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Summary

The synthesis of planar microwave circuits able to satisfy a set of given specifications
has been a subject of interest in the microwave community for years. Despite the fact that
most commercially available computer aided design tools and electromagnetic solvers include
optimizers, obtaining the circuit topologies that satisfy the design requirements is generally
cumbersome. Convergence to the optimum solution is not always guaranteed unless the
seeding layout is already very close to the one providing the target response, and designer
experience plays a key role in such optimization process as long as the circuit complexity

increases.

On the other hand, single-ended and, more specially, balanced microwave filters have
become essential devices with the recent advances in the development of wireless
communication technologies, where higher levels of integration and more complex
microwave systems are key requirements. Therefore, a systematic procedure able to provide
the filter layout satisfying the required specifications would be very welcomed by microwave

engineers.

This thesis is focused on the automatic synthesis of single-ended and balanced planar
microwave filters providing wideband bandpass responses. Such filter structures are based
on semi-lumped resonant elements, implemented by a combination of high and low
impedance transmission line sections, also known as Stepped Impedance Resonators (SIRs).
The optimization approach, based on the Aggressive Space Mapping (ASM) technique, is
aimed to generate the filter layout from design specifications following a completely
unattended scheme. Therefore, such filter optimization scheme can represent the first step
towards an optimization tool for this type of SIR-based filters suitable to be part of any

commercially available engineering software focused on microwave design.

To this end, specific ASM-based algorithms are developed in order to automatically
synthesize multiple single-ended and balanced filter topologies based on SIRs. The proposed
automatic design procedures are thoroughly detailed and validated through its application to

generate several filter layouts starting from different sets of practical specifications. The



reported procedures and the results obtained reveal that this optimization methodology can
be extended to many other filter structures, and have lead this research work to contribute
to the state of the art with innovative strategies in the ASM formulation as well as with novel

synthesized passband filter topologies.

vi



Chapter 1

Motivation and Objectives

The synthesis of planar microwave circuits able to satisfy a set of given specifications is
a subject of interest for the microwave community. Despite the fact that most commercially
available computer aided design (CAD) tools and electromagnetic (EM) solvers include
optimizers, obtaining the circuit topologies that satisfy the design requirements is not always
straightforward. This design difficulty increases with circuit complexity, and convergence to
the optimum solution is not always guaranteed (for instance due to limitations related to local
minima), unless the seeding layout is already very close to the one providing the target

response.

This thesis is focused on a specific type of planar circuits, of interest in many different
microwave applications, whose design requires significant computational effort: single-ended
and balanced wideband bandpass filters. There are many approaches for the design of
wideband planar microwave filters [1], [2]. The interest in this thesis is the design of wideband
bandpass filters, based on semi-lumped (i.e., electrically small and planar) resonant elements
coupled through admittance inverters. More specifically, such resonators are implemented
by a combination of high and low impedance transmission line sections and are also known
as Stepped Impedance Resonators (SIRs), while the admittance inverters typically consist of
quarter-wavelength transmission lines. However, deviations from the ideal responses are
caused by the limited functionality of the inverters and by the distributed effects of the planar
resonators at sufficiently high frequencies. These deviations are more pronounced if the filter
is broadband, mainly because the required phase shift of the inverters is not preserved over
the whole filter pass band.

A systematic design procedure of different filter structures based on SIRs, able to
provide the filter layout satisfying the required specifications, is the main focus of this
research work. The main purpose of this EM optimization approach, based on the
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Aggressive Space Mapping (ASM) technique, is to generate the filter layout from the
specifications following a completely unattended scheme. Therefore, such filter optimization
scheme can represent the first step towards an optimization tool suitable to be embedded in

any engineering CAD software focused in microwave design.

To this end, the main purpose of this thesis is to develop specific ASM-based algorithms
which are able to automatically synthesize different filter topologies: high order (and hence
highly selective) single-ended filters as well as more complex balanced filter structures with
common-mode suppression. The implemented optimization schemes will be aimed to
overcome the aforementioned inherent bandwidth limitations of the admittance inverters
which, in turn, will lead this research wotk to contribute to the state of the art with innovative

strategies in the ASM formulation and with novel synthesized filter topologies.

This thesis is written in the basis of a compendium of articles. The research has already
been published in international journals, conference proceedings and a book chapter. The
articles included in this thesis are found in the PhD Thesis Main Articles Section and have
been differentiated between Fundamental Articles and Non-Fundamental Articles. The
superscript * following the corresponding Articles references denotes that such Articles do
not belong to the set of fundamental Articles of this thesis, but they are included for
completeness. All the author’s publications, contributions to conferences and the book
chapter are listed in the PhD Thesis Author Publications Section. The thesis is organized

as follows:

Chapter 1 corresponds to the present introduction and it is aimed to provide the
motivations and the main objectives of the thesis, as well as an overview of the arrangement
of the chapters.

Chapter 2 is addressed to the theoretical formulation of the Space Mapping
optimization techniques, paying special attention to the Aggressive Space Mapping, widely
used along this work. The classical single-ended microwave filter synthesis theory and the
fundamentals of the balanced microwave filters are both presented as well. Next, an extensive
overview of the state of the art of the ASM technique applied to the microwave filter
optimization is conducted. Finally, the most recent advances in the balanced microwave filter
synthesis are reviewed in detail, and the competitiveness of the balanced filters based on SIRs
is justified. This analysis will be helpful in order to put into context the filter ASM-based
optimization strategy applied throughout this work, which is presented at the end of this
chapter.

Chapter 3 is devoted to the automatic synthesis of single-ended planar wideband
bandpass filters based on SIRs through ASM. The entire optimization process is described
and supported by examples in order to prove the validity of the concept. The flow of the
implemented ASM algorithm is detailed in depth, and the analysis of the topology of the
synthesized filters based on SIRs is also conducted. Moreover, an innovative Two-Step ASM
concept is introduced at the end of this chapter in order to solve the issue of the narrowband

limitations of the quarter-wavelength admittance inverters.

Chapter 4 addresses the ASM-based automatic synthesis of balanced planar wideband

bandpass filters based on SIRs. In a similar manner than Chapter 3, the entire optimization



flow is described which, in this case, is applied to different balanced topologies, so that the
particularities of the ASM algorithm implemented for each structure are also emphasized.
The analysis of the different topologies is also conducted and the validity of the concept is
supported by the corresponding examples in all cases. In addition, a novel balanced filter
topology (where the admittance inverters are replaced with semi-lumped elements) is
presented, so that the ASM algorithm is simplified by avoiding the Two-S7ep ASM scheme.

Chapter 5, summarizes the most relevant results and contributions reported in this

thesis. Future lines based on the results obtained in this work are also proposed.

This thesis has been conducted in the GEMMA (Grup d’Enginyeria de Microones,
Metamaterials i Antenes) / CIMITEC (Centre d’Investigacié en Metamaterials per a la
Innovacié en Tecnologies Electronica i de Comunicacions) group, that belongs to the

Electronics Engineering Department of the Universitat Autonoma de Barcelona.

CIMITEC is one of the centers of the Technological Innovation Network of TECNIO
of the Catalan Government, created with the objective of promoting the transference of
technology to industry in the field of Information and Communication Technology and has
been recognized as a Consolidated Group by the Catalan Government (AGAUR).

The most relevant projects and different institutions that have supported this research

activity can be highlighted as follows:

e Recognition as a consolidated group of research from the Generalitat de
Catalunya: Agencia de Gestié y Ajuts Universitaris y de Recerca (AGAUR).
Period: 2014-2016. File 2014SGR-157.

e Project TEC2013-40600-R. From the Spanish government: Direcciéon General
de Investigacién Cientifica (Ministerio de Economia y Competitividad). Period:
2013-2016. Title: “Diserio y sintesis de componentes de RE/ microondas basados en

conceptos avanzados y su aplicacion a circuitos de comunicaciones, sensores y REID”.

e Project TEC2013-49221-EXP, under the Explora Ciencia y Tecnologia program,
from the Spanish government: Direcciéon General de Investigaciéon Cientifica
(Ministerio de FEconomia y Competitividad). Period: 2014-2016. Title:
“Herramienta CAD para la sintesis desasistida_y antomatitzada de circuitos complejos de
RF/Microondas en tecnologia plana”.

e Project TEC2016-75650-R, under the I+D+i Orientada a los Retos de la
Sociedad program. From the Spanish government: Direccion General de
Investigacion Cientifica (Ministerio de Economia y Competitividad). Period:
2017-2019. Tite: “Diseio y sintesis de componentes de RE/microondas basados en

conceptos avangados y su aplicacion a circuitos de comunicaciones, sensores y RFID (11)”.
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e Recognition as a consolidated group of research from the Generalitat de
Catalunya: Agencia de Gestié y Ajuts Universitaris y de Recerca (AGAUR).
Period: 2017-2019. File 2017SGR-1159.



Chapter 2

Introduction and State of the Art

The Space Mapping (SM) technique applied to the design and optimization of
microwaves devices is introduced in Section 2.1. The concept behind this effective
optimization technique is explained together with its mathematical formulation, which
provides the basic insights prior to the presentation of the Aggressive Space Mapping (ASM),
by far the most widely used Space Mapping design optimization approach up to now [3], [4].
The ASM algorithm can be understood as an improvement of the original Space Mapping
scheme by making it more general, robust and efficient while the algorithm complexity is not

increased significantly.

The main theoretical aspects about single-ended and balanced microwave filters used
throughout this thesis are reviewed in Section 2.2. To this end, an overview about the
fundamentals of the classical filter synthesis theory and the theoretical background of the

balanced microwave networks will be thoroughly provided.

Finally, in Section 2.3, a review of the state of the art regarding the ASM algorithm and
its applications is presented, as well as the most recent advances with regards to the balanced
microwave filters synthesis, paying special attention to those based on planar structures, since
it is the technology used for the filter topologies implemented in this work. Last but not least,
the basis of the strategy followed in this work about the unattended design of wideband
bandpass filters by means of ASM is detailed, while emphasizing its most novel aspects.
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2.1 Space Mapping Algorithms in Microwave

Device Optimization

Optimization techniques have been widely used by engineers in the last decades with
the aim to satisfy certain design specifications for specific microwave devices. The main
target is to determine the optimum values for a set of physical parameters linked to the device
structure to be optimized. Traditionally, general-purpose optimization algorithms were
proposed for computer-aided design (CAD), being effective through specialized iterative
techniques based on utilizing the simulated responses and their derivatives if available. The
simulation is fast in this context, where analytical solutions and exact derivatives can be found,
but at expenses of accuracy in the circuit model. Hence, in order to improve the accuracy of
the solution, the idea of employing EM solvers, mainly used for design verification, for direct
optimal design was attractive to the microwave community. However, EM solvers are by far
more CPU-intensive and, originally, they presented some drawbacks like non-differentiable
response evaluation and non-parametrized design variables. The interest in the microwave
optimization software increased at the same pace as the complexity of the microwave circuits
increased, and it was in 1990 when Bandler introduced the first microwave optimization
engine incorporating state-of-the-art microwave circuit simulation and optimization
algorithms, named OSA90. Nevertheless, since EM simulation remained CPU-intensive, the
link between EM solvers and optimization techniques did not solve the EM-based design
bottleneck, so that the automated EM-based design optimization was not (and still it is not)

satisfying the ambitions of the microwave community.

One of the main purposes of this thesis is to present a novel strategy applied to the
automatic and unattended optimization of microwave circuits in the EM domain, with the
aim to show the most recent advances in this field as well as proving its feasibility and
effectiveness with regards the current and most common optimization techniques existing

nowadays.

2.1.1 The Space Mapping (SM) Concept

In 1994, Bandler et al. [5], in order to get the efficiency of circuit optimization with the
accuracy of EM solvers, proposed an optimization technique based on mapping designs from
optimized circuit models to corresponding EM models. That methodology was named Space
Mapping. The principle of Space Mapping is to utilize a coarse model, i.e. analytical
approximation of the physics of the device, to obtain a near-to-optimal design for the fine
model, i.e., the EM model, following an iterative optimization process. The main goal is to
obtain the fine model optimal design without direct optimization of the fine model, but using
the coarse model instead, so that the iterative optimization steps are fast and computationally
efficient. In planar microwave circuits, the coarse model might be the device equivalent
circuit defined in a simulator such as Keysight® ADS, whereas the fine model typically
corresponds to the device layout, implemented in an EM-based simulator like Keysight®
Momentum or Ansys® HESS, for instance. Therefore, a link, or mapping, between the fine
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and coarse models is stablished through a parameter extraction process, and the values of the
relevant parameters of these mappings are updated during each iteration in order to obtain
the best matching possible between the coarse model and the fine model. At each iteration,
the coarse model is optimized generating a new design. Such new design will also be
evaluated at the fine model space for verification purposes, and also to provide data to be
used in the next iteration of the algorithm. A vital characteristic of Space Mapping is that
both coarse and fine models describe the same physical phenomena of the device, but with
less and more accuracy respectively. Hence, if the coarse model is accurate enough, the Space

Mapping optimization process is expected to converge after few iterations.

Space Mapping Formulation

The coarse and fine model parameters are defined as the vectors x. and x¢ respectively,
whereas Re(xc) and Re(x¢) are their corresponding coarse and fine model responses. The
Space Mapping concept is illustrated in Figure 2.1, where the correspondence between both

spaces is shown.

Ryxp) coarse R.(x.)
—> L >
X, X, model
s such that

R.(P(x;)~ R, (x)

Figure 2.1. Space Mapping concept. Reprinted from [6].

Let us assume that the fine and coarse model vectors are linked by a linear mapping

function P:

x. = P(x¢) 2.1)

and therefore, in the region of interest, the fine and coarse responses can be expressed as:

R (P(x¢)) ~ Re(x¢) 2:2)
The optimal solution for the coarse model is denoted as x.', while x{* is the optimal
solution for the fine model vector (found at the M™ iteration). Hence, the direct fine model

optimization can be avoided by solving (2.1):

xM =P (x.") 2.3)

In the original SM approach, it is needed to obtain an initial approximation of the
mapping P® by performing at least a preselected set of 7 fine model analyses, where 7 >
4#+1 and £ is the number of the fine and coarse design parameters. One initial point in the
fine space is taken as the optimal solution in the coarse space, x{” = x.", and the remaining

my - 1 points are obtained through perturbations of x{". Next, the cotrresponding coarse
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model points are obtained through the parameter extraction process by means of the first linear

mapping function approximation P®, enabling the first algorithm iteration by applying (2.1).

In general terms, the parameter extraction process is formulated as an optimization
subproblem based on minimizing differences between the coarse and fine model space at
the /~th iteration:

x® = arg min|[R,(x,) ~ Re(x)| =

At the /th iteration, the sets of points in both spaces will be expanded to contain
points so that a more accurate mapping P? can be found. The parameter extraction function
P update process is essential in the Space Mapping algorithm since the analytical form of P
is not available. Hence, Space Mapping uses the current approximation P to estimate x¢ at

the /~th iteration as follows:

xmitD = (PO) ' (x.") (2.5)

The iterative process will continue until the M™ iteration is reached, where M = ; + 1
and Re(x/™) is matching in a good approximation Re(x'). In this case, P is also assumed
to be close enough to the desired P, and x¢£* is considered to be the solution vector for the

fine space. This solution is called the final space-mapped solution:

Re(%(™) = Re(x,™*V) ~ Re(x,") (2.0)

Although the simplicity of the Space Mapping is notable, several limitations can be
pointed out. First, 7 fine model CPU-intensive model simulations are needed in advance to
be able to find P® and start the iterative process. Second, a linear mapping might not be
useful in situations where the coarse model is notably misaligned with the fine model. Third,
non-uniqueness of the parameter extraction process might provide algorithm non-convergence

and oscillation issues due to an erroneous mapping.

2.1.2 The Aggressive Space Mapping (ASM) Approach
The ASM algorithm [7] is a significant improvement of the SM strategy for EM

optimization. Its main advantage with respect the original SM approach is that in this case
there is no need to perform a preselected set of 7 fine model analyses, so that the iterative
optimization scheme starts from the very first EM analysis performed. ASM utilizes a quasi-
Newton type iteration by exploiting first-order derivatives approximations updated by means

of the classical Broyden formula [8].

ASM Flow Diagram

The ASM flow diagram is described in Figure 2.2. It consists of an #nitializing stage
followed by an iterative stage. In the initializing stage, the starting point is finding the optimal

coarse model vector x. that gives the target coarse model response Re" = Re(xc).



2.1. Space Mapping Algorithms in Microwave Device Optimization

‘ Start ’ v

_ h® = _(B(i))_lf(i)

v v

[x]
¢ i=i+1

x 7 =P(x()

v

1) _ (D) .
FO+HD = x Y — x2

A

No
B(H—l)
A
1 *
£ = XE ) _x: Yes
x™
A 4
L= ]
End
Initializing stage [terative stage

Figure 2.2. Generic flow diagram of the ASM algorithm.

The optimal coarse model response can be obtained by direct optimization of the coarse
model by means of available classical optimization methods or by means of classical design
methods. The second strategy is the one used in this work, where classical filter synthesis

methods are used to obtain the ideal coarse model.

Next step is to initialize the initial fine model vector, x{, which contains the fine model
design parameters, and proceed with the parameter extraction process P(x{") through the
corresponding parameter extraction function P, so that the initial difference, f, between the
fine model extracted parameters and the optimal coarse model can be calculated. fis known
as the error vector function. Indeed, the aim of the ASM is to minimize this difference by

solving the following non-linear system for x¢

f(xf) =P(xp) —x¢ =0 2.7

At this point the first Broyden matrix, B®, is initialized. Note that when the design
parameters in both models have the same nature (i.e. X. and X; contain geometrical
dimensions), B should be initialized by the identity matrix, that is, B® = I. Conversely, if the
natures of X, and x¢ differ, as it does in most of the cases in this work, B might be initialized

by estimating the Jacobian of x. with respect X by finite differences as follows:
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0x.1 Oxpq 0X¢q
(&cfl 6xs, Sxfk\l
0xXep Oxpy 0X¢p
B =| §x;; 6xp, 85Xy (2.8)
é‘xck dxck 5xck
Oxr1  Oxpy Sxsy

where 8x5; = Axg; and 6x; = Ax. Axp; can be obtained by applying a small perturbation to
the initial fine model design parameters while Ax,; can be obtained through the parameter
extraction function P. Therefore, the Broyden matrix linearly approximates the relationship

between both design parameter spaces.

