse facilmente equiparando la
funcién de transferencia de los circuitos (Fr, Frr) a las funciones de filtrado tedricas
(F,) como

el (0) = Frrr(0), (E.33)

donde € es el factor de rizado dentro de la banda, que viene dado por las pérdidas de

retorno L deseadas en decibelios [136] y que se puede calcular como

€= L (E.34)

VI10LR/10 — 1

Para realizar la sintesis de los filtros se han calculado las siguientes ecuaciones:
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Prototipo I

Prototipo II

Z()a == <1

N daby/1 — ¢ — (4ab+ 1)(1 — ¢?)

2622
c b

vVi—-cta
1-¢ 1
c2 420ab2,

Zo, = Zo,

E.6.3 Filtros multi banda

—

)

(E.35a)
(E.35b)

(E.35¢)

(E.36a)
(E.36b)

(E.36¢)

Una posible modificacion de la topologia anterior podria ser anadir mas stubs en paralelo

para implementar filtros paso banda multi banda compactos. Ademads, se pueden anadir

secciones de tipo spur-line para mitigar la primera réplica de la respuesta de frecuencia

base de la estructura. La configuracién circuital se muestra en la Fig. [E.4]

E.7 Conclusiones y lineas futuras

Esta tultima seccion resume el trabajo de investigacion desarrollado durante la tesis

doctoral y destaca los principales aportes. Por ultimo, senala diferentes perspectivas de

trabajo futuro a partir de la investigacién desarrollada.
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Figura E.4: Esquema del circuito propuesto para implementar filtros multi banda.

E.7.1 Contribuciones originales

A continuacién se enumeran la sintesis y las principales aportaciones de esta tesis.

Caracterizacién de lineas de transmision

Se han comparado tres métodos diferentes utilizados para la caracterizacién experimental
de la constante de propagacién de lineas de transmision a partir de medidas en dos
puertos. Aunque podria pensarse que estos tres métodos funcionan de forma similar,
se ha demostrado que tienen un comportamiento totalmente diferente en presencia de

errores. En este contexto, las principales aportaciones son:

e En cuanto a los errores aleatorios del analizador de redes, los métodos funcionan
de forma totalmente diferente. La mejor estrategia es utilizar el método basado

en autovalores, que es el inico que no muestra un comportamiento resonante.

e En cuanto a las longitudes de linea y los errores de conductividad, funcionan

como una desviacién en la solucion, siendo mas significativos en frecuencias altas.

e En cuanto a los errores de repetibilidad de los conectores, todos los métodos
funcionan de la misma manera. Utilizar el mismo kit de conectores para todas

las medidas en lugar de varios kits diferentes en cada linea de transmision es una
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forma adecuada de reducir considerablemente la incertidumbre de la estimacion
final.

e Aumentar el niimero de lineas y utilizar un estimador de minimos cuadrados es

una buena forma de reducir la incertidumbre en la solucién.

Caracterizacién de materiales de fabricacién aditiva

Se ha propuesto una técnica sencilla para determinar las propiedades [EM| en banda
ancha de los materiales de fabricacién aditiva. Es muy 1til y no se necesita calibracion.
Los resultados obtenidos muestran una excelente concordancia entre las medidas y
las simulaciones, por lo que el procedimiento propuesto puede considerarse una buena
y sencilla alternativa a los encontrados en el estado del arte. El modelo incluye los
efectos de la dispersion del sustrato y de la rugosidad superficial de los conductores.

Las principales contribuciones sobre este tema son:

e Los métodos permiten obtener resultados muy precisos en cuanto a la constante

de atenuacién y la permitividad dieléctrica efectiva utilizando pocas lineas.

e Se ha propuesto un criterio no lineal para elegir las longitudes de las lineas con el

fin de minimizar los errores provocados por las resonancias.

e Se ha propuesto un modelo de dispersion para caracterizar la permitividad relativa
de las muestras de material disponibles en todo el ancho de banda del analizador
de redes utilizado (0.01-67 GHz).

e El material [HIPS| ha demostrado tener bajas pérdidas y puede establecerse como
candidato para la fabricacién de estructuras electromagnéticas debido a su tangente

de pérdidas cercana a 0.004.

Caracterizacion de lineas microstrip acopladas

Se ha presentado un método para obtener en banda ancha la constante de propagacién
de los modos par e impar de un par de lineas microstrip simétricas acopladas, utilizando
lineas de diferente longitud. Para ello se ha utilizado la medida de los parametros S en
pure-mode con el fin de obtener la matriz separada de cada modo. El método propuesto
se ha validado mediante simulaciones y medidas, fabricando cuatro prototipos diferentes.

Las principales aportaciones son:



Appendix E. Summary in Spanish 143

e Se ha propuesto un método para caracterizar y obtener con precisién la constante

de propagacion en lineas acopladas, considerando ambos modos por separado.

e Se ha presentado un estudio riguroso y exhaustivo de la excitacién de los modos,
que muestra que los dngulos de los codos en las lineas de alimentacion son
criticos para la constante de atenuacion. La constante de atenuacion estimada es

significativamente mejor cuando se utilizan angulos de curvatura menores.

e Los resultados medidos son muy precisos en todo el ancho de banda del analizador
utilizado (0.01-67 GHz), especialmente en la constante de fase. Esto supone
un avance significativo en ancho de banda de caracterizacién para este tipo de

estructuras.