The ASM initializing stage ends at this moment leading into the ASM zerative stage. The
updated 7-th + 1 solution for the fine space x£*” is defined as:

X;i+1) — XE!) + h(l) (29)
where x{*? is then able to be calculated by solving h in the following linear system:
BOR® = _f® 2.10)

and by the parameter extraction process the updated fine space solution, x{*?, can be mapped

into the coarse model so that the updated error vector can be computed as follows:

FO+D — P(xf(i+1)) - X (2.11)

Next, the stopping criteria is tested, which typically is based on obtaining the normalized
error function ||f@|:

. 2 - 2 i 2
{ xcl(l) - x:l ch(L) B x;z xck(l) - x:k
”f(l)” :\](x—* + — 4ot —
cl c2 ck

and comparing it with a predefined, and sufficiently small, target convergence error, 5. The

2.12)

iterative process will end only if the stopping criteria is fulfilled. Otherwise, the iterative
process will continue by obtaining the Broyden matrix update, B®*?, which will be calculated
based on the data from the previous iterations [8]:
. G O
BG+D) — B 4 @.13)
h®Th®

and the iterative process starts again. Such optimization process will finish at the M™ iteration,
when the solution vector for the fine space, x¢*, that fulfils the stopping condition ||f®|| <

n, is found.

ASM Approach in this Thests

It is important to note that, in the generic ASM formulation, the iterative optimization
of the parameter extraction function P has still to be considered as an independent problem
focused on minimizing (2.4) at each iteration step [5], [6]. However, in this work a different
strategy will be used in order to avoid the iterative optimization of P. As it is shown in Figure

2.3, in this work the coarse model space will be defined by the device electrical equivalent

10
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circuit while the fine model space will be defined by the device layout. Therefore, the design
parameters defined in the coarse space, X., will correspond to circuit parameters, whereas the
variables defined in the fine space, X, will correspond to geometrical dimensions. In addition,
the parameter extraction function P will be defined by a set of available closed-form analytical

formulas, which link the fine model response with the coarse model design parameters.

Parameter
Extraction

COARSE FINE
Model Model
X T~ X

Xf = [xf1' sz, ...,ka]

Xc = [xclrxczr "-rxck]

New
Iteration

Figure 2.3. Aggressive Space Mapping design spaces definition in this work.

Therefore, in this particular approach, the parameter extraction process consists on
inferring the values of the coarse model circuit parameters from the S-parameter response
of the fine model, obtained by its corresponding EM simulation. The parameter extraction
analytical functions are strictly dependent on the device topology. Since several filter
structures are reported in this work, such formulas are specifically detailed for each case in

the corresponding section.

2.2 Single-Ended and Balanced Wideband

Microwave Filters

The foundations of the synthesis of microwaves filters are briefly discussed in this
section, providing the basis with which the bandpass filter structures synthesized in this work
are based on. The description of the lowpass filter prototype, the frequency and impedance
transformation in order to obtain the canonical bandpass filter circuit and the generalized

bandpass filter definition are presented next.

2.2.1 Fundamentals of Single-Ended Filters Synthesis

In this thesis, the classical filter theory is used in order to synthesize bandpass filters
providing Chebyshev-like responses, with wide bandwidths and good out-of-band rejection,
among other characteristics, and according to given specifications. Therefore, the filter
theory is used to obtain the ideal filter circuit, based on ideal lumped elements such as
inductances and capacitances, which provides the desired response over the frequency range

of interest. To this end, the normalized lowpass filter prototype with Chebyshev response as

11
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well as the frequency and impedance transformations to be applied in order to obtain the
desired passband filter circuit are briefly reviewed. Next, the generalized bandpass filter
structure based on impedance or admittance inverters and generic resonators is introduced,

which is the basis of most of the passband filter structures synthesized throughout this work.

Lowpass Filter Prototype

The lowpass filter circuits presented in Figure 2.4 are capable of synthesizing canonical
responses like Chebyshev or Butterworth. The values of the elements of such circuits are
normalized in impedance, so that the source resistance or conductance is equal to the unity,

L.e. g = 1, as well as in frequency, so that the angular cut-off frequency is also £, = 1.

8 [

Lo T 8 ng 8o or &n el
(n even) (n odd)
@
gﬂ
&o P or s
(n even) (n odd)

()
Figure 2.4. Lowpass prototype filter structure (a) and its dual (b). Reprinted from [9].

The normalized elements g strictly depend on the response to be synthesized. For

instance, for a Chebyshev response, such elements are defined as [9]:

go=1

2 m
g1 = ;Sln (ﬁ)

| 4sin [(ZLZ—Nl)n] sin [(21 2—N3)7T]

9i = (i-1Dn fori =2,3,..N

gi-1 y2 + sin? [T]

1 for N odd (214

In+1 = {coth2 (g) for N even

where

f=ln [COth (1%7)]

y = sinh <%)
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2.2. Single-Ended and Balanced Wideband Microwave Filters

N s the order of the filter and L4, corresponds to the equal ripple passband level, a parameter
that is defined by nature in the Chebyshev response, as it can be seen in Figure 2.5.

L (@B) —>

L

Figure 2.5. Chebyshev response of a lowpass prototype filter. £ is the normalized frequency and I correspond
to the response insertion loss. Reprinted from [9].

Note that for a lossless two-port network filter, the minimum passband return loss, R
in dB (where RL > 0), is related to the passband ripple, L4, as follows:

Ly = —101log(1 — 107%18%) (2.15)

Next, in the case of a bandpass filter design subjected to certain specifications, the

corresponding frequency and impedance transformations must be applied to the lowpass

filter prototype in order to obtain the filter Chebyshev response at the required center
frequency, /i, and port impedance, Zy (which typically corresponds to 50 Q).

Bandpass Filter Transformation

The required frequency and element transformation to obtain from the lowpass

prototype a filter with a bandpass response is shown in Figure 2.6:

(S
g Li C’S A ( FB”’YU.)“ )'Y(]g
o C. = 1/ (OJéLS)
o
= C P < =2
g —> L, % #Cp 3 [FBW(DO ]Yo
1- L, =1/(iC,)
Q

Figure 2.6. Lowpass prototype to bandpass elements transformation. Reprinted from [9].

where wy denotes the center angular frequency, s is the impedance scaling factor and the
FBW corresponds to the fractional bandwidth. The center angular frequency wy is defined as

follows:

Wy = /W1 W, (2.16)
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where w; and w; indicate the passband edge angular frequencies. On the other hand, the
fractional bandwidth, FBIV, is defined as the ratio between the passband frequency range,

delimited by w»-wy, and the center angular frequency wo:

Wy — W
FBW = = "1 (2.17)
(O

Generalized Bandpass Filter

A more general filter structure can be obtained by replacing the lumped LC resonators
of Figure 2.6 by distributed circuits such as microwave cavities, coaxial or microstrip
resonators, etc. Ideally, the reactances or susceptances of the distributed circuits should equal
those of the lumped resonators at all frequencies but, in practice, they approximate the
reactances or susceptances of the lumped resonators only near the resonance frequency.
Therefore, the synthesis of filters by means of distributed components implies bandwidth
limitations whose effects might be negligible for narrowband filters, but that directly have a

negative impact in the design of wideband filters as it is discussed later in Chapters 3 and 4.

By convenience, regardless of the resonator topology, the reactance or susceptance slope
of such resonators needs to coincide with the one of the ideal L.C resonator, in order to
mimic its behavior nearby the resonance frequency. The reactance slope for resonators

having null reactance, X(wy) = 0, at center frequency wy is defined as:

_ WodX;(w)

. 2.1
= N, (2.18)

Whereas the susceptance slope for resonators having null susceptance, B(wg) = 0, at

center frequency wy is defined as:

_ @o dB;(w)

bi 2 dw ly=y,

2.19)

For instance, in its simplest form, it can be shown that the reactance and susceptance
slope parameters of the ideal lumped LC series and shunt resonators are x = wgl. and & =

woC respectively [9].

On the other hand, it is often desirable to use only series or shunt elements when
synthesizing a filter with a particular resonator technology. To this end, the impedance or
admittance inverters can be used, in order to transform a seties resonator to a shunt resonator
or viceversa. An ideal impedance inverter provides the inverse of the impedance load, Zi, at

its input, Z;.:

KZ

=7 (2.20)

Zin

Similarly, an ideal admittance inverter provides the inverse of the admittance load, Y7,

at its input, Y

]2

Y =7
L

@.21)
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2.2. Single-Ended and Balanced Wideband Microwave Filters

These ideal inverters are frequency independent and introduce a phase shift of 290 and
they also have the property to shift the impedance or admittance levels depending on the
choice of the characteristic impedance, K, or admittance, J. In practice, such inverters are
frequency dependent so that the £90° phase shift will be set at the design center frequency,
and typically they are implemented by means of quarter-wavelength transmission lines.
Hence, note that such inverters implemented with transmission lines present a narrowband

functionality by nature due to their inherent frequency dependence.

Therefore, by combining the properties of the impedance or admittance inverters with
the generic reactance or susceptance slope definitions of the resonators, a more suitable form
for microwave bandpass filters implementation can be derived, leading to the so called

generalized bandpass filter structures, depicted in Figure 2.7.

i

Zo KO.I Kl 2 K2_3 K’ii,ﬂ'+1 Zn+1

o

@)

Y(I JD’I ‘]1.2 Bz(o‘)) JQ_} Bn(m) Jﬂ_!]+1 YN*I

- — - =

(b)

Figure 2.7. Generalized bandpass filters. (a) Using impedance inverters. (b) Using admittance inverters.
Reprinted from [9].

The equations corresponding to the generalized bandpass filter structure based on

impedance inverters are detailed as follows [9]:

o _ [ZoFBWx: o _FBW [xixi o |EnaFBWy
ot Qcgogr b Qe |9i9i+1 ' N+ QcIngn+ 2.22)

i=1toN-1
whereas the equations for the generalized bandpass filter structure based on admittance

inverters are the following:

o Y,FBWb, PO bib;sy o Y. FBWby
ot Qcgogr b Qe |9igGis ' A Qcgngn+1 (2.23)

i=1toN-1

2.2.2 Microstrip Balanced Microwave Networks

In the last years, differential or balanced systems have been increasingly penetrating in
the RF and microwave domain, typically dominated by single-ended systems. Traditionally,
differential circuits have been applied to low-frequency analog and also to high-speed digital

systems. Main advantages of the differential circuits in comparison with single-ended circuits
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are higher immunity to electromagnetic noise and crosstalk and lower electromagnetic
interference (EMI). However, special attention needs to be paid to the presence of common-
mode noise, an undesired effect originated by an external source or by mode conversion.
Therefore, in order to prevent the negative effects of the common-mode noise (mainly
radiation), the most optimal solution for a balanced circuit design is to suppress the common-
mode while preserving the integrity of the differential-mode in the frequency range of

interest.

In modern communication systems, where signal integrity and higher signal-to-noise
ratio (SNR) are key figures of merit, balanced circuits sound to be a better option than the
single-ended counterparts. Conversely, the design and fabrication of differential circuits is
obviously more complex due to the need to deal with balanced signals interconnects, which
is the main reason why unbalanced circuits are still leading in the RF and microwave field.
In any case, the inherent properties of the balanced circuits make them very suitable for
current digital communications systems, and together with recent technological advances,
the research activity in this topic has increased very rapidly in the last decade. More
specifically, the research oriented to the design of balanced filters has raised significantly,

since these devices have a key role on such systems [10].

Most of the content of this work is focused on the unattended design and optimization
of wideband balanced microstrip filter structures, where the main objective is to provide the
required differential-mode response subjected to certain specifications and increase the
common-mode rejection ratio (CMRR) in the differential-mode passband frequency range,
as well as in the out-of-band frequencies if possible. As it will be described later in Chapter
4, the common-mode rejection is typically achieved by using circuit elements which are
insensitive to the differential-mode but that provide controllable transmission zeros for the

common-mode.

Topology and Propagation Modes

The balanced filters reported in this work are implemented by using differential microstrip
lines. The equivalent schematic (the so-called three-wire balanced line) and the microstrip

implementation of such lines is depicted in Figure 2.8.

I ; I
+ oo +
Bl o 0 m— e f
B T TS > T
—i— Coupled-lines % "f e
@ (b)

Figure 2.8. Schematic of three-wire balanced line (a) and its microstrip implementation (b). Reprinted from
[11].

This topology is the most common in practical implementations, and it is composed of
a pair of coupled lines over a ground plane. Considering that such structure is perfectly

balanced, the two active wires have equal potential with respect to ground but with a 180°
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2.2. Single-Ended and Balanced Wideband Microwave Filters

phase shift, so that they carry equal but opposite currents because the impedances of each

conductor to ground is the same.

The three-wire transmission lines propagate the balanced-mode as well as the
unbalanced- or common-mode (the latter is due to the existence of the ground plane). The
balanced-modes propagate when the pair of coupled lines are driven differentially, whereas
for the unbalanced-mode equal signals in magnitude and phase propagate for each line. Since
the distance between the ground plane and the lines is set by the substrate thickness, so that
it is small in comparison with the wavelength, both balanced- and common-modes propagate
quasi-TEM modes [12]. The differential- and common-modes are equivalent, but not equal,
to the odd and even modes, respectively, and the difference between such modes comes
from signal definitions [11]. In the differential- and common-modes, two single-ended ports
are driven as a pair, leading to the so-called composite port. Therefore, any balanced circuit,
which propagates both the differential- and common-modes, can be decomposed into its
differential- and common-mode portions as it is shown in Figure 2.9.

Electric wall Magnetic wall

(Short circuit) (open circuit)
ch' Ered / ch' Ered ch' €rec / ch‘ Erec

o ul Vi

H

-
@ (®)

Figure 2.9. Generation of the differential-mode (a) and the common-mode (b) in a differential microstrip line.
Reprinted from [11].

Assuming that the lines are perfectly matched with Zy, for the balance-mode and with
Zy. for the common-mode, only forward waves will be present in the lines. In this situation,

the differential voltage and current between the pair of lines are defined as [13]:

Va=V1 =1, (2.24)

1
la=5(—1) (2.25)

where 15, 72 and I, 1> are the voltages and currents present on the corresponding lines of

the differential pair. On the other hand, the common-mode voltage and current are given by

[13]:
1
Ve=5W+V2) (2.26)

IC = 11 + 12 (2.27)
and therefore the differential-mode and common-mode characteristic impedances can be

derived as follows:
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Mixed-Mode S-parameters

The S-parameters are used for the linear analysis of microwave networks, i.e. in the small
signal region [14]. They give relative information about the amplitude and phase of the
transmitted and reflected wave with regards to the incident wave. Such scattering parameters,
typically used in any arbitrary single-ended networks, can be defined as well for the
differential networks, but with some particularities. In this case, the simultaneous
propagation of the differential- and common-modes, known as the mixed-mode propagation
[13], needs to be considered, leading to the definition of the mixed-mode S-parameters. By
convenience, in a two-port differential network, these mixed-mode S-parameters can be seen
as a four port single-ended network, where the two ports are driven as a pair as it is shown

in Figure 2.10.

Differential-mode

/ ports \
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Common-mode
ports

Figure 2.10. Diagram of mixed-mode S-parameters in a differential two-port circuit. Reprinted from [11].

Therefore, the mixed-mode S-parameter matrix can be arranged as:

dd ¢dd cdc cdc
bai\ [S11 Siz Sii 512\ Ay
dd ¢dd c¢dc cdc
b =S a. . = bg; S Sit Sir oS3z
mm T “mm“mm T cd cd cc cc a
b Sit Siz Si1 Siz ct

b cd cd cc cc
c2 Sz S3z S3i S3:

(2.30)

where 4, and a, are the normalized differential- and common-mode voltage incident waves
of the two-port differential network whereas 4; and b are the reflected ones. In order to
calculate the S-parameters, all ports except the stimulus port must be terminated with the
portt reference impedance, Zys and Zy, for the differential- and common-mode respectively.
The mixed-mode S-matrix can be expressed as:

_ de Sdc
_<Scd Scc) (231

Smm
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2.2. Single-Ended and Balanced Wideband Microwave Filters

where §% and S cotrespond to the differential- and common-mode S-parameter matrices,
which can be seen as the S-parameters obtained by analyzing the decomposed differential-

and common-mode conceptual two-port circuits depicted in Figure 2.11.

@ Ao e v e
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¢ —
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Figure 2.11. Differential-mode (a) and common-mode (b) S-parameters in a differential two-port circuit.
Reprinted from [11].

On the other hand, S§% describe the conversion of common-mode inputs into the
differential-mode outputs, while $° describe the conversion of differential-mode inputs into
the common-mode outputs. Since actual devices are not perfectly symmetric (i.e. due to
manufacturing imperfections), perfect balance cannot be achieved and therefore, mode
conversion effects will occur. In addition, mixed-mode S-parameters can be related to the

single-ended S-parameters by means of the following expressions:

gdd _ 1(511 — 813 = S31 + 833 S12 — S14 — S32 + S34
2\S21 = S23 = S41 + Saz S22 — Soa — Suz + Sus

1<Sll +Sl3 +S31 +S33 512 +Sl4 +S32 +S34>

gee — —
2 521 + 523 + S4-1 + 543 522 + SZ4- + 542 + S4-4-

gde 1(511 + 513 =831 = S33 S12 + 514 — 532 — 534
2\821 + 523 = Sa1 =S4z Soz + 524 — S42 — Saa
1(511 —S13+ 831 —S33 S12 = S14+ 532 — 534)
2\821 = So3 + 841 =S4z So2 = S24 + 842 — Saa

(2.32)

sed —

and therefore the mixed-mode S-parameters of a balanced circuit can be easily obtained
through the corresponding single-ended S-parameters measurement, which is very useful for

the analysis and characterization of such balanced circuits.

Symmetry Properties in Balanced Circuits

Symmetry properties of balanced circuits bring some advantages in the S-parameter
analysis of such circuits. First, it is important to mention that if a differential two-port
network is symmetric, the single-ended S-parameters for the odd- and even-mode networks
are identical to the S-parameters for the differential- and common-mode networks, that is,
S% =S, and S§* = S.. Moreover, the analysis of symmetric two-port differential lines driven
by single-ended four ports can be reduced to the analysis of two single-ended two-port
networks as it is described in Figure 2.12.
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Figure 2.12. Symmetric single-ended four-port network (a) odd- and (b) even-mode S-parameters analysis. The
four-port network is simplified in two two-port networks. Reprinted from [11].

When an odd, or differential, excitation is applied to the network, the symmetry plane
behaves as an electric wall or E-wall (short circuit), and the two halves become the same two-
port network. Similarly, when an even, or common, excitation is applied to the network, the
symmetry plane behaves as a magnetic wall or H-wall (open circuit), and the two identical
halves constitute the same two-port network. Hence, the symmetry properties of the
differential circuits, previously highlighted in Figure 2.9, allow to simplify the S-parameter

analysis of such networks.

2.3 State of the Art

In this section the recent advances in the ASM technique applied to single-ended and
balanced filters are discussed. Moreover, the reasons for the continuous growing interest in
balanced microwave filters are explained and well supported by some of the most novel
publications in the field. Last, the approach used in this work by combining the ASM
optimization technique with the single-ended and balanced filter structures based on SIRs is
presented, and the most relevant and innovative contributions to the current state of art in

these topics are emphasized.
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2.3.1 ASM Advances in Microwave Filters Optimization
Since Bandler et al. proposed the ASM for the first time in 1995 [7], [15], the research

about the optimization of microwave devices by means of ASM has become a hot topic in
the last decades. More especially, the works focused on the usage of ASM for the
optimization of microwave filters has increased very rapidly, mainly in the design of
waveguide filters as well as microstrip filters, although ASM has also been applied in some
other areas like LTCC technology filter and diplexer designs [16], dielectric resonator filters
[17], [18], and even in some other technical fields, out of the original scope of ASM [19],
[20], [21], [22], [23], reinforcing the vast usefulness of this optimization method.

With regard to waveguide filter design, ASM techniques are applied in order to automate
the design process and improve the design robustness and the post-manufacturing tuning
processes [24], [25], and in the most recent works the ASM has been also applied to the
design of substrate integrated waveguide (SIW) bandpass filters [26]. To this end, specific
theoretical contributions to the ASM concept have been proposed in some of these works,
like statistical approaches to the parameter extraction tunction |27], minimize the fine model
frequency points [28], model geometrical segmentation and hybrid optimization methods for
coarse model and parameter extraction function [24], [29], and multiple coarse models

generation with gradual increase in accuracy [30].

On the other hand, extensive research has been done in the ASM-based microstrip filter
design, most likely because microstrip technology is widely used in the industry and the
manufacturing process is inexpensive and fast, which makes it very suitable for proof of
concept purposes. Without going any further, ASM first proof of concept was done by
Bandler by means of a high temperature superconductor microstrip bandpass filter design
[7], [15]. Many researchers followed his steps from then on, leading to a wide variety of
microstrip filter designs based on ASM. Interdigital bandpass filters [31], [32], double-folded
stub bandstop filters [33], [34], [35], bandstop filters based on open stubs [36] and bandstop
filters based on mitered bends [37], cross-coupled bandpass filters [38], bandstop filters
based on complementary split ring resonators (CSRR) [39], parallel coupled lines bandpass
filters [40], bandpass hairpin filters [41], bandpass filters based on open complementary split
ring resonators (OCSRR) [42], and, more recently, bandpass filters based in slow-wave
structures [43], [44], reflect the wide research activity on this type of filter technology. These
research publications brought also numerous theoretical contributions to the ASM
formulation: structural decomposition of the fine model to build accurate coarse models [31],
trust-region ASM with multipoint parameter extraction [35], trust-region ASM combined with
direct optimization [33], surrogate enhancement by means of additional fine data [34], partial
space mapping exploiting fine model sensitivities [36] and heuristically constrained ASM [37],

to mention some of them.

In recent years, SIR-based lowpass filters optimized through ASM have also been
reported [45], [46], [47], [48], which have proved the effectiveness of optimizing such
resonators by means of the ASM technique. Conversely, before this work, the ASM
optimization method applied to the synthesis of bandpass filters based on SIRs has not been

reported yet. The semi-lumped nature of the SIRs, very compact in size and functional for
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wide bandwidths, combined with their inherent flexibility to synthesize complex resonator
structures, enables the feasibility of the synthesis of compact and wideband microstrip
bandpass filters with very competitive responses. Such filter topologies, automatically
synthesized in combination with the ASM technique from design specifications, leads this
work as one of the pioneers in this topic. Note that a fully automated and unattended
optimization process has been developed for the different filter structures analyzed in this
thesis, so that the optimization process starts from the filter design specifications (inputs),
and ends with the filter layout (output) that fulfil such specifications, with no further manual
interaction throughout the entire process. Therefore, those developed ASM algorithms can

be understood as softwate engineering tools for automatic filter synthesis'.

In addition, in this work the ASM coarse and fine spaces have different nature,
corresponding to lumped elements and geometrical dimensions, respectively, and the
parameter extraction function, P, that links both spaces is based in closed-form analytical
formulas. This ASM strategy was first reported in [49], and it has become widely used since
then [39], [44], [50]. In this case, P is known in advance, so that it is no longer treated as an
ASM optimization subproblem. The effectiveness of fitting P to closed-form formulas is
directly linked to the coarse model accuracy with regards the fine model to be optimized. In
this work, it is demonstrated that the coarse models used for the SIRs, all based on lumped

components [51], are accurate enough to let the ASM algorithm converge in few iterations.

2.3.2 Planar Balanced Microwave Filters Optimization

In the last years, the interest in the design of microwave balanced filters with high
common-mode rejection has increased very sharply within the RF and microwave
community, since their inherent properties makes them very suitable for the modern
communication systems [10], [11]. Many publications have been reported recently presenting
different strategies in order to provide balanced bandpass filters with the desired differential-
mode response and, at the same time, good common-mode rejection levels in the frequency
range of interest. Conversely, with regard to the automatic optimization by means of ASM
of planar balanced microwave filters, to the best of our knowledge, no publications have

been reported so far. This fact places this work in a privileged position to address this topic.

Both single-ended and balanced filter topologies based on SIRs are reported in this work.
More precisely, Articles IMS14" and TMTT14 (Chapter 3) are focused on the ASM-based
automated synthesis of single-ended wideband bandpass filters, whereas Articles TMTT15,
EUMCI15", JMWT16, NEMO17" and TMTT18 (Chapter 4) are devoted to the automatic
synthesis of wideband balanced bandpass filters. Therefore, ASM-based optimization of
balanced filters with intrinsic common-mode suppression is widely explored in this research

work, becoming one of its most relevant topics.

! Most of the ASM-based works reported so far are oriented to prove the validity of this technique or to provide
novel theoretical contributions to the ASM concept. Contrarily, in this work, the usage of ASM pretends to be
application-oriented, similarly as Bandler proposed in [72], and entirely developed in Matlab®, being focused
on proving the validity of ASM as a practical engineering tool for automatic filter synthesis.
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Different approaches to obtain balanced bandpass filters with wide (or even ultra-wide?)
bandwidths have been recently published, and the most relevant ones are also simultaneously
providing common-mode rejection at least in the differential-mode bandpass frequency
range. As it is clearly demonstrated in Chapter 4, the results obtained for the balanced filter
structures based on SIRs synthesized by means of ASM are very competitive with regard to
other balanced filter topologies, considering their size and the differential- and common-
mode performances achieved. Some of the balanced structures automatically optimized in
this work were already previously reported [52], [53], which successfully proved the usage of
SIRs in the design of wideband balanced bandpass filters with intrinsic common-mode
suppression. Several other works of balanced filters synthesis by means of SIRs have been
published recently [54], and even an UWB and ultra-compact balanced filter has been
demonstrated [55].

Other state-of-the-art topologies for the synthesis of wideband balanced passband filters
are, for instance, metamaterial-inspired balanced filter topologies based on open split ring
resonators (OSRR) and OCSRR, which are able to provide wide bandwidths and good
CMRR with a very compact outline [56], [57]. Structures using coupled line sections [58],
[59], [60], [61], [62], T-shaped structures [63], [64], and branch line topologies [65], [66], [67],
are also good examples of filter designs with competitive performances. Such structures are
easy to implement since they are based on microstrip single-layer structures, but at expenses
of occupying more effective area. On the other hand, some other useful strategies but more
complex to manufacture are the multilayer defected ground structures (IDGSs), based on the
multilayer microstrip-to-slotline mechanism (the slotline pattern is etched in the ground layer)
[68], [69]. These structures have inherent wideband common-mode suppression
characteristics and thus have the potential to be used in UWB differential filter designs [70].

In Articles TMTT15, EUMCI15", IMWT16, NEMO17" and TMTT18, focused on
the synthesis of balanced filters, the corresponding comparisons with the most relevant
publications about the different balanced filter topologies mentioned previously are
presented. Through this analysis, it is demonstrated that the synthesis of filter structures
based on SIRs by means of ASM are very competitive in size and performance. Furthermore,
in this work the synthesis of such structures has been carried out in an unattended manner,
considering the filter design specifications as the input of each algorithm developed
specifically for each structure. These ASM-based algorithms have been developed entirely
with Matlab®, which has been linked to an independent EM solver, in this case Agilent®”’
Momentum, in order to perform the layout EM simulations when needed and to obtain their
corresponding S-parameter data. This connection between those commercially available
software packages is carried out automatically, so that there’s no need for any kind of manual

interaction during the whole optimization process.

2 Ultra-Wide Band (UWB) filters are typically defined as those which are able to provide a passband response
that covers a frequency range from 3.1GHz to 10.6GHz [73]. The Federal Communications Commission (FCC)
authorized its unlicensed usage on 14% February 2002.

3 Currently Keysight®.
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2.3.3 Unattended Design of Wideband Bandpass Filters

from Specifications by means of ASM

In this work, the combination between the ASM technique with the classical filter
synthesis is explored. The main idea consists of automatically synthesizing the optimum
layout of single-ended or balanced microstrip wideband bandpass filters based on Stepped-
Impedance Resonators (SIRs). Such SIRs act as shunt resonators with a particular
susceptance B;(w) and susceptance slope 4, and two different strategies are followed in order
to obtain the desired filter structures that meet the proposed design specifications. In Articles
IMS14*, TMTT14, EUMCI15" and TMTT15, the SIRs are coupled to quarter-wavelength
transmission lines, acting as admittance inverters, so that the filter structure is based in the
one depicted in Figure 2.7 (b). On the other hand, in Articles JMWT16, NEMO17" and
TMTT18, the shunt SIRs are combined with interdigital capacitors acting as series
resonators, leading to a novel filter topology not reported so far. In this case, the frequency
and impedance transformations reported in Figure 2.6 must be applied in both SIRs and
interdigital capacitors in order to obtain the desired bandpass filter topology.

The main principle behind the completely unattended ASM-based optimization scheme
of these filter topologies is based on the independent optimization of each section or cells
layout the filter is composed by. Once each filter cell layout is successfully optimized by
means of the corresponding ASM algorithm, the optimum filter layout is obtained by simply
cascading such optimized sections. The different filter structures reported in this work are
based on specific resonators and/or admittance inverter topologies, so that a dedicated ASM
algorithm must be specifically developed for each particular filter cell. Depending on the
complexity of the filter cell topology, the ASM optimization process might also contain
several ASM sub-stages.

Moreover, in this work the Space Mapping concept has also been applied beyond its
standard definition. Widely discussed in Section 2.1.1, Space Mapping and its derivatives like
ASM is mainly conceived in order to efficiently optimize a fine model (i.e. layout),
computationally expensive, by means of a computationally more efficient coarse model (i.e.
equivalent circuit). In this work, the ASM technique has also been successfully applied to
overcome the narrowband limitations of the admittance inverters. As already pointed out in
Section 2.2.1, in the design of wideband bandpass filters it is clear that the usage of such
inverters based on quarter-wavelength transmission lines impact negatively the overall filter
bandwidth, thus the synthesized filter will not satisfy the bandwidth requirements. In order
to overcome this problem, this original ASM optimization scheme is formulated with the
aim to obtain the optimum filter schematic which compensates the narrowband effects of
such inverters. To this end, both coarse and fine spaces are defined by the filter circuit
schematic, but with some differences. The coarse model is based on the ideal bandpass filter
structure depicted in Figure 2.7 (b), where the admittance inverters are considered ideal and
so frequency invariant. Conversely, the fine model considers a more practical model for such
inverters, frequency dependent, so that the bandwidth limitation effects are then introduced
in this model. Therefore, the optimization process will try to find the optimum fine model

filter schematic which matches the target Chebyshev response of the ideal filter schematic
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defined in the coarse space. Such optimized fine model filter schematic, known as the
optimum filter schematic, will compensate the narrowband effects of the inverters by
modifying the resonator values. Therefore, it is expected that the response obtained from
the filter synthesis based on this optimum schematic satisfies the entire filter design
specifications, including bandwidth. Next, once the optimum schematic is known, the
optimum layout ASM is performed in order to obtain the filter layout that fulfils the
specifications. Hence, the complete optimization filter optimization process is based on a
Two-Step ASM scheme, consisting of the combination of those two independent ASM stages.
The Two-Step ASM scheme has been successfully applied in Articles TMTT14, TMTT15
and EUMCI15". On the other hand, as previously mentioned, the topologies reported in
Articles IJMWT16, NEMO17" and TMTT18 solve the narrowband limitations of the
quarter-wavelength inverters by using interdigital capacitors instead, so that the usage of the
Two-Step ASM is no longer needed, leading to a simplified optimization algorithm based in
one ASM stage only.
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Chapter 3

Planar Wideband Single-Ended
Filters based on SIRs

In this chapter the ASM-based optimization algorithm is applied to single-ended filters
implemented by a combination of SIRs. The optimization process will enable the automatic
and unattended optimization of the filter layout, which will be provided ready for fabrication
and meant to fulfil a predefined set of specifications once the complete optimization process

is finished, with no further interaction during the entire process.

In Section 3.1 the topology used for the synthesis of the filter as well as the flow diagram
of the optimization algorithm are presented. The key aspects and limitations of using this
topology are emphasized, which are well supported by the results obtained that are also

shown.

Section 3.2 introduces an improved optimization algorithm based on a Two-Step ASM
process, developed in order to overcome some limitations inherent to the filter topology
under analysis. The modified optimization flow is presented and proved as well with the

results obtained.

3.1 Design of Wideband Bandpass Filters
based on ASM Algorithm

The analysis and the automatic layout synthesis of the planar wideband filters under
study is presented in Article IMS14". The single-ended microstrip filters are based on shunt
SIRs and grounded stubs coupled through admittance inverters implemented by means of

A/4 transmission lines [51], [71]. By virtue of the semi-lumped nature of the SIRs, the filter
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does not provide periodicity on its response and its size can be made smaller than the
wavelength at the operation frequency (if the filter order is small), leading to a very compact
structures. As it will be described later, the SIRs provide out of band controllable
transmission zeros which are useful to improve the selectivity of the filter or attenuate any
undesired spurious. Moreover, the resulting susceptance slope values of this resonator
topology can be small enough, which allow to achieve high fractional bandwidths.
Conversely, the admittance inverters are narrowband by nature, which brings a limitation on
the maximum passband bandwidth that such filter topologies can achieve while keeping the
passband return loss above an acceptable value (i.e. RL>10dB).

PCB technology constraints will have also impact on the overall wideband performance
of these microstrip filters due to the design rules which have to be obeyed in the
manufacturing process (for instance, a common design rule value for the minimum line width
and gap between lines is 0.15mm for a cost-wise effective standard class 6 PCB process).
Note that one clear advantage of this planar structure is that it can be easily implemented in

a two-layer substrate, so that the manufacturing process is simple and cheap.

The layout representation of these filters and their equivalent electrical model is depicted
in Figure 3.1, where a 3 order filter is used as an example. The three main items which will
be independently optimized during the ASM synthesis process i.e., the A/4 inverter line
width, the SIRs and the filter cell, are also illustrated in Figure 3.1 (a). Each filter cell is built
with the corresponding -and already optimized- inverter line and SIR, whereas the complete
filter layout is built by a combination of such N pre-optimized filter cells, where N

corresponds to the order filter layout.

Filter Cell SIR Line Width

@)

/0] /12 /23 /34

Figure 3.1. IMS14* 3t order filter layout topology example (a) and equivalent circuit schematic (b).

A detailed description of the filter cell layout and its equivalent circuit are described in

Figure 3.2, where all the variables that take part in the three different ASM stages are shown.
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A8 Al8

(b)

Figure 3.2. Filter cell layout (a) and equivalent circuit model (b).

From the electrical model depicted in Figure 3.2 (b), the equations of the parameter
extraction process of the shunt resonator can be defined. The SIR input susceptance B can be

expressed as stated below:

w2 C(Ly+ L)~ 1
a wlL,(—w?L,C. + 1)

(3.1)

Hence, the transmission zero frequency, fz, the resonant frequency f,, and the

susceptance slope 4 at f; can be defined as follows:

1

= 3.2
L L.C, -2

1
- 2n JC. (L, + L) 3.3)

Co(Ly + Ly)?
L,

fo

= w, (3.4)

On the other hand, the 1/4 transmission lines that implement the filtet’s admittance
inverters can be split as two A/8 input and output transmission lines connected to the
resonators input and output ports respectively, which will provide the desired admittance
transformation when the values of the characteristic impedance, Zy, and the phase shift, G,

of each filter cell are correctly set.

3.1.1 Layout Generation by means of ASM

As mentioned previously, in order to determine the layout of the filter, each filter cell
that compose the filter needs to be synthesized independently. The filter layout synthesis
process involves three stages: 1) the SIR ASM, 2) the Line Width ASM and 3) the Filter Cell
(Line Length) ASM. The flow diagram of the entire optimization process is presented in Figure
3.3.
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Figure 3.3. IMS14* wideband bandpass single-ended filter ASM flow diagram.

The complete three-stage cell optimization loop will be repeated as many times as
different filter cells need to be optimized, which depends directly on the order N of the filter
under synthesis. In the particular case of a synthesis of an odd N” order Chebyshev response
filter, the total number of cells to be optimized is reduced to (IN+1)/2 since the cells 7 and
N+1-7 are identical. However, this does not affect line width optimization since line width is

identical for all filter stages.

It is important to note too that the main technology parameters, which basically are the
dielectric permittivity & and the thickness 4 of the substrate, as well as the minimum line
width and gap between lines, will be fixed prior to the execution of the ASM scheme because
the final dimensions of the filter layout will be directly linked to these parameters.

Line Width ASM

The optimization of the quarter-wavelength transmission line width involves one
variable ASM, where in the coarse space is the transmission line characteristic impedance x.
= Zy, while in the fine space it corresponds to the width of such line x¢ = wrr.. To enable the
ASM iterative process, the initial line width and the initial Broyden matrix need to be set.
The initial line width value is derived from the microstrip analytical formulas [14] so that the
initial fine model vector x{?) is obtained. Next, by means of the parameter extraction process,
the first coarse model vector x. is inferred by direct inspection of the EM response.
Similarly, the initial Broyden matrix B® shown in equation (3.5) is inferred by perturbing the

line width and obtaining the characteristic impedance from the EM simulation response.

B = 820 (3.5)
Swrp
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The Line Width ASM iterative loop will finish at the M” iteration, when the normalized
error function f between the target coarse model vector x.” and the final fine model vector
x.™ is lower than the specified target convergence etror 7 so that the optimum values in the

fine space will be given by x{*.

SIR ASM

In the specific ASM process developed to carry out each resonator synthesis, the
variables in the coarse space X. correspond to the circuital elements of the resonator, X, =
(L, C,, L] whose optimal values are obtained through the filter theory formulas [9], directly
linked to the response specifications of the Chebyshev passband filter, i.e. the order, N, the
fractional bandwidth, FBIV, the central frequency, /i, and the passband ripple L4. On the
other hand, the fine space X¢is defined by a set of variables that define the resonator layout,
X¢ = [y Lo fp], which is forced to have the same number of variables than the coarse space,
so that the remaining parameters that define the resonator layout are kept unaltered with a
fixed value. By means of the well-known approximate formulas [14] for an electrically small
narrow (inductive) and wide (capacitive) strip, the initial layout x{" of the shunt resonator
can be determined. Next, x.!) is inferred from the initial layout EM simulation by means of
the parameter extraction process where equations (3.2)-(3.4) are used. In addition, by
independently perturbing the lengths /., /. and /, defined in the fine model vector and
obtaining after each perturbation the corresponding values for the coarse model vector L,

C,and L, parameters through parameter extraction, the initial Broyden matrix B® can be built.

§L, 8L, OL,
sl 6l Sle\

W |oc e s
B =15, s, s, (36)
sL, 6L, &L,

At this point the SIR ASM loop is started, and it will end at the M” iteration once the
normalized error between the optimal coarse model vector x." and the final coarse vector
x.™ is lower than the predefined target convergence error 7 so that the optimum values in

the fine space will be defined in M,

Filter Cell (Line Length) ASM

The main purpose of the Filter Cell ASM is to define the proper admittance inverters
lines length in order to absorb the small -but not negligible- phase offset added by the shunt
resonator at the center frequency of operation. A single-variable ASM is needed in order to
optimize the line length of the filter cell, and the coarse model vector corresponds to the cell
electrical length x. = 0., while the filter cell length is mapped in the fine model vector, x¢ =
L. The initial value for the fine model vector x{?) is obtained by the formula that gives the
line length as a function of the required phase (in this case 0., = 90°) and the operation
frequency £ [14]. Then x.® can be inferred from the EM simulation of the initial inverter
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line layout. Similarly, the initial Broyden matrix B® is inferred by perturbing the line length

and obtaining the electrical length from the corresponding EM simulation response.

BD = (M) (3.7)
6lcell

The Filter Cell ASM iterative loop will finish at the M” iteration, when the normalized
error function f between the target coarse model vector x.* and the final coarse model
vector x.™ is lower than the specified target convergence error 7 so that the optimum values
in the fine space will be defined in x{*. Once each optimum filter cell has been synthesized,

the cells are simply cascaded to generate the final filter layout.

Optimum Layont

A wideband bandpass filter example with Chebyshev response and predefined
specifications i.e., order N, center frequency f, fractional bandwidth FBIV ;. (where the cut-
off frequencies are defined at -3dB of the bandpass response) and passband return loss RL
(directly related to the passband ripple L4,), is next used as an example for the proof of
concept of the ASM-based automatic synthesis applied to the filter topology under analysis.

A 7" order bandpass filter with f; = 3.87 GHz, FBW 5 = 52%, return loss RLL > 10 dB
(i.e., L4, < 0.46 dB) and transmission zero frequency f, = 8 GHz (to provide good selectivity
and spurious suppression) is synthesized by means of the presented ASM algorithm and
fabricated using Rogers RO3070 substrate with thickness 4/ = 0.635mm, dielectric constant &,
= 10.2 and tangent delta 7znd = 0.0022. The final layout obtained in a complete unattended
process by combining the optimized filter cells is presented in Figure 3.4 (a), whereas the
comparison between the target schematic response, the EM simulated response (without

losses) and the measured response are compared in Figure 3.4 (b).

- - - Target Schematic
- - -Lossless EM sim.

20| - — Measurement

-40

S,,S,, (dB)
=——=e=eco

-60

e 2= T

80 L \v/\\ N
A)
A)

1
\\ ) )
-100 1 1 1 1 1 [ 1 1

1 2 3 4 5 6 7 8 9 10

Frequency (GHz)

Figure 3.4. IMS14* 7% order wideband bandpass filter layout (a) and comparison between the filter target
schematic, EM lossless simulation and measured response (b).
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As can be seen, the agreement between the response of the circuit schematic, the
electromagnetic simulation and the measurement is very good, which proves the validation
of the synthesis methodology. Nevertheless, the deviation between the measured response
and the target schematic response is in part related to the fact that the losses have not been
considered in the optimization process, which was meant to automatically obtain the filter

layout providing a lossless electromagnetic simulation able to satisfy the specifications.

Having said that, it is important to point the fact that the circuit schematic response
shown in Figure 3.4 (b) deviates slightly from the ideal Chebyshev. The obtained quasi-
Chebyshev response is due to the limited functionality in terms of bandwidth of the
admittance inverters. One possibility to overcome this narrowing effect is to over-dimension
the filter fractional bandwidth and the return loss specifications in advance at the design
stage, in order to obtain a circuit schematic response which fulfils the predefined
requirements. Even though that strategy is valid and proven in IMS147, it seems not to be
the most efficient method since it consists in a trial and error process to get the over-
dimensioned values for the filter specifications which provide the expected circuit response
that meets the requirements. In the next section, a systematic procedure implemented
through a Two-Step ASM process which solves this inefficient manual iterative method is

presented.

3.2 Wideband Bandpass Filter Design by
means of Two-Step ASM Technique

In the Article TMTT14 and the Book Chapter SPMS16" a systematic ASM-based design
procedure able to get the optimum filter schematic which overcomes the narrowband
limitations of the admittance inverters is presented. With this approach, the filter automatic
design can be arranged in a two-step optimization process: in the first step the optimum filter
schematic that satisfies the filter design requirements is obtained, whereas in the second step
the filter layout which matches the optimum schematic is determined. The two-step design
process can in principle be applied to the automated synthesis of any type of wideband
bandpass filter implemented by means of semi-lumped shunt resonators coupled through
admittance inverters. The flow diagram about the proposed Two-Step ASM process is
described in Figure 3.5.

As mentioned previously, the filters to be synthesized in this chapter are based on shunt
resonators coupled through admittance inverters, so that they follow the network analysis
applied to the generalized bandpass filter schematic based on ideal admittance inverters
reported in many textbooks [9], which are able to provide the well-known Chebyshev

response, among others.
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Figure 3.5. Two-Step ASM block diagram.

In Figure 3.6 (a) such schematic is shown for a 3" order filter example, and it is
compared in (b) with a more practical approach which replaces the frequency-invariant ideal
admittance inverters with the frequency-dependent quarter-wavelength transmission lines.
Such frequency dependence characteristic inherent to the quarter wavelength transmission
line inverters is the one that brings the narrow-band nature to that structures, which in turn
degrades the overall response of the entire filter. However, that fact does not mean that the

intended filter response (or at least a very good approximation in the region of interest)
cannot be achieved with the filter schematic shown in Figure 3.6 (b).

— Jo I Jiz I Jz3 I J3e
Bi(w) Ba(w) By(w)
== == ==
@

Al4 Al4 Al4 Al4
*|:’—|—|:'—l—|:'—l—|:|"
Bi(w) Bx(w) Bs(w)
== == ==
(b)

Figure 3.6. 3 order ideal bandpass generalized filter schematic based on ideal admittance inverters (a) and
based on quarter-wavelength transmission line inverters (b).

Planar resonant elements such as split rings, Stepped Impedance Resonators (SIRs)
and combinations of inductive/capacitive stubs, etc. can be considered as semi-lumped
resonators used in this design filter approach, and will be represented by their
corresponding equivalent circuital susceptance B in the filter circuit schematic. For
simplicity, the equivalent circuit of filter depicted in Figure 3.1, based on the shunt

resonator analyzed in Figure 3.2, will be considered in next section in order to explain the
Optimum Schematic ASM algorithm functionality.
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3.2.1 Optimum Schematic Generation by means of ASM

The main hypothesis in the development of the iterative ASM algorithm able to provide
the optimum filter schematic is to assume that there is a set of filter specifications, different
than the target, that leads to a filter schematic (inferred by substituting the ideal admittance
inverters with quarter-wavelength transmission lines), whose response satisfies the filter

specifications. The ASM process will consist in a single optimization stage, as it is shown in

( Specifications )

A 4
Xe = [fo,, FBW,, Lay,] —>| Optimum Schematic ASM |—+ X:M) = [fo, FBWy, Lar,]

COptimum Schematic)

Figure 3.7. Optimum Schematic ASM block diagram (15t ASM).

Figure 3.7.

In this particular case, the ASM coarse model vector is defined based on the filter target
specifications Xc = [fo, F'BW,, L4, that are linked to the ideal schematic presented in Figure
3.6 (a), so that generates the ideal Chebyshev target response. On the other hand, the fine
model vector is constituted by the same variables and therefore x¢ = [fy, FBW}, L., but its
response is inferred from the schematic of Figure 3.6 (b) which corresponds to the schematic
where the admittance inverters are implemented by 4/4 transmission lines. Therefore, the

definitions of the coarse and fine spaces in this particular ASM scheme can be described as

follows:

COARSE Parameter FINE
Model Extraction Model

4 Al4 Al4

Xp = [Xfl, .X'fz, ...,ka]

X = [xcl' X2 ey ka]

New
Iteration

Figure 3.8. Optimum Schematic ASM coarse and fine spaces definition.

As an example, let us assume that the Chebyshev target response corresponds to the
one depicted in Figure 3.9, which satisfies the following filter specifications: N =5, f; = 2.4
GHz, FBW s = 44% and L4 = 0.2dB (RL=13.45dB). The correspondence between the
response and the parameters defined in the specifications is also shown in this figure. These
parameters are the ones used in the parameter extraction process of the Optimum Schematic ASM

scheme.
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Figure 3.9. 5% order ideal filter schematic Chebyshev response and its correspondence with the parameters
defined in the filter specifications (5, FBW 4, L.4)).

In Figure 3.10 the ideal Chebyshev response is compared with the one obtained from
the schematic based on 1/4 inverters. As expected, the response based on 1/4 inverters
deviates notably from the target Chebyshev response, affecting all three parameters f, FBIV.
sa, Loan This fact confirms the assumption about the limited behavior of the transmission
line inverters mentioned previously.
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Figure 3.10. 5% order Chebyshev response compatison: filter schematic based on ideal admittance inverters and
filter schematic based on 1/4 inverters.

Following the standard procedure in ASM, the first step before starting the iterative
process is to make an estimation of the initial vector in the fine space x{” and to obtain the
initial Broyden matrix B®. For simplicity, since the variables in both spaces are the same, the
initial fine space vector is forced to be the optimal coarse space vector x{” = x.*, which is
the one that provides the deviated Chebyshev response shown in Figure 3.10. Next, the initial
Broyden matrix B® is calculated by independently applying a slight perturbation to each fine
model variable, whose effect on the (same) variables of the coarse space is inferred by proper
inspection of the response.
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6fo, _S8fo. o,
fo, OFBW; 8L,
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fo,  OFBW; 6Ly,
6LArC g LArC é\LArC
fo, OFBW; 8L,

B(l) =

(3.8)

At this point the Optimum Schematic ASM loop is started, and it will end at the M” iteration
once the normalized error between the optimal coarse model vector x.” and the final coarse
model vector x.™ is lower than the predefined target convergence etror 7, so that the
optimum values in the fine space will be defined in x{*. In the case of the example under
discussion, in Figure 3.11 the final response obtained in the fine space is compared with the
ideal Chebyshev response. As can be seen, after the optimization process, a quasi-Chebyshev
response - very close to the target Chebyshev response in the frequency range of interest - is
obtained for the filter schematic implemented by means of 1/4 admittance inverters, which
proves the validity of the optimization process.
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Figure 3.11. 5% order filter target Chebyshev response and optimum schematic response obtained after applying
the Optimum Schematic ASM.

Once the optimum schematic is found, the next step is to determine the layout of the
filter. To this end, the second ASM algorithm, firstly reported in Section 3.1.1 will be used.
Hence, considering the current example, the main goal of this second ASM is to obtain the
filter layout which matches the response of the optimum schematic presented in Figure 3.11,
which fulfils the specifications mentioned before. As it is deeply detailed in the Article
TMTT14, the resulting optimized filter layout is presented in Figure 3.12 (a) whereas the
results obtained for the EM simulated (considering losses) and the optimum schematic
responses are shown in Figure 3.12 (b). To prove the validity of the Two-S7ep ASM scheme
concept, the filter layout was fabricated using Rogers RO3070 with dielectric constant ¢, =
10.2, thickness 4 = 0.635mm and tangent delta 7zzo = 0.0022, and the measured response of

the filter is also plotted in the same figure.

It can be observed that the measured response is in good agreement with the
electromagnetic simulation and hence the filter specifications are satisfied, proving the
validity of the optimization process, which has been carried out in a fully unattended way,

without any manual interruption.
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Figure 3.12. TM'TT14 5% order wideband bandpass filter layout (a) and comparison between the filter optimum
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schematic, EM simulation with losses and measured response (b).

Further examples of filters based on the same topology and automatically synthesized
be found in the Article TMTT14 and in the Book
and 7" order filter synthesis respectively, using the

using the Two-Step ASM algorithm can
Chapter SPMS16", which include a 9™

same methodology.
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Chapter 4

Planar Wideband Balanced Filters
based on SIRs

This chapter is focused on the application of the ASM algorithm to several balanced
filter structures, all of them based on SIRs, which will provide different types of Chebyshev-
like responses. Each particular structure will be best suited to fulfil a specific set of predefined
requirements. In the same way as Chapter 3 for the case of the single-ended filter structures,
since all these balanced structures are synthesized through ASM, the optimization process is
in all cases carried out by a fully automatic and unattended process. The key aspects and
limitations of each topology used in this chapter are analyzed and proved with the necessary

simulation and measurement results.

The balanced filter structures analyzed in Section 4.1 are based on shunt SIRs coupled
through 1/4 transmission lines inverters and are meant to provide very high common-mode

rejection ratio (CMRR) in the filter passband frequency range.

On the other hand, the structure used in Section 4.2 is based on a combination of shunt
SIRs and series interdigital capacitors. The main advantage with regard to the previous ones
is to improve the layout compactness while keeping the CMRR at an acceptable level in the
filter passband frequency range. In addition, the optimization scheme is also simplified
leading to a more efficient automatic synthesis process.

Finally, in Section 4.3 the previous structure based on shunt SIRs and series interdigital
capacitors is improved in order to give more versatility to the filter response, which leads to
better performance in the passband, as well as in the stopband regions for both differential-

and common-mode responses.
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4.1 Balanced Wideband Filters with High
CMRR

The Articles EUMC15" and TMTT15 are focused on the automated and unattended
design of planar balanced wideband bandpass filters based on mirrored SIRs coupled
through admittance inverters. Such inverters are based on A/4 transmission lines, so they will
suffer from the same limitations than the single-ended counterparts, mainly leading to
bandwidth degradation. To overcome this undesired phenomena, the Two-Step ASM
optimization scheme reported in Section 3.2 will applied here as well to synthesize the
optimum layout for such filter structures, with the aim to obtain the responses that fulfil the

specifications defined in each case.

In Section 4.1.1 the SIRs are based on shunt resonators coupled through 1/4 inverters
for the differential-mode, while for the common-mode the SIRs behave as a shunt connected
series resonator which provides a transmission zero. On the other hand, in Section 4.1.2, the
resonator structure is slightly modified by adding a series inductance to the shunt capacitance
which provides a transmission zero also in the differential-mode, while keeping the

transmission zero for the common-mode.

4.1.1 Two-Step ASM Applied to Balanced Filters based on
Shunt SIRs Coupled through 1/4 Inverters

The filter structures implemented in Article EUMC15, firstly reported in [52], are based
on mirrored SIRs coupled through admittance inverters whose layout and equivalent circuit
for a 3 order filter example are described in Figure 4.1.

Filter Cell Mirrored SIR Line Width

4 )

Figure 4.1. EUMC15* 31 order balanced wideband bandpass filter layout (a) and equivalent circuit (b).

40



4.1. Balanced Wideband Filters with High CMRR

The mirrored SIRs can be described as a combination of capacitances and inductances
as can be observed in Figure 4.1 (b), where the symmetry plane behaves as an E-wall for the
differential-mode so that the capacitances C;;, the ones synthesized by the central patches,
do not play any role for that mode because they are grounded. Hence, the resulting equivalent
circuit for the differential-mode is the one shown in Figure 4.2 (a) which consists on the
canonical I,-C, shunt resonator described in the generic bandpass filters theory. On the
other hand, the symmetry plane for the common-mode behaves as an H-wall, which acts as
an open circuit and allow the central patches of the SIRs add common-mode transmission
zeros due to the L,-C,; series resonators, useful for the suppression of the common-mode
noise in the differential passband. The resulting equivalent circuit for the common-mode is
the one shown in Figure 4.2 (b). Comparing the schematics from Figure 4.2 (a) and (b), it
can be seen that the position of the transmission zeros does not affect the differential-mode

response.

/01 /12 ]23 /34

Figure 4.2. Differential- (a) and common- (b) mode circuit schematics of the EUMCI15" filter structure.

The first step of the design process is the determination of the optimum filter schematic
for the differential-mode, namely the one that satisfies the specifications. The Optimum
Schematic ASM algorithm applied in this case is similar to the one reported in Section 3.2.1
for the single-ended filters, with the particularity that in this case the filter is composed by
identical resonators, i.e. [,,= I, and C,; = C,, but different admittance inverters. The inverters
are synthesized with their corresponding optimum characteristic admittance to obtain the
ideal Chebyshev filter response and, since they are implemented through 1/4 transmission
lines, the filter response will be deviated from the target provoking, among other less critical
effects, a substantial bandwidth degradation. Hence, the application of the Optimum Schematic
ASM algorithm to overcome this problem is also justified for this filter topology.

In the same manner than in the single-ended filter structure described in Section 3.1, the
second ASM step, that is, the Optimum Layout ASM, will consist of the independent
optimization of the main three items that conform the filter structure, already emphasized in
Figure 4.1: the A/4 inverters line width, the SIRs and the filter cells. The layout and equivalent
circuit of the filter cell is detailed in Figure 4.3, where all the variables that play a role in these
three different Optimum Layout ASM stages are also highlighted (the other geometrical

variables are set to fixed values and are not variables of the optimization process).
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Figure 4.3. Filter cell layout (a) and equivalent circuit model (b).

The equations of the parameter extraction process of the shunt resonator can be defined
from the electrical model depicted in Figure 4.3 (b). Considering the differential-mode (L, is
grounded so C; does not play any role), the SIR susceptance By, can be expressed as stated
below:

w?CyL, — 1
dd = % “.1)
p

Hence, the resonant frequency, i, and the susceptance slope, b, at fou can be defined as

follows:
f 1
= 4.2
" G L, 2
bdd = ZTl'dede (43)
and the transmission zero frequency, fz., in the common-mode is determined by:
1
(4.4)

feee = 3 [L,C,

On the other hand, the 1/4 transmission lines that implement the admittance inverters
are split in two 4/8 input and output transmission lines connected to the resonators input
and output ports respectively. The characteristic impedance Zj and the phase shift 6., of each
A/8 transmission line will have to be tailored to the appropriate value in order to provide the

desired admittance transformation to each filter cell that composes the filter structure.

Layout Generation by means of ASM

The layout synthesis process is similar than the one reported for the single-ended filter
in Section 3.1.1 and it involves the same three ASM stages: 1) the SIR ASM, 2) the Line Width
ASM and 3) the Filter Cell (Line Length) ASM. The flow diagram of the entire optimization

scheme is presented in Figure 4.4.
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Figure 4.4. EUMCI15" balanced wideband bandpass filter 224 ASM flow diagram.

The Line Width ASM algorithm consists on obtaining the optimum width wrr. for each
A/4 transmission line, and this ASM must be repeated as many times as different admittance

inverters are present in the filter. Its modus operandi has been previously described in Section
3.1.1.

On the other hand, concerning the SIR ASM process, the coarse model vector is defined
as xc = |G, L, C] whereas the fine model vector corresponds to X¢ = [/, 4y, /o). By means
of the well-known approximate formulas [14] for an electrically small narrow and wide strips,
the initial layout x{” of the shunt resonator can be determined, and next x.? is inferred from
the initial layout EM simulation by means of the parameter extraction process where equations
(4.2)-(4.4) are used. In this case, the initial Broyden matrix B® can be defined as follows:

L, 6L, &L,
8l,, 6lc, ol
8C, 8C, &C,
81, 6l Sl
sc, 8C, 6&C,
81, 6l ol

B — (4.5)

Considering this particular filter structure where all the resonators are equal, the SIK
ASM process will provide exactly the same final fine model vector x{* -and therefore the

same optimum layout- for all the resonators.

Concerning the Filter Cell ASM process, it is meant to calculate the optimum phase 0.,
for each filter cell that forms the filter structure. The functionality of this ASM process is
described in Section 3.1.1. In this case, the line length 6., of each filter cell might not be 90°
(as it was in the case of the single-ended filter topology) since now the cells might be

composed by two 1/8 transmission lines with different characteristic admittances, leading to
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a total electrical length different than 90°. The optimum electrical length for each cell is
inferred in advance from the response obtained by the differential-mode equivalent

schematic shown in Figure 4.2 (a).

Optimum Layont

Let us consider the following balanced filter design specifications: N = 5, f = 2.4 GHz,
FBW = 40% (corresponding to a FBIW s = 44%) and L4 = 0.2dB (RL = 13.45dB). In
addition, all the transmission zero frequencies in the common-mode have been set to the
same value, i.e. fz, = 1.1/, which provides a good CMRR in the whole differential-mode pass
band. After applying the Two-Step ASM scheme described in this section, the resulting filter
layout is the one depicted in Figure 4.5 (a), whereas in Figure 4.5 (b) the optimum schematic,
the lossless EM and the measured responses are plotted. The filter was fabricated using Rogers
RO30170 substrate with dielectric constant ¢, = 10.2, tangent delta 7216 = 0.0022 and thickness
h = 0.635mm.

0

-20

—— Measurement
- - - EM Simulation w.o. losses
4.1 " - - - Optimum Schematic
1 1 1 1

32 36 40 44 48
Frequency (GHz)

(b)

Figure 4.5. EUMC15* 5% order balanced wideband bandpass filter layout (a) and comparison between the
optimum schematic, EM lossless simulation and measured responses (b).

The lossless electromagnetic response is very close to the response of the optimum
schematic and hence to the target Chebyshev response. The fabricated device exhibits a
frequency response in very good agreement to the lossless electromagnetic simulation. As
for the single-ended filter synthesis reported in Chapter 3, the layout of the balanced filter
has been determined from the specifications without the need of any further action during
the optimization process. The results of this section demonstrate that the Two-Step ASM
scheme is also useful for the synthesis of common-mode suppressed balanced filters based

on resonators coupled through admittance inverters.
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4.1. Balanced Wideband Filters with High CMRR

A deeper analysis about the synthesis of these balanced filter topologies through the
Two-Step AMS scheme can be found in the Article EUMC15" and also in the Book Chapter
SPMS16", where a 3" order balanced filter synthesis is also carried out using the same

methodology.

4.1.2 Two-Step ASM Applied to Balanced Filters based on
Shunt SIRs and Grounded Stubs Coupled through
A/4 Inverters
The filter structures implemented in Article TMTT15, firstly reported in [53], are based
on mirrored SIRs coupled through admittance inverters whose layout and equivalent circuit
for a 3" order filter example are described in Figure 4.1. The same Two-Step ASM strategy

reported in Section 4.1.1 is used to obtain the optimum layout which satisfies the design

specifications by means of a fully unattended process.

Filter Cell Mirrored SIR Line Width

/01 /]2 /23 /34

Figure 4.6. TMTT15 3 order balanced wideband bandpass filter layout (a) and equivalent circuit (b).

The proposed balanced wideband bandpass filters are implemented by combining semi-
lumped and distributed elements as it is shown in Figure 4.6 (a). The semi-lumped elements
are transverse multi-section mirrored SIRs, described by means of a combination of
capacitances and inductances while the distributed elements are 1/8 transmission lines acting
as admittance inverters. In this case, both the SIRs and the inverters are different for each
filter cell, which differentiates this filter structure from the one reported in Section 4.1.1,

where the SIRs are always equal.
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The circuit schematic of these filters is depicted in Figure 4.6 (b). The symmetry plane is
an E-wall for the differential-mode and hence the capacitances C,;do not play an active role
for that mode since they are grounded. Thus, the equivalent circuit schematic for the
differential-mode is the one depicted in Figure 4.7 (a). Conversely, the symmetry plane for
the common-mode is an H-wall (open circuit) and the equivalent circuit schematic is the one
depicted in Figure 4.7 (b). The resonators L,-C.; provide transmission zeros that are useful
for the suppression of the common-mode in the region of interest (differential filter pass
band). According to the schematics of Figure 4.7 (a), the position of the common-mode
transmission zeros does not affect the differential-mode response. Similarly, the resonators
L.-C.; provide transmission zeros for both the differential- and common-modes. This
transmission zeros add more versatility in the filter response since allow to fulfil more
stringent filter specifications with regards the filter topology reported in Section 4.1.1. By
allocating these transmission zeros above the differential-mode pass band, frequency

selectivity and stopband rejection for the differential-mode can be enhanced.

]01 /12 /23 /34

]01 /12 /23 /34

Lcj‘

CC3
]

CCI

S

CCZ
T oy
(b)

Figure 4.7. Differential- (2) and common- (b) mode circuit schematics of the TMTT15 filter structure.

Due to the limited functionality in terms of bandwidth of the 1/4 transmission lines, in
this filter topology the Two-Step ASM is applied in a similar way than it has been done in the
balanced filter structure reported Section 4.1.1. Therefore, the first step of the design process
is to use the Optimum Schematic ASM to determine of the optimum filter schematic for the
differential-mode, based on given specifications. Once the optimum schematic is obtained,
the second ASM step consists of the independent optimization of the main three items that
form the filter structure which are highlighted in Figure 4.6 (a): the 1/4 inverters line width,
the mirrored SIRs and the filter cells. The layout and equivalent circuit of the filter cell is
detailed in Figure 4.8, where all the variables that play a role in these three different Optimum
Layout ASM stages are shown (the other geometrical variables are set to fixed values and are

not variables of the optimization process).
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Figure 4.8. Filter cell layout (a) and equivalent circuit model (b).

The equations for the parameter extraction process of the shunt SIRs can be obtained from
its equivalent circuit shown in Figure 4.8 (b). Considering the differential-mode (L. is
grounded so C. does not play any role), the SIRs susceptance By can be expressed as stated

below:

w?C,(Le +L)—1

_ 4.6
4= Le(—w?L,C, + 1) (6

Hence, the resonant frequency, /i, the transmission zero frequency, fz4, and the susceptance

slope, b4, at foss can be defined as follows:

1
4.7
foua = o oot 7 1 40
£ = ! 4.8
dd on JL,C, 8
Ce(Le +Lc)?
bag = anodd% 4.9)
L,
and the transmission zero frequency, fz., in the common-mode is determined by:
1
free = 4.10)

2m,/L.C,

On the other hand, the 1/4 transmission lines that implement the admittance inverters
are split in two A/8 input and output transmission lines connected to the resonators input
and output ports respectively. The characteristic impedance Zy and the phase shift 6., of each
/8 transmission line will have to be tailored to the appropriate value in order to provide the

desired admittance transformation to each filter cell that composes the filter structure.
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Layout Generation by means of ASM

The layout synthesis process is similar to the one reported for the single-ended filter in
Section 3.1.1 and it involves the same three ASM stages: 1) the SIR ASM, 2) the Line Width
ASM and 3) the Filter Cell (Line Length) ASM. The flow diagram of the entire optimization

scheme is presented in Figure 4.9.

COptimumSchematic) ‘r“ 1st SIR )«

i=1 i=2
v \ 4

¢ = [¥5] —»@dth ASM xM™ = [wq,] x; = [¥;] —»@dth ASM xM™ = [wqy]

A4 v

¢ = [Le, G2, Lt, C2] SIR ASM |—> xM =110, U e, ] Xt = [L%, CL L, C2 SIR@—» xM = (1, L, wy,, we,]

A4 A 4

= [Ocens'] —»@eu ASM xM = [Ley] Xi = [Ocers’]

Optimum Layout

Figure 4.9. TMTT15 balanced wideband bandpass filter 224 ASM flow diagram.

As can be observed in the presented scheme, it is important to point out that in this
flow diagram it is needed to differentiate the first three-stage ASM, concerning the first filter
cell, from the rest. The reason for that is related to the SIRs topology, which might not be
equal for each filter stage, so that special attention needs to be taken into account when
connecting them in the layout construction phase. For a proper filter cells interconnection,
it is clear that the distance in the vertical axis of the pair of inverter lines needs to be kept
unaltered (see Figure 4.6 (2)) and therefore needs to be considered in the layout optimization

process of the mirrored SIRs.

Regarding the Line Width ASM algorithm, it consists on obtaining the optimum width
wr for each A/4 transmission line, so it is based on a one-variable ASM procedure as
explained in Section 3.1.1. However, it has to be noted that this ASM must be repeated as

many times as different admittance inverters are present in the filter.

On the other hand, the ASM process devoted to the resonator synthesis, i.e. the SIR
ASM, the coarse model vector for the mirrored SIRs is defined as x. = [L,, C, L, (] and its
response is obtained through circuit simulation, whereas the fine model vector of the first
mirrored SIR, i.e. 7= 1, corresponds to X¢ = [/, /., /i /c] and its response is obtained through
electromagnetic simulation of the layout. By means of the approximate formulas [14] for an

electrically small narrow and wide strips, the initial layout x{” of the shunt resonator can be
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4.1. Balanced Wideband Filters with High CMRR

determined, and next x.” can be inferred from the initial layout EM simulation by means of
the parameter extraction process through the equations (4.7)-(4.10). In this case, the initial

Broyden matrix B® corresponding to the first resonator can be defined as follows:

§L, &L, 6L, &L,
8, Bl 6l 6l
5¢C, §C, 6C, &C,
5l,, ol 6L, 6l
§L, &L, &L, &L,
8l,, olg, ol olg,
5C. 8C, 8C, &C,
sl,, o8lg, 6l ol

BM = (4.11)

The first SIR ASM process will be associated to the mirrored SIR providing the lower
common-mode transmission zero (which will provide the wider central patch which
synthesizes C;). For the determination of the layout of the other resonant elements, the SIK
ASM sub-process to be applied is based on the same principle than the first one, but
considering as optimization variables of the validation space the widths for the inner sections
(the ones between the pair of transmission lines), and the lengths for the outer sections. By
this means, the distance between the pair of lines is kept unaltered. Therefore, the coarse
model vector for the mirrored SIRs is still defined as x. = [L., C,, L, (], while the fine model
vector of the other mirrored SIRs will correspond to x¢ = [/, /., Wi, we]. The definition of

the initial Broyden matrix for these resonators is defined as:

s§L, 6L, 6L, 6L,
8l,, 6lg, Ow, Odwg,
sc, 6C, 6C, &C,
5, L, w, bw,
6L, 6L, 6L, 6L,
8l,, 6le, Sw,, Swe,
5C. 6C. 6C. 6C,
81, 6&lc, Sw,, Sw,

BD = (4.12)

The iterative process will finish once the final fine model vectors xz™ corresponding to

the (IN+1)/2 resonators that conform the filter structure are found.

The Filter Cell ASM process will be used to determine the length of the inverters. To this
end, the whole filter cell need to be considered, consisting of the resonator cascaded in
between the inverter halves (not necessarily of the same width, or admittance). As it was
pointed out in Section 3.1.1, the optimization of the whole filter cell is necessary since the
resonators may introduce some (although small) phase shift. In Section 3.1.1, the whole filter
cell was forced to exhibit a phase shift of 90° at the central frequency of the optimum
schematic. However, the fact that the inverters at both sides of the resonator have different
admittance means that the phase of Sy is no longer 90° at the central frequency of the
optimum schematic. Nevertheless, the phase shift of the cell can be easily inferred from
circuit simulation (through the corresponding optimum filter schematic depicted in Figure
4.7 (a)), and the resulting value is the goal of this third ASM sub-process. Thus, the Filter Cel/

ASM optimization consists of varying the length of the lines cascaded to the resonator until
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the required phase per filter cell is achieved (the other geometrical parameters of the cell are
kept unaltered). The phase is directly inferred from the frequency response of the cell
obtained from electromagnetic simulation at each iteration step. Once each filter cell is

optimized, the cells are cascaded and no further optimization is required.

Optimum Layont

Let us consider the synthesis of a filter with the following design specifications: N = 7,
fo =3 GHz, FBW = 60 % (corresponding to FBIW ;3 = 63.43%) and L., = 0.15 dB (RL =

14.69 dB). Since the differential-mode bandwidth is wide, a single common-mode
transmission zero does not suffice to completely reject this mode over the differential filter
pass band. Thus, in this case, several transmission zeros for the common-mode are generated.
Such transmission zeros must be (roughly) uniformly distributed along the differential-mode
pass band for an efficient common-mode rejection over that band. Therefore, as many
different capacitances C;;as transmission zeros must be calculated by means of the expression
(4.10) to completely determine the elements of the optimum filter schematic.

The application of the Two-Step ASM scheme to the described filter structure,
considering the aforementioned 7" order filter example, using Rogers RO3070 substrate with
thickness / = 635 pum, dielectric constant &= 10.2 and loss tangent zné = 0.0022, provides
the layout indicated in Figure 4.10 (a). The optimum schematic, the EM (with losses) and the
fabricated filter differential-mode responses are compared in Figure 4.10 (b), while in Figure

4.10 () the same comparison is done for the common-mode responses.
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Figure 4.10. TMTT15 7% order balanced wideband bandpass filter layout (a) and optimum schematic, EM
simulation with losses and measured responses for the differential- (b) and common- (c) modes.
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Very good agreement between the different responses can be observed, and it is found
that the filter responses satisfy the considered specifications, including an efficient common-
mode rejection over the differential filter pass band, with a common-mode rejection ratio
(CMRR) better than 30 dB in the whole the differential filter pass band.

Thus, it is clear that balanced wideband bandpass filters with common-mode
suppression are achievable by means of this optimization approach and filter design is simple
since the determination of the filter layout does not need any external aid during the whole

synthesis process.

In Article TMTT15 a more detailed description is reported about the synthesis of these
balanced filter topologies through the Two-Step ASM scheme, including the synthesis of a 5®
order filter using the same topology, but with narrow differential-mode bandwidth
requirements. In this case, applying the same value for all common-mode transmission zeros
is enough to obtain good CMRR within the differential-mode pass band, leading to a bit

simpler and faster optimization scheme.

4.2 Compact Semi-Lumped Balanced
Wideband Filters

The balanced filters previously reported in Section 4.1 consist on a combination of semi-
lumped elements, ie. the SIRs, and distributed elements, i.e. the quarter-wavelength
transmission lines, that act as admittance inverters. Despite the fact that these structures are
able to fulfil the design specifications, their size is not fully optimized due to the distributed
behavior of the inverters. Moreover, the limited narrowband functionality of the admittance
inverters means that a method for bandwidth compensation is necessary to satisty the filter
specifications, and therefore the Two-S7ep ASM scheme is totally justified to automatically

synthesize these filter structures.

However, this method complicates significantly the design of the filters, since the ASM-
based tool used for this purpose must include an ASM algorithm able to determine the
optimum schematic satisfying the specifications, which is different than the one directly
inferred from the required Chebyshev filter response. In order to cope with this limitations,
in Article IJMWT16 is presented a novel filter structure based on replacing the inverters with
interdigital capacitors, modelled as a series resonator with parasitic shunt capacitances, so
that the structure can be roughly described by the canonical circuit of a bandpass filter. In
addition, the filter size is reduced and its layout synthesis is carried out following a completely
unattended scheme as well, with the added advantage that the first ASM algorithm is avoided
since the resulting filter is composed of semi-lumped elements accurately described by their

corresponding circuit models over a wide frequency range.
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4.2.1 Design of Compact Balanced Filters based on

Mirrored SIRs and Interdigital Capacitors by means
of ASM

The novel differential-mode microstrip bandpass filters reported in Article IJMWT16
are implemented by combining shunt connected mirrored SIRs and series connected
interdigital capacitors. The filter topology and the lumped equivalent circuit is depicted in
Figure 4.11 (a) and (b), respectively, for a 3* order filter example.

Mirrored SIR Interdigital Capacitor
=]
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=H
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Figure 4.11. IJMWT16 3 order balanced wideband bandpass filter layout (a) and equivalent circuit (b).

The shunt mirrored SIRs can be described as a T-network based on a combination of
capacitances G and Cy, and inductances L, and L. whereas the interdigital capacitors are
modelled by a m-network with series resonators L, and Cj;, and shunt parasitic capacitors,
Cyuri- 1t is worth to mention that in the previous SIR structures reported in Sections 3.1.1 and
4.1.1, the parasitic inductance L, is omitted since it was supposed to be small enough to not

alter the overall filter response. This assumption cannot be made for the current topology,
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4.2. Compact Semi-Lumped Balanced Wideband Filters

even though I, is expected to be small as well, and needs to be included for an accurate

description of the mirrored SIR in this case.

The symmetry plane of the filter is an E-wall for the differential-mode so that the
capacitances Cy; do not play an active role for that mode since I, are grounded. Moreover,
note that the circuit model of the differential-mode shown in Figure 4.12 (a) is approximately
equivalent to the canonical circuit of a band pass filter if I, is considered to be sufficiently
small, so that the capacitance C,,; is directly connected in parallel with the capacitance C,.
L,.i prevents of that filter canonicity, but as L, is expected to be small, the resulting response
of the topology shown in Figure 4.12 (a) can be assumed to be similar to those inferred from
the canonical one. On the other hand, the symmetry plane for the common-mode is an H-
wall which acts as an open circuit, and the equivalent circuit model is the one depicted in
Figure 4.12 (b), where the resonators L-C.i provide transmission zeros that are useful for
the suppression of the common-mode in the region of interest (differential filter pass band).
From Figure 4.12 (a) it can be observed that the position of these common-mode

transmission zeros does not affect the differential-mode response.
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Figure 4.12. IJMWT16 differential- (a) and common- (b) mode circuit schematics of the filter structure.

Since the equivalent circuit model for the differential-mode does not exactly match the
canonical model of a bandpass filter, in order to automatically determine the filter layout
from the specifications of such filter topology there is the need to find the elements of the
equivalent circuit, including the parasitics, which provide a response as close as possible to
the target canonical Chebyshev pass band filter. Therefore, the first step in this unattended
optimization scheme is to find the optimum schematic of the structure depicted in Figure
4.11 (b), and to do so the values of the parasitic elements Cp, and L, need to be determined
in advance. The parasitic elements are not design variables but they can be extracted and
taken into account during the series and shunt resonators ASM synthesis processes. Once

the optimum schematic is found, the next step is the generation of the layout.

Considering this filter topology as a combination of interdigital capacitors and mirrored
SIRs, a two-level ASM will be used, where each ASM sub-process is dedicated to each
resonator topology. The first ASM is focused on the layout optimization of the interdigital
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capacitors whereas the second one is focused on the layout optimization of the mirrored
SIRs. It is also important to point out that the shunt parasitic capacitances of the interdigital
capacitors, Gy, need to be extracted in advance from the corresponding series resonator EM
response prior to start with the shunt SIRs ASM process, since C,, is needed to define the

optimum equivalent circuit of such mirrored SIRs.

The layout and equivalent circuit of the interdigital capacitor resonator is depicted in
Figure 4.13, where all the variables that take part on the ASM process are also highlighted in
the same figure. Note that the window in the ground plane is necessary to enhance the
inductance I, and decrease the capacitance Gy, and it is circularly shaped in order to

minimize the interaction with the mirrored SIR resonators connected on both ports.

w )
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Figure 4.13. Series interdigital capacitor layout (a) and equivalent circuit model (b).

GND
slot

The equations for the parameter extraction process of the interdigital resonator can be
obtained from the equivalent circuit of Figure 4.13 (b). The series reactance, X, of the series
resonator can be expressed as:

2
w°L.C,—1
Xg=—"" (4.13)
wCq

Hence, the resonant frequency, fj, and the reactance slope, x, at fy can be defined as

follows:
fo= ! 4.14
° " o JC.L, 14
x = wolg (4.15)

Moreover, the shunt impedance of the interdigital capacitor, Z,, from where G, can be
found, can be extracted by proper inspection of the EM simulation response using the

following expression, valid for a reciprocal n-network:

(1+511)% = Sp,°
(1=811%) + 551" = 2554

Zp = Zo (4.16)

so that the shunt parasitic capacitance G, can be expressed as follows:
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Cpar = — 4.17)

woXp

The value of C,,, is relevant since it must be subtracted to the capacitance C,; of the
mirrored SIRs, as it will be justified later.

On the other hand, the layout and equivalent circuit of the mirrored SIRs is described
in Figure 4.14. The resonator layout and all the physical variables that will be part of the ASM
process are depicted in Figure 4.14 (a), while in Figure 4.14 (b) the resonator equivalent
circuit is presented (the other geometrical variables are set to fixed values and are not

variables of the optimization process).

@) )
Figure 4.14. Mirrored SIR layout (a) and equivalent circuit model (b).

As discussed previously, it can be noticed that the electrical model of the mirrored SIR
depicted in Figure 4.14 (b) takes into account the series parasitic inductance I, In any case,
the equations (4.2)-(4.4) presented for the mirrored SIR of Section 4.1.1 are also valid for the
mirrored SIR model depicted in Figure 4.14 (b) and are the ones to be used in the parameter
extraction process of such shunt resonator. In addition, the resonator series impedance, Z,
from where L, can be found, can be extracted by proper inspection of the EM simulation

response using the following expression, valid for a reciprocal T-network:

_ (1 - 8112) + 5212 - 2821

7. =Z, 4.18)
) (1= 811)* = S20°
so that the series parasitic inductance L, can be expressed as follows:
X 4.19
par = o (*+.19)

The value of L., although it is expected to be small, will have impact in the overall

circuit response and therefore is relevant enough to have it into consideration.

55



Planar Wideband Balanced Filters based on SIRs

Layout Generation by means of ASM

The complete automatic layout synthesis process involves three ASM stages: 1) the 77
Interdigital Capacitor ASM, 2) the SIR ASM and 3) the 2nd Interdigital Capacitor ASM. The flow

diagram of the entire optimization scheme is presented in Figure 4.15.
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Figure 4.15. IJMWT16 compact wideband balanced filter ASM flow diagram.

The elements of the series (L, C)) and shunt (I,, C;) resonators of the differential-mode
canonical bandpass equivalent circuit can be inferred from filter specifications through the
well-known transformations from the low-pass filter prototype [9]. On the other hand, the
capacitances C, are dictated by the position of the transmission zeros of the common-mode
response as it is defined in equation (4.4). Once the elements of the series resonators of the
interdigital capacitors are known, the specific ASM process for the determination of the
layout giving such elements is necessary. In this ASM algorithm, that is, the 7" Interdigital
Capacitor ASM, the variables in the optimization (coarse) space are X. = [Ly, C], whereas the
variables in the validation (fine) space are the length of the inductive line, /., and the length
of the fingers, /; i.e., X¢ = [/, /]. The other geometrical parameters are not modified during
the optimization process and are set to a fixed value. The first vector of the validation space,
x(V, is estimated from approximate formulas providing the inductance of a narrow inductive
strip and the capacitance of an interdigital capacitor [14]. Next, x." is inferred from the initial
layout EM simulation through the parameter extraction procedure carried out by means of
equations (4.14) and (4.15). Finally, the first approach to the Broyden matrix B®, necessary

to iterate the process as indicated above, is given by:
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8Ly 6L
51, 6l
W = s 7
B sc. sC, (4.20)
8l,, 6l

With this ASM scheme, the layout providing the target elements of the series branch is
determined, and from this layout, the parasitic capacitance Cy, is also inferred from the
interdigital resonator EM response by using equations (4.16) and (4.17). The Ci.» extraction
process, as indicated in Figure 4.15, is key for the optimum equivalent circuit definition of
the mirrored SIR. The presence of such parasitic element forces to recalculate the mirrored
SIR circuit schematic taking into account C,: once the G, value is obtained, it will be
subtracted from the shunt capacitance C, of the mirrored SIR, so that the final shunt
capacitance value to be synthesized in the mirrored SIR will consider already the addition of
Cyor coming from the interdigital resonator when forming the complete filter structure, as can

be envisioned in Figure 4.11 (b) assuming that L, is sufficiently small.

The layout of the mirrored SIRs is then determined using the SIR ASM algorithm, where
the coarse model vector is defined as xe = [Ly;, Cy, Cy], whose variables correspond to the
circuit schematic for the common-mode depicted in Figure 4.14 (b). On the other hand, the
fine model vector is constituted by a set of variables describing the resonator layout and is
defined as X¢ = [/, pir lewi]. Therefore, in order to deal with the same number of variables in
both spaces, the remaining physical parameters of the layout are set to fixed values. The first
vector of the validation space, x{", is estimated from the well-known approximate formulas
providing the inductance and capacitance of a narrow and wide electrically small transmission
line sections [14]. Since the shunt impedance of the mirrored SIR is equivalent than the one
reported in Section 4.1.1, parameter extraction is carried out by using the same equations (4.2)-
(4.4) and, similarly, the first approach to the Broyden matrix, B®, necessary to iterate the
process, is defined as described in equation (4.5). With this ASM scheme, the layout
providing the target elements of the shunt resonator is determined, and from this layout, the
series parasitic inductance L, is also inferred from the mirrored SIR EM response by using
equations (4.18) and (4.19).

Optimum Schematic Definition Strategy

With the previous ASM algorithms, the layouts of the filter stages corresponding to the
interdigital capacitors and mirrored SIRs can be determined. However, the presence of the
parasitic elements forces us to recalculate the circuit schematic taking into account such
parasitics. The hypothesis in the design process is to assume that the I, and G, values
inferred as explained before will not vary significantly when applying slight changes in the
corresponding resonators geometries. Hence, the next step is to set in the schematic the
inferred values for the parasitics, and consider the remaining elements as variables that must
be tuned at the circuit level in order to satisfy the filter specifications. However, as long as
the inductance L, is small, it can be expected that by subtracting the parasitic capacitance
Cyor to the capacitance of the mirrored SIR, G, the other variables in the filter equivalent
circuit of Figure 4.11 (b) do not need to be modified that much, thus only the undesired L.,
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effect needs to be compensated. Indeed, it has been verified that it is enough to automatically
tune L, to satisty the filter specifications and hence to obtain the optimum filter schematic.
Therefore, once Ls is tuned (and the optimum schematic is obtained) the layout of the
interdigital capacitors must be recalculated again, leading to the 2/ Interdigital Capacitor ASM
stage, as it is shown in Figure 4.15. Next, the resulting layouts are cascaded and the entire
filter layout is thus constructed.

Let us consider the synthesis of a 3" order Chebyshev filter with central frequency £ =
2.4 GHz, fractional bandwidth FBIW = 40% and ripple L.4,= 0.15 dB. After applying the 77
Interdigital Capacitor ASM and the SIR ASM schemes shown in Figure 4.15, Cj,, and L, are
inferred so that the optimum schematic can be obtained by tuning the interdigital capacitor
series inductance, L, by means of an automatic procedure. This automatic tuning process is
carried out in the circuit level space, and it is based in an iterative process where the value of
L, is slightly modified (reduced) until the differential-mode response of the filter equivalent
schematic of Figure 4.12 fulfills the design specifications. In other words, the aim of the L,
tuning is to compensate the L, undesired effect in order to obtain a filter response as close
as possible to the canonical Chebyshev pass band filter response. Concerning this example,

in Figure 4.16 the comparison between both responses after the application of the L, tuning
is shown.
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Figure 4.16. Comparison between the ideal Chebyshev response and the optimum filter schematic response
including parasitic elements.

As can be seen, the responses are very similar, thus validating the approach based on
the tuning of L, only.

Optimum Layont

Once the new value of L, is found and the optimum schematic is obtained, it is necessary
to recalculate the new layout of the interdigital capacitor by means of the 2 Interdjgital
Capacitor ASM and next the optimum layout of the filter can be already built. Its final layout
is presented in Figure 4.17 (a) whereas the frequency response of the filter, including the
simulation of the optimum schematic, electromagnetic simulation and measurement is
depicted in Figure 4.17 (b) and (c) for the differential-mode and the common-mode
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respectively. The filter is fabricated in a Rogers RO3070 substrate with thickness 4 = 254 pm,

dielectric constant & = 10.2 and loss tangent tand = 0.0022.

S|
&

=
El

- - - Schematic with parasitics
- - - Lossless EM Sim.

- - - Schematic with parasitics
- - -Lossless EM Sim.
—— Measurement

Measurement

-80 T T T T -80 T T T
1.6 24 3.2 4.0 4.8 1.6 3.2 4.0 4.8

Frequency (GHz) Frequency (GHz)

(b) ©

Figure 4.17. IJMWT16 3 order compact balanced wideband bandpass filter layout (a) and compatison
between the optimum schematic, EM lossless simulation and measured responses for the differential-mode (b)
and for the common-mode (c).

IS

The agreement between the electromagnetic simulation and circuit simulation for the
differential-mode is reasonable as can be observed in Figure 4.17 (b), and discrepancies with
the measurement can be attributed to the fabrication-related tolerances. Note that the
synthesis of the interdigital capacitors requires narrow gaps between fingers in order to
obtain the appropriate series capacitance C; value, which makes them a bit sensitive due to
their implementation is close to the limits of the standard PCB technology process. The
common-mode response is reasonably predicted by the circuit model as depicted in Figure
4.17 (c) and the final dimensions are showing a compact outline with 0.484 x 0.354, 4 being
the guided wavelength at the central filter frequency. In summary, this novel filter structure
exhibits good balance between size and performance, with the added value that the design

of the filter is carried out following a completely unattended procedure.
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4.3 Compact Balanced Wideband Filters with
Very Broad Common- and Differential-
Mode Stop Bands

The balanced compact filter structure presented in Section 4.2 exhibits certain
advantages compared with the balanced topologies described Section 4.1. The filter size
reduction, leading to a more compact size, and the direct generation of the optimum
schematic from design specifications, with no need of a dedicated Optimum Schematic ASM
process, are the main beneficial aspects of this compact structures. However, as reported in
Articles NEMO17* and TMTT18, these structures can be modified by adding controllable
transmission zeros in both differential- and common-modes in a similar way to the structures
of Section 4.1.2. By controlling these transmission zeros adequately, the differential- and
common-mode stopbands can be extended up to significantly high frequencies. The filter is
automatically synthesized by means of a dedicated ASM scheme and two pre- and post-
optimization algorithms, necessary to accurately determine the transmission zero frequencies.
Thus, the unattended layout synthesis, the compact size and the differential- and common-
mode stopband performance are the main relevant characteristics of the proposed novel

balanced filter structures.

4.3.1 Design of Compact Balanced Filters based on
Mirrored SIRs and Interdigital Capacitors by means
of ASM and Pre- and Post-Optimization Algorithms

The novel differential-mode microstrip bandpass filters reported in articles NEMO17*
and TMTT18 are implemented by combining shunt-connected mirrored SIRs and series-
connected interdigital capacitors. The balanced filter topology is depicted in Figure 4.18 (a).
Such topology corresponds to a 3™ order filter example and its corresponding balanced
equivalent circuit is depicted in Figure 4.18 (b). That filter structure can be generalized to an
arbitrary order by simply adding or removing filter stages.

As can be observed in Figure 4.18 (b), the series resonators are described by m-networks
with series resonators Cj-L; and parallel parasitic capacitances Cp., which coincides with the
structure previously reported in Section 4.2.1. On the other hand, the mirrored SIRs are
described by the inductances L.;and L and by the capacitances C,; and C.. Therefore, in this
topology, the series parasitic inductance, I, included previously in the mirrored SIR
equivalent circuit of Section 4.2.1, is omitted here since in this case it is assumed to be very
small. The symmetry plane is an electric wall for the differential-mode and a magnetic wall
for the common-mode. Therefore, the circuit models for these modes can be inferred from
the model of Figure 4.18 (b) by grounding (differential-mode) or opening (common-mode)
the nodes intersecting the symmetry plane, as it is shown in Figure 4.19 for the differential-

(a) and common- (b) modes.
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Figure 4.18. NEMO17* and TMTT18 3t order compact wideband bandpass filter layout (a) and equivalent
circuit (b).

For the differential-mode, the capacitances C, are short circuited and do not play an
active role. Conversely, such capacitances and the inductances L, act as shunt-connected
series resonators for the common-mode, providing transmission zeros at the resonance
frequencies. The strategy to efficiently suppress the common-mode is to distribute these
common-mode transmission zeros along the differential-mode pass band by varying the
dimensions of the central patches (and hence the values of C;). The external resonators (L.~
C.) provide transmission zeros for both modes, something that was not possible to achieve
with the former topology reported in Section 4.2.1, due to the non-existence of L. It must
be noted that for both shunt-connected series resonators types (L.-C; and L.-C.), as many
different transmission zeros can be controlled as shunt SIR stages are available in the filter
structure, that is, (N + 1)/2, where N is the filter order. This fact gives added value to the
current topology, which is able to generate differential- and common-mode transmission
zeros above the pass band of interest, in order to broaden the stop band for both modes and

efficiently reject out-of-band differential signals.

61



Planar Wideband Balanced Filters based on SIRs

Le 1 LC 7 LeZ LCZ
Ce 7 CeZ
1| |—| = 1| |—| —
@
Ls] Cs]
Le] LL‘] I C;Jarl Cpar] I LeZ L[Z
C. el CC 1 ) i Cez CCZ
1] |—| |—| | 1] |—| |—| |

(b)

Figure 4.19. NEMO17* and TMTT18 circuit schematic for the differential (a) and common (b) modes.

In the design of the filter, the first step is the determination of the elements of the circuit
model from filter specifications and from the position of the differential- and common-mode
transmission zeros (a pre-optimization process is used in order to obtain the optimum
location of such transmission zeros, which will be described later). Once such elements are
known, the second step is the determination of the filter layout by means of a dedicated two-
level ASM scheme. The first ASM level is focused in the interdigital capacitors layout
optimization whereas the second ASM level is focused in the mirrored SIRs layout
optimization. Such optimization process will be active until all resonator stages that form the

filter layout are propetly optimized.

Since the interdigital capacitor structure is the same than the one reported in Section
4.2.1, its corresponding layout and equivalent circuit has been already reported in Figure 4.13.
Therefore, the equations (4.14) and (4.15) will be used in the parameter extraction process when
performing the ASM algorithm of such series resonator. Special attention needs to be paid
to the interdigital capacitors shunt parasitic capacitances Cj, Similarly as it has been done in
Section 4.2.1, such capacitances will be considered as part of the shunt mirrored SIRs. They
are not controllable parameters but they can be easily inferred once the layouts of the series
resonators stages are known. Therefore, in the design flow, it is first necessary to determine
the series elements, I, and Cj, and then synthesize the layouts of the interdigital capacitor
resonators. From such layouts, the values of capacitances C,,, can be easily derived from

proper inspection of the EM response by means of equations (4.16) and (4.17).

The layout and equivalent circuit of the multi-section mirrored SIRs is described in
Figure 4.20. In Figure 4.20 (a) their layout and all the physical variables that are part of their
optimization ASM process are indicated, while in Figure 4.20 (b) their equivalent circuit is
presented (the other geometrical variables are set to fixed values and are not variables of the

optimization process).
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(b)

Figure 4.20. Multi-section mirrored SIR layout (a) and equivalent circuit model (b).

Note that the circuit topology and equivalent circuit is the same than the former one
reported in Section 4.1.2 but, in this case, the shunt parasitic capacitances G, are directly
considered as part of the SIR resonators, so that the SIRs equivalent shunt reactance, X,

can be expressed by:

(szeCe - DL,
w3cparLeCeLc —w(Ce(Le + L) + CparLc)

Xsaa = (4.21)

For the differential-mode, the filter central frequency, fuws, the transmission zero

frequency, fozz, and the susceptance slope, bus, at the central angular frequency wy, are given

by:

f — i CE(LE + LC) + CparLc (4 22)
Odd ™ 2 CparLcLe ’
1
. 423
fa4a 2m./L,C, (4:23)

b = woCpar + 1 + Cowo(1 + L Cowy?) 4.24)
ad 2 2L.wy  2(1 = L,Cowy?)?

while the transmission zero frequency, fz. can be defined as:

1
= 4.25
s (4.25)

Therefore, the four circuit variables L., C, L. and C, can be obtained from equations

(4.22)-(4.25) by means of the corresponding parameter extraction process.

Optimization of the Transmission Zero Frequencies

In Article TMTT18, the zeros for the common-mode are distributed along the
frequency range in order to achieve good common-mode rejection within the differential-
mode pass band and beyond. With these transmission zeros, and those for the differential-

mode, necessarily set above the pass band of interest (but also active for the common-mode),
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the common-mode can be significantly rejected beyond the differential-mode pass band, as
will be shown later. In practice, it is difficult to a priori predict the optimum position of the
transmission zeros (for the differential- and common- modes) necessary to optimize the
differential- and common-mode rejection bands. The reason is that the filter design is
focused on achieving a certain differential-mode response which fulfils the design
specifications. However, the common-mode response is not linked to these specifications
and typically exhibits non-desired transmission peaks. In order to reduce the level of such
common-mode peaks, an iterative algorithm for the optimization of the transmission zero
frequencies (for both the differential- and common- modes) has been developed. This
algorithm is implemented in the equivalent lumped circuit space and it is meant to define the
optimum schematic of the filter, including the optimum differential pass band response
(linked to the design specifications) as well as the optimum location of the transmission zero
frequencies. Thus, this algorithm can be understood as a pre-optimization process since it is

going to be executed prior to the Optimum Layout ASM scheme, and its block diagram is

described in Figure 4.21.
‘ Specifications ’

y
| Tx Zeros algorithm |

COptimum Schematic)

Figure 4.21. TMTT18 Transmission Zeros optimization algorithm block diagram.

Let us illustrate the operation principle of this algorithm based on a specific filter
example, corresponding to the following specifications: order N = 5, central frequency f; =
1.8 GHz, fractional bandwidth FBIV = 48% (55.4% at 3-dB fractional bandwidth) and ripple
level L4, = 0.04 dB (RL = 20.4 dB).

Initially, the location of all transmission zeros (differential- and common-mode) is set
to an arbitrary single frequency, significantly above the upper cut-off frequency of the
differential-mode pass band, e.g., 2.5/p. From filter specifications, we can infer the element
values of the interdigital capacitors, i.e. L, and C,, corresponding to the series resonator stages,
using well-known formulas [9]. Since the elements of the shunt SIRs depend on G, it is
necessary to first synthesize the layout of the series branches, according to the ASM
algorithm to be described later, and, from it, determine the value of C,.. Once this parasitic
capacitance value is known, equations (4.22)-(4.25) can be used to determine L., L., C, and
C. for the shunt resonator filter stages, and the response of the circuit (differential- and
common- modes) at the schematic level can be inferred, as it is shown in Figure 4.22 (a).
From this response, we can identify two common-mode transmission peaks, which in this

case both fall inside the differential-mode passband frequency range.

In the second step, we reallocate two of the common-mode transmission zeros in those

transmission peak frequencies (for that mode) and set the additional common-mode

64



4.3. Compact Balanced Wideband Filters with 1V ery Broad Common- and Differential-Mode Stop Bands

transmission zero to 1.5f. The differential-mode transmission zeros are kept unaltered in this
second step. The new response is the one depicted in Figure 4.22 (b), where now we have
three common mode transmission peaks, the former two, falling inside the differential-mode

passband, plus a new one which appears outside.

According to the previous common-mode transmission peaks, in the next (third)
iteration, we reallocate the same two common-mode transmission zeros in those
transmission peak frequencies that fall within the differential passband, while the additional
common mode transmission zero is kept to 1.5f;. On the other hand, the third common-
mode transmission peak (the one that falls outside the differential pass band) is cancelled by
means of the first differential-mode transmission zero, while the two remaining differential-
mode transmission zeros are kept at 2.5f. The new filter response is found to be the one
depicted in Figure 4.22 (c), where it can be appreciated that the common-mode transmission

peaks are significantly attenuated.
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Figure 4.22. Transmission Zeros optimization algorithm example. (a) 1*t iteration, (b) 2 iteration, 3" iteration(c)
and (d) 5% iteration.

Nevertheless, in this iterative algorithm, the objective is to have an optimum common-
mode rejection level within the differential-mode pass band. To this aim, the common-mode
transmission peaks maximum level is specified to be below 25 dB in this case, so that some
more iterations are needed to achieve that attenuation value for these common-mode peaks.
Hence, a new set of transmission zeros is defined in the next iteration, using the same strategy

defined in the previous iteration. This iterative process will continue until reach the specified
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common-mode rejection level, which in this case it has been set to be higher than 25 dB as

mentioned before.

In this example, at the fifth iteration the filter response exhibits common-mode rejection
above 25 dB up to at least 2.5f0, as it can be observed in Figure 4.22 (d). Therefore, the
algorithm stops at this fifth iteration, and the optimum common-mode and differential-mode

transmission zeros are found, so that the optimum filter equivalent circuit can be already
defined.

The comparison between the obtained differential-mode response using the optimum
filter schematic (after the Transmission Zeros optimization algorithm) and the theoretical (ideal)

Chebyshev response is depicted in Figure 4.23.

0

—— Circuit sim. S},
—— Circuit sim. S},
20 - = - Chebyshev response S,
- - - Chebyshev response S,

(dB)

-40

DD DD
117 Sz1

S

-60

-80

Frequency (GHz)

Figure 4.23. Comparison between the ideal Chebyshev response and the differential-mode response of the
optimum schematic filter resulting from the Transmission Zeros optimization algorithm.

Although somehow degraded, the return loss in the pass band is acceptable on account
of the improved filter selectivity beyond the upper cut-off frequency (upper transition band),
and therefore the validity of this methodology, based on optimizing the location of the

transmission zeros over the frequency band, is demonstrated.

Further information about this pre-optimization algorithm can be found in Article
TMTT18, where this method is explained by following the same example but conducted in

more detail.

Layout Generation by means of ASM

Once the optimum schematic is determined by the Transmission Zeros pre-optimization
algorithm, the automatic filter layout generation from the lumped element values is carried
out by means of two main ASM stages: 1) the Interdigital Capacitor ASM and 2) the SIR ASM.

The flow diagram of the complete optimization scheme is presented in Figure 4.24.

At this point, the lumped elements of the interdigital capacitors are already known, and
the specific ASM process for the determination of the layout giving such elements is
necessary. As the interdigital capacitor topology used is equal to the one used in Section 4.2.1,
the same coarse and fine spaces are defined in this ASM process. Hence, the variables in the
optimization space are X = [Ly, Ci], whereas the variables in the validation space are the

length of the inductive line, /., and the length of the fingers, /; i.e., X¢ = [/, /]. The first vector

66



4.3. Compact Balanced Wideband Filters with 1V ery Broad Common- and Differential-Mode Stop Bands

of the validation space, x{", providing the initial series resonator layout, is estimated from
approximate formulas providing the inductance of a narrow inductive strip and the
capacitance of an interdigital capacitor [14]. The following steps are to infer x.”) from the
initial layout EM simulation through the parameter extraction procedure carried out by means
of equations (4.14) and (4.15), and to obtain the first approach to the Broyden matrix B® by

means of equation (4.20).
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Optimum Layout

Figure 4.24. NEMO17* and TMTT18 ASM block diagram.

Next, the layout of the multi-section mirrored SIRs is determined using an specific ASM
algorithm where the coarse model vector is defined as x. = [L., C,, L, C], whose variables
correspond to the circuit schematic for the common-mode depicted in Figure 4.20 (b). On
the other hand, the fine model vector of the first mirrored SIR, i.e. 7 = 1, is constituted by a
set of variables defining the resonator layout as detailed in Figure 4.20 (a) and it is defined as
Xt = [ley leoy hisy lc]. Therefore, in order to deal with the same number of variables in both

spaces, the remaining physical parameters of the layout are set to fixed values.

On the other hand, since the mirrored SIR of this filter structure is equivalent to the one
reported in Section 4.1.2, the first approach to the Broyden matrix, B®, necessary to iterate
the process, is defined as described in equation (4.11), but uniquely for the first SIR. Similarly
as previously described for the filter structure reported in Section 4.1.2, in the determination
of the layout of the other mirrored SIRs, the SIR ASM sub-process to be applied will be
based in the same principle than the first one, but considering as optimization variables of
the validation space the widths for the inner sections (the ones between the pair of the
interdigital capacitors inductive strips), and the lengths for the outer sections. By this means,
the distance between the pair of interdigital capacitors is kept unaltered and allows the perfect

alignment between all the layout resonator stages. Therefore, the coarse model vector of the
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rest of the mirrored SIRs is still defined as x. = [L., C,, L., (], but the fine model vector of
these subsequent mirrored SIRs will correspond to x¢ = [/, /e, w1, wc]. Thus, the definition
of the initial Broyden matrix for these resonators will be defined as shown previously in
equation (4.12).

The initial SIR layout, corresponding to the first vector of the validation space, x{?, is
estimated in the same manner than reported previously, i.e. using approximate formulas
providing the inductance and capacitance of a narrow and wide, respectively, electrically
small transmission line sections [14]. Next, the four circuit elements can be extracted from
the SIR layout electromagnetic response using the parameter extraction equations (4.22)-(4.25),
and start the iterative process until find the final fine model vector x{* that describes the
optimum SIR layout. This sequence will be repeated as many times as different resonators

to be optimized, where for an odd-order Chebyshev response filter will correspond to
(N+1)/2, being N the order of the filter.

Optimum Layout

To demonstrate the proposed approach, let us consider the same example presented
previously when describing the Transmission Zeros optimization scheme, which consists on the
synthesis of a balanced filter with the following specifications: N = 5, f; = 1.8 GHz, FBIW' =
48% (or 55.4% at 3-dB fractional bandwidth) and L4 = 0.04 dB. Once the optimum
schematic is found by means of such Transmission Zeros optimization process and the ASM
scheme shown in Figure 4.24 is executed, the optimum layouts for both the mirrored SIRs
and the interdigital capacitors are obtained. Therefore, by cascading the five stages the
complete filter layout is generated, worth to mention, by following a fully unattended process.
The final layout is presented in Figure 4.25 (a) whereas the frequency response of the filter,
including the simulation of the optimum schematic, electromagnetic simulation and
measurement is depicted in Figure 4.25 (b) and (c) for the differential-mode and the

common-mode respectively.

Despite the fact that the circuit model of the proposed filters provides a reasonable
response in the region of interest, it can be appreciated in Figure 4.25 (c) that the common-
mode resulting from lossy electromagnetic simulation (the response of interest) exhibits
transmission peaks above -20 dB. The reason is that such peaks are very sensitive to the
position of the transmission zeros, which may lead to some shift in the lossy electromagnetic
simulation, as compared to the circuit response simulation. This phenomena has been already
observed previously, during the description of the Transmission Zeros optimization scheme
(see Figure 4.22).

Since common-mode rejection is not satisfactory enough, readjustment of the
transmission zero positions is needed. To this end, a second Transmission Zeros optimization
scheme has been developed, but this time the responses are not the circuit simulations of the
resulting equivalent circuits, but the electromagnetic simulations (including losses) of the

filter after the application of the ASM synthesis algorithm.
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Figure 4.25. TMTT18 5% order compact balanced wideband bandpass filter layout (a). Differential-mode (b)
and common-mode (c) measured responses.

By applying this post-optimization iterative algorithm to the structure resulting from the
first complete ASM scheme, we have been able (after three iterations) to obtain a filter layout
exhibiting a common-mode rejection level better than -28 dB. Note that L, C,, G, and the
geometry of the series resonators is kept unaltered in this post-optimization iterative process,
since the readjustment of the transmission zeros does not affect the series branches. Figure
4.26 shows the comparison between the lossy EM simulation and the measurement of the
synthesized filter layout responses, obtained after such Transmission Zeros post-optimization
scheme. The filter is fabricated in a Rogers RO4003C substrate with thickness 4 = 813 pm,

dielectric constant & = 3.55 and loss tangent a6 = 0.0021.

As can be observed, the agreement between the responses is good, although the
measured in-band return loss for the differential-mode is a bit degraded as compared to the
electromagnetic simulation. This degradation is due to tolerances in the fabrication process,
considering that there is the need of very small gaps and track widths to form the interdigital
capacitors, which is critical for the standard PCB technology process. Moreover, perfect
symmetry is also difficult to achieve in practice, and there are two pairs of symmetric

interdigital capacitors that make this aspect even more critical. Nevertheless, the measured
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in-band return loss (differential-mode) is better than 11.5 dB and the in-band insertion loss
is better than 1dB. The differential-mode stop band exhibits a rejection level better than 22
dB up to at least 6.5 GHz and the common-mode is suppressed with a rejection level better
than 28 dB from DC up to at least 6.5 GHz as well. Finally, filter size is as small as 51.5 mm
x 48.2 mm, corresponding to 0.514, x 0.484, in terms of the wavelength at the filter central

frequency, fi, which makes this combination of filter size and performance very competitive.
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Figure 4.26. TMTT18 5" order compact balanced wideband bandpass filter differential-mode (a) and common-
mode (b) measured responses obtained after the post-Transmission Zeros optimization scheme.

Therefore, this example proves the automatic filter synthesis method under study, based
on three specifically developed algorithms (an ASM-based algorithm preceded and followed
by Transmission Zeros optimization algorithms), where few iterations suffice to achieve

convergence in all three cases.

In Article NEMO17", an example of the automatic synthesis of the same filter structure
is reported. In this case, the filter layout synthesis is focused on a 3™ order filter and it is
developed uniquely by means of the ASM scheme reported in Figure 4.24. Thus, the response
obtained for such filter is not fully optimized since the pre- and post- Transmission Zeros

scheme have not been applied in this case.
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Chapter 5

Conclusions and Future Work

The conclusions and future work that can be derived from this research work are
discussed in this chapter. The achievements provided along the thesis, concerning the new
concepts in microwave filter optimization and synthesized filter topologies, previously
proven with valid and consistent results, are summarized. Moreover, an overview of further

lines of research that can be initiated from this work are also outlined.

5.1 Conclusions

This thesis provides a significant contribution to the state of the art of the automatic
design of microwave filters by means of ASM techniques, including the unattended synthesis
of single-ended and balanced filters based on SIRs. The automatic and efficient EM
optimization of microwave devices is a topic of growing interest in the microwave
community, and more specially in the synthesis of balanced microwave filters since these
components are very suitable for modern communications systems, despite their increased
complexity as compared with their single-ended counterparts. Moreover, the combination of
ASM techniques with the synthesis of balanced microwave filters is treated, to the best of
our knowledge, for the first time in this thesis, which places this work in a pioneer position
in this research field. The feasibility of the ASM concept applied to the automatic filter
optimization has been demonstrated through the development of specific ASM algorithms
driven by the filter topologies proposed in Chapter 3 and Chapter 4. The validity of the
algorithms developed has been proved by appropriate examples, and novel theoretical
contributions to the ASM formulation have been introduced for such purpose. In addition,

novel complex balanced filter structures, based on SIRs and interdigital capacitors, have been
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presented in order to overcome the narrowband limitations of the filters based on SIRs

coupled through quarter-wavelength transmission lines.

In order to place the reader into context and provide the appropriate conceptual basis
for the two main topics developed throughout this work, in Chapter 2 an extensive state of
the art revision concerning the ASM technique applied to microwave filter design has been
provided, and the main novel aspects introduced by this research work have been
highlighted. In addition, the fundamentals of the SM concept as well as the balanced and
single-ended filtet’s theory have been thoroughly presented.

In Chapter 3, the validity of the ASM optimization scheme has been proved first in the
automatic synthesis of a high order (and hence highly selective) single-ended wideband
bandpass filter based on SIRs coupled through quarter-wavelength admittance inverters. It
has been demonstrated that the developed ASM algorithm is able to synthesize such filter
topology very efficiently and following a completely unattended scheme. Initially, the
response degradation mainly derived from the bandwidth limitations of such admittance
inverters has been compensated in this case by over dimensioning the filter design
specifications in advance (mainly the filter’s bandwidth, although the center frequency and
the passband ripple have been slightly tuned as well). In order to overcome such inverters
narrowband phenomena, a novel Two-S7ep ASM algorithm has been formulated for the first
time. This strategy is based in a two-stage ASM scheme, where the first ASM is meant to
obtain the optimum filter schematic that compensates such inverters bandwidth degradation,
and the second ASM is meant to provide the optimum layout from the obtained optimum
schematic, in such a way that the design filter specifications are satisfied automatically with
no further manual interaction. The validity of the Two-Step ASM scheme has been

demonstrated with several filter designs, including the automatic synthesis of a 9™ order filter.

Due to the increased interest in the design of balanced microwave filters in recent years,
Chapter 4 is devoted to the automatic synthesis of balanced wideband bandpass filters based
on SIRs. In this chapter the successful outcome of combining the ASM concept with the
synthesis of balanced filters is presented for the first time. To the best of our knowledge, the
application of automatic EM optimization techniques to the synthesis of balanced filters was
not reported so far (at least in filters based on SIRs), placing this thesis as a pioneer in this
field. Several balanced filter topologies have been used to prove the validity of the concept,
all of them providing the differential-mode pass band response subjected to specifications
while efficiently suppressing the common-mode at the same time, at least in the differential-
mode passband frequency range. Two different filter topologies, both based on SIRs coupled
through admittance inverters, have been automatically synthesized from specifications under
the Two-Step ASM scheme proposed in Chapter 3. Successful results have been presented
for both topologies, proving the validity and robustness of the Two-S7ep ASM concept also
in balanced filters. Moreover, a novel balanced filter topology based on SIRs and interdigital
capacitors has been presented. The main advantage of such topology is that the admittance
inverters implemented through quarter-wave transmission lines are no longer used in this
new filter structure. Thus, the narrowband effects inherent to these transmission line based

admittance inverters are eliminated, so that there is no need to compensate for such inverter
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undesired effects by means of the Two-S#p ASM scheme. Therefore, although the filter
complexity is slightly increased due to the replacement of the quarter-wavelength
transmission line inverters by those interdigital capacitors, the overall optimization process
is notably simplified since the optimum filter schematic is directly inferred from the design
specifications and only the ASM stage providing the optimum layout needs to be
implemented, leading to a more efficient optimization scheme. Moreover, the overall filter
size is also reduced because of the reduced size of the interdigital capacitors compared to the
quarter-wavelength transmission lines. Nevertheless, due to the sensitivity of the interdigital
capacitors (the PCB technology limits are challenged by the implementation of very narrow
gaps between the interdigital fingers), a simple but very effective pre- and post- optimization
algorithms have been introduced in order to obtain very competitive filter responses for this
compact topology, which is able to provide a wideband bandpass differential-mode response
with a very broad common- and differential-mode stopbands. The validity of this novel
optimization scheme based on one-level ASM and pre- and post-optimization algorithms has

been successfully demonstrated through the automatic synthesis of a 5™ order filter.

In a nutshell, the initial objectives proposed for this research activity have been achieved.
The ASM technique has been successfully applied to the unattended optimization of planar
wideband bandpass filters from specifications. Novel contributions to the state of the art
have been presented to the ASM formulation and an automatic balanced filters synthesis
procedure has been successfully reported for the first time. Last but not least, a novel
compact balanced filter topology based on SIRs and interdigital capacitors with very broad
common- and differential-mode stopbands has been reported and automatically optimized

through the appropriate ASM-based scheme.

5.2 Future Work

Future lines of research can arise from the aforementioned contributions and results
provided in the present research work. It has been proven that the ASM concept is a simple
and very efficient approach to automatically synthesize microwave filters from design
specifications. Thus, a clear research path that can be further explored is the application of
such ASM-based optimization scheme to single-ended or balanced filter structures
implemented in different technologies, either planar as developed in this thesis or others least
explored yet. For instance, further developments could be applied to the synthesis of filters
based on metamaterial-inspired, SIW, DGS or coaxial resonators, to mention some of them.
Moreover, regardless the technology used, the ASM technique could be applied to the
automatic synthesis of filter devices providing more specific responses rather than wideband
passband responses as reported in this work. For instance, bandstop, dual-band or UWB
filter responses may be used as a target, while implemented in balanced topologies would be
a plus. Going a bit further, the ASM technique could even be applied to the automatic

synthesis of diplexers or even more complex filtering structures.

Another feasible research line that can be derived from this thesis is the application of

the ASM to automatically synthesize other microwave passive structures such as directional
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couplers, splitters, combiners, matching networks, etc. The publications presented so far
indicate that the versatility of the ASM algorithm makes it suitable to be applied to a very
broad set of structures, independently of the technology used to implement them. Such
research line would widen the application range of the space mapping concept, which for

now its validity has been mostly demonstrated through the synthesis of microwave filters.

Last but not least, the whole optimization concept reported in the present thesis could
potentially be translated into a design guide tool embedded into most generic CAD software
packages, widely used in the microwave engineering community, such as Keysight® ADS or
Ansys® HFESS, among others. The design guide might be envisioned as a set of different
passive structures contained in a design guide palette, so that such structures can be
automatically synthesized in order to fulfill a predefined set of design specifications, set by

the user in advance, by means of the corresponding ASM-based optimization algorithm.
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Abstract — This paper is focused on the automated synthesis
of wideband bandpass filters by means of aggressive space
mapping (ASM). The considered filters are microstrip filters
implemented through a combination of shunt connected stepped
impedance resonators (SIRs) and grounded stubs coupled
through impedance inverters. By virtue of the transmission zeros
introduced by the shunt connected SIRs, the filters exhibit a wide
rejection band with strong attenuation. The main contribution
and originality of the paper is the fact that the layout of the
whole filter is automatically generated from the circuit schematic
without human intervention in the process. In a first step, the
ASM algorithm is applied to the SIR/stub resonators and
inverters. After that, each filter cell is automatically generated,
and no further optimization is required. As an example, the
synthesis of an order-7 bandpass filter is reported. The
agreement between the electromagnetic response of the
synthesized filter and the target response is very good, pointing
out the validity of the proposed synthesis approach.

Index Terms — Space Mapping, bandpass filters, stepped
impedance resonators, microstrip technology.

I. INTRODUCTION

Space mapping is a technique extensively used for the
synthesis of microwave devices [1]-3]. Such technique makes
use of two simulation spaces: in the optimization space, X,,
the variables are linked to a coarse model, which is simple and
computationally efficient, although not accurate; in the
validation space, X the variables are linked to a fine model,
typically more complex and CPU intensive, but significantly
more precise. In each space, a vector containing the different
model parameters is defined. These vectors are designated as
x; and x. for the fine and coarse model parameters,
respectively, and their responses are denoted as R/(x;) and
R.(x;). In planar microwave circuits, the vectors x; and x.
typically contain a set of geometric and circuit parameters,
respectively, whereas the model responses are related to the
evaluation of the device behaviour, e.g., a scattering
parameter, such as Sj; or S,;, computed in a certain frequency
range.

In this work, the objective is to apply the so-called
Aggressive Space Mapping (ASM) [2] to the automated
synthesis of microstrip bandpass filters implemented by a
combination of stepped impedance resonators (SIRs), shunt
stubs, and impedance inverters. Using these filters, formerly

reported in [4], wideband responses with significant
attenuation in the stop band can be achieved. The proposed
ASM algorithm is a two-step process, where the layouts of the
different filter elements constituting each cell (resonator and
inverter) are first generated; after that, the ASM technique is
applied to the automated generation of the different filter cells.
The key aspect of the present approach is that after this second
step the different filter stages are cascaded and no further
optimization is required to achieve the target response.

[I. TOPOLOGY OF THE PROPOSED FILTERS AND CIRCUIT
SCHEMATIC

The filters considered in this work are implemented through
a combination of semi-lumped and distributed elements (see
Fig. 1) [4]. The semi-lumped elements are shunt-connected
SIRs and grounded stubs. The SIRs are described by means of
shunt-connected series resonators (with capacitance C, and
inductance L,) to a very good approximation [5], whereas the
shunt stubs (grounded through vias) are modeled by a shunt
inductance L,. The distributed elements are quarter
wavelength transmission lines acting as impedance inverters at
the central filter frequency. It is noteworthy that the SIRs
introduce transmission zeros above the filter pass band, useful
to improve the frequency selectivity and rejection in the stop
band. Moreover, with such filter topology, wideband bandpass
responses are possible since the required susceptance slopes
are easily achievable thanks to the flexibility offered by the
stub/SIR combination as a three-element shunt resonator.
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Fig. 1.  Typical topology (order-7) of the c-onsi(-iered wideband
microstrip filters (a), topology of the filter cell and relevant
dimensions (b), and circuit schematic of a filter cell (c).
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III. AUTOMATIC LAYOUT SYNTHESIS THROUGH ASM

The design process of the considered filters has two stages.
In the first stage, the circuit schematic that provides the target
response (optimization space) must be determined. Once the
filter elements are known, the second stage consists on the
synthesis of the layout giving the target response in the
validation space, inferred through electromagnetic simulation
with commercial solvers (Agilent Momentum was used). This
work is focused on this second aspect, i.e., the automatic
determination of the filter layout from the elements of the
circuit schematic by using specific ASM algorithms.

A. Filter schematic

Let us consider the synthesis of an order-7 bandpass filter
with the following specifications: central frequency, f, = 3.87
GHz, 3dB fractional bandwidth, FBW = 52% (i.e., 3GHz-
5GHz), in-band return loss better than 10 dB, and, finally, the
transmission zero frequency located at f; = 8GHz (this
provides good stop band selectivity and spurious suppression).
To determine the schematic of the filter providing such
specifications, we have used an iterative process. The
elements at each iteration step are inferred from the
susceptance slope and central frequency corresponding to a
Chebyshev response, where the nominal fractional bandwidth
is iteratively updated (the transmission zero frequency allows
us to univocally determine the three circuit elements of each
filter cell). The initial fractional bandwidth is over
dimensioned due to the narrowing effects caused by the
limited functionality of the inverters (the inverters are simply
quarter wavelength transmission lines at f, with normalized
impedance K = 1, i.e., Z, = 50 Q). The nominal fractional
bandwidth is iteratively updated by comparing the resulting
fractional bandwidth of the previous iteration (inferred from
circuit simulation) with the target value. The process ends
once the target filter bandwidth is achieved.

By applying the previous procedure (the details of the
iteration process are out of the scope of this paper), the circuit
elements of the 7-order filter were inferred (see table I). The
circuit simulation inferred by cascading ideal 50 Q quarter
wavelength transmission lines between the resonator stages is
depicted in Fig. 2, where it can be appreciated that the above
specifications are satisfied.

TABLE . FILTER ELEMENT VALUES

1,7 2,6 3,5 4

L.(nH) 05155 05132 03108 04715
G (pF) 0.7678  0.7711 12733 0.839%4
L,(nH) 15464 15397 09325 14146

B. Automated layout synthesis

The next step, and main contribution of this work, is the
determination of the layout of each filter stage, composed by

the shunt connected SIR/stub resonator inserted between a pair
of A/8 lines.

In the first step, the SIR/stub resonator and line topologies
are determined through specific ASM algorithms developed in
MATLAB®. ASM [2] is an advanced space mapping
optimization technique that uses a quasi-Newton type iteration
to find the target solution. The goal in ASM is to solve the
following set of non-linear equations

f(xf)=P(xf)—xz=0 (1)

where x. is the vector that contains the target circuit elements,
and P(x) is a function that gives the circuit parameters
extracted from the electromagnetic response of the layout.

0
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Fig. 2.  Frequency response of the synthesized order-7 filter,

including circuit simulation, electromagnetic simulation with and
without losses, and measurement. The layout of the fabricated filter is
the one depicted in Fig. 1(a).

For the SIR/stub resonator, X, is a vector that contains the
lengths /-, and /[, of the low- and high-impedance
transmission line sections, respectively, of the SIR, and /;,, the
length of the shunt stub. The widths are set to certain values
(ie, We, =2 mm and Wy, = Wy, = 0.3 mm) to reduce the
number of free parameters [see Fig. 1 (b)]. Assuming that x/(’)
is the j-th approximation to the solution of (1), and f*’ the error
function corresponding to f(x,(’)). The next vector of the

iterative process x(’ s found by a quasi-Newton iteration,
ie.,
@
where h” is given by:
3
and B is an approach to the Broyden matrix [2]:
BUY =BW 4+ fU " (4)

which is also updated at each iterative step. In (4), fV'" is
obtained by evaluating (1) using a certain parameter extraction
method providing the circuit elements from the layout.
Specifically, the circuit parameters of the SIR/stub resonator
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are extracted from the transmission zero frequency,
susceptance slope and resonance frequency, given by

. (5)
. L.C,
2
b=y St L) ©)
L,
o1 @)
f +L1,)C,
respectively, and easily inferred from electromagnetic
simulation.

To initiate the algorithm it is necessary to obtain an initial
layout for the SIR/stub resonator. This is obtained from
formulas published in [4-6] that give the lengths /., and /;, and
l;p. Once the initial layout is known, the Broyden matrix is
obtained by slightly perturbing the above lengths and
obtaining L,, C, and L, from parameter extraction [7]. Hence
the algorithm can start iterating using (2), where the first error
function in (3) is calculated from the extracted parameters of
the first layout.

The synthesis of the quarter wavelength (at fj) transmission
line is much simpler, since it involves only the line width, ¥,
that must be determined from the target characteristic
impedance (Z, = 50Q). The initial width is estimated from
formulas provided in several microwave textbooks (for
instance [6]). Once the initial width is determined, the ASM
algorithm is applied, following a similar procedure to that
corresponding to the SIR/stub resonator. The initial Broyden
matrix (actually just composed of one element) is inferred by
perturbing the line width and obtaining the characteristic
impedance through electromagnetic simulation. It is important
to mention that the line length is not subjected to optimization
at this stage since the presence of the resonator is expected to
cause some phase shift. Therefore the line length is optimized
in the second stage (filter cell synthesis).

The remaining geometrical parameter to determine each
filter cell is simply its length, /.., that is, the length of the pair
of A/8 lines. To this end, a single parameter ASM optimization
is applied to the whole filter cell (filter cell synthesis), where
the initial filter cell length is inferred from the well-known
formula [6] that gives the line length as a function of the
required phase (90°) and frequency (f;). At this stage, the
ASM optimization consists of varying the length of the lines
cascaded to the resonator until the required phase (90°) per
filter cell is achieved (the other geometrical parameters of the
cell are kept unaltered). The phase is directly inferred from the
frequency response of the cell obtained from electromagnetic
simulation at each iteration step.

Once each filter cell has been synthesized, the cells are
simply cascaded to generate the final filter layout. By
considering the Rogers RO3010 substrate with dielectric
constant &= 10.2, and thickness 4 = 635 um, the resulting
layout is the one depicted in Fig. 1 (dimensions summarized in
table II, except the line width, which does not depend on the
filter stage, i.e., W = 058 mm). The electromagnetic

simulation (with and without losses) of the filter is also
included in Fig. 2. The agreement between the lossless
electromagnetic simulation and the response of the filter
schematic is very good, pointing out the validity of the
synthesis method. The filter has been fabricated by means of a
LPKF HI100 drilling machine (see the inset of Fig. 2), and the
measured frequency response (also included in Fig. 2) has
been obtained by means of an Agilent N5221A4 vector network
analyzer. The measured response is in good agreement with
the lossy electromagnetic simulation, and reveals that filter
specifications are satisfied.

TABLE II. GEOMETRY PARAMETERS OF THE FILTER

1,7 2,6 3,5 4
I, (mm) 1.2259 1.2783 0.5317 1.0537
Iy (mm) 09016  0.8646 1.9906 1.0963
I1p (mm) 24965  2.4991 1.4639  2.2787
leen(mm)  6.8966  6.9178 6.9245  6.9016

IV. CONCLUSION

In conclusion, we have proposed an ASM-based software
tool for the automated layout synthesis of wideband microstrip
bandpass filters based on SIR/stub resonators and quarter
wavelength transmission lines. The synthesis is a two-step
process where the topologies of resonators and lines are first
determined, considering them as isolated elements. After that,
each filter stage (i.e., the synthesized resonators inserted
between A/8 lines) is optimized, also using ASM. The main
concluding aspect is that by cascading the optimized filter
stages, the target (schematic) filter response is achieved. The
agreement between the response of the schematic (circuit
level) and the electromagnetic simulation (excluding losses) is
very good. The synthesized 7-order filter has also been
fabricated and measured for further validation of the synthesis
method.
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Abstract—This paper is focused on the automated and unat-
tended optimization of a type of planar wideband bandpass filters
by means of aggressive space mapping (ASM). The considered
filters are microstrip filters implemented through a combination
of shunt connected stepped impedance resonators (SIRs) and
grounded stubs coupled through admittance inverters. The most
relevant and novel aspect of this paper is the fact that the filter
layout is automatically generated from filter specifications, i.e.,
central frequency, fractional bandwidth, in-band ripple and order,
without the need of any external aid to the design process. To
achieve this layout generation, filter optimization has been divided
into two independent ASM processes. The first one generates the
filter schematic (circuit element values) providing the required
specifications. This first iterative process is necessary since, due to
the narrow band operation of the admittance inverters, the target
specifications are achieved by compensating the effects of such
narrow band operation. The purpose of the second ASM algorithm
is to automatically generate the layout from the filter schematic
resulting from the first ASM process. To validate the new two-step
ASM optimization tool, two sets of filter specifications (inputs of
the developed tool), are considered. The generated filter layouts
exhibit frequency responses that satisfy the specifications, and are
in excellent agreement with the responses of the schematics.

Index Terms—Bandpass filters, circuit optimization, microstrip
technology, optimization, space mapping (SM), stepped impedance
resonators (SIRs).

I. INTRODUCTION

HE DESIGN of planar microwave components able to
satisfy certain specifications has been a subject of interest
for microwave engineers during years. Most commercial com-
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puter-aided design (CAD) tools and electromagnetic solvers of
planar circuits include optimizers. However, depending on the
circuit complexity, it may not be so straightforward to find those
topologies able to satisfy the design requirements. Namely, con-
vergence to the optimum solution is not always guaranteed (for
instance due to limitations related to local minima), unless the
seeding layout is already very close to the one providing the
target response.

Among the considered techniques for microwave circuit de-
sign and optimization, space mapping (SM), first proposed by
Bandler et al.. in 1994 [1], has revealed to be a powerful and effi-
cient approach. Since that seminal work, several variants of SM
have been proposed and applied to the design and optimization
of many different microwave components, including not only
planar circuits [2]-[4], but also waveguide-based components
[51-7].

In this paper, the interest is focused on the so-called aggres-
sive space mapping (ASM) [2], an approach that uses quasi-
Newton type iteration to find the optimum solution of the con-
sidered problem. Particularly, the ASM optimization scheme
will be adapted in order to find the layout of a class of bandpass
filters (BPFs) that satisfies the design specifications. The con-
sidered filters are well suited to achieve wide fractional band-
widths, and can also be designed to exhibit high selectivity and
wide stop bands by virtue of the controllable transmission zeros
present above the pass band. Such filters consist of a combina-
tion of shunt connected stepped impedance resonators (SIRs)
and grounded inductive stubs, coupled through admittance in-
verters [8]. Due to the narrow band operation of the admittance
inverters (implemented by means of transmission line sections),
ASM optimization will be first applied to the design of the op-
timum circuit schematic satisfying the specifications. Then, an
additional (independent) ASM iterative process will be applied
to the automatic generation of the filter layout. Hence, the pro-
posed optimization tool will be able to automatically generate
the filter layout from device specifications in a two-step ASM
process. The optimum solution giving the target response is thus
inferred following a completely unattended scheme.

This paper is organized as follows. The general formulation
of ASM is briefly reviewed in Section II for completeness.
Section III is focused on the first ASM algorithm, where the
details to find the optimum filter schematic (the one that sat-
isfies design requirements) are presented and discussed. This

0018-9480 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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first ASM optimization algorithm constitutes the main contri-
bution and originality of this paper. It provides the schematics
of the considered filters satisfying the design specifications.
Moreover, the proposed ASM algorithm can be easily modified
in order to synthesize many other types of planar filters. Once
the filter schematic is determined, a second ASM algorithm is
used to derive the filter layout. The details and specificities of
this algorithm, similar to the one reported in [9], are provided
in Section IV. For further clarification, Sections III and IV are
supported by the design of an order-5 filter (the electromagnetic
response of the filter is compared to measurements at the end
of Section IV). Nevertheless, to demonstrate the potential of
the proposed optimization technique, Section V is focused on
the design of an additional order-9 filter (also fabricated and
measured). Finally, the main conclusions are highlighted in
Section VI.

II. GENERAL FORMULATION OF ASM

SM