Filtros paso banda multi banda

Se ha propuesto el uso de lineas de transmisiéon multiconductoras cortocircuitadas y
stubs paralelos en abierto para sintetizar filtros paso banda compactos de doble banda.
A partir de las ecuaciones analiticas obtenidas, se realiza un procedimiento de sintesis
para obtener los parametros de un filtro con la respuesta en frecuencia Chebyshev
deseada. La teoria presentada se valida mediante el diseno, fabricacién y medicién de
tres prototipos. La excelente concordancia entre el modelo analitico y las mediciones
da a los disenadores la confianza para utilizar el modelo propuesto. Ademas, se plantea
una configuracion adicional, que incluye varios stubs en abierto, y que permite obtener
respuestas multi banda. Las réplicas inherentes a la estructura distribuida propuesta
se pueden mitigar utilizando secciones de tipo spur-line. Las principales aportaciones

sobre este tema son:

e Se ha propuesto una novedosa estructura para el diseno de filtros paso banda
compactos, tanto de doble banda como multi banda, con buen rechazo fuera de

banda. La teoria se ha evaluado mediante validacién experimental.

e Se deriva un conjunto de ecuaciones para el diseno de filtros compactos paso banda
de doble banda con una respuesta de tipo Chebyshev utilizando dos prototipos

diferentes.

e Se propone una técnica de diseno de filtros que permite obtener facilmente
respuestas paso banda multi banda. Es posible seleccionar tanto el ancho de

banda como la frecuencia central de cada banda.



144 E.7. Conclusiones y lineas futuras

E.7.2 Lineas futuras

A continuacién se presentan algunas ideas y directrices breves como trabajo futuro que

puede continuar al realizado en esta disertacion:

e Uso de técnicas de aprendizaje automatico para la caracterizacion de
lineas de transmisién
Las técnicas de aprendizaje automatico estan en auge en los tultimos anos en
muchos campos de la ciencia, incluyendo las telecomunicaciones. Con ellas podré
ser posible estimar los principales pardametros de una linea de transmision a
partir de la medida de sus parametros S, si previamente se ha entrenado un
modelo con pardametros de otras lineas de transmision. Con este procedimiento no
serfa necesario utilizar lineas de diferentes longitudes. Sin embargo, la precision

dependeria de lo bien que se haya entrenado el modelo.

e Caracterizacion de materiales en el espacio libre
El uso de muestras de materiales realizados con fabricacion aditiva que se iluminan
con una antena transmisora, para estudiar su transmisividad y reflectividad,
debe ser explorado en el futuro. Para ello, se debe estudiar la variacion de los
parametros Si; v Sa; cuando el material se encuentra en la trayectoria directa
entre las antenas emisora y receptora. A partir de esta variacion, seria posible

extraer las propiedades electromagnéticas del material.

e Caracterizacion de las lineas acopladas asimétricas
La técnica propuesta en el Capitulo |4 se utiliza para caracterizar las constantes de
propagacién de las lineas acopladas simétricas. Sin embargo, habria que realizar
una ampliacién del método para poder explorar los modos C'y 7 de estructuras
microstrip acopladas asimétricas o no homogéneas. Para ello, seria necesario

asegurar que la excitacién de ambos modos se realiza correctamente.

e Caracterizacion de lineas de transmisién multiconductoras
Otra posible aplicacion a la técnica propuesta en el Capitulo 4] es caracterizar
los modos de propagacion en lineas de transmisién multiconductoras con lineas
alternas interconectadas. Se deberia realizar otro estudio para asegurar que la

excitacién de ambos modos se realiza correctamente.

e Uso de stubs disenados con lineas de transmision multiconductoras

para crear filtros paso banda de orden superior
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El uso de stubs basados en lineas de transmision multiconductoras permite
implementar niveles de impedancia que son inabordables con un solo stub, y que
son de interés para el diseno de filtros. Se pueden utilizar en los filtros paso banda
multi banda propuestos para conseguir respuestas mas selectivas, ya que los stubs
simples utilizados limitan el ancho de banda de los ceros de transmisién forzados
dentro de la banda ancha de las lineas multiconductoras. El uso de stubs basados
en lineas multiconductoras permitiria mejorar significativamente el rechazo entre

bandas adyacentes.

e Implementaciéon de lineas de transmision multiconductoras utilizando
fabricacion aditiva
En esta tesis se ha propuesto un prototipo de linea de transmision stripline
realizada mediante fabricacion aditiva. Esta tecnologia puede ser muy 1til para
la fabricacién de lineas de transmisiéon multiconductoras. Sin embargo, sera
necesario mejorar los problemas encontrados, como la falta de homogeneidad de
los sustratos y la conductividad de las tintas impresas. Si se consiguen superar estos
problemas, sera posible la fabricacion e implementacion de circuitos de microondas
competitivos, como las topologias de filtro basadas en lineas multiconductoras

desarrolladas en esta tesis, utilizando tecnologias de fabricacién aditiva.
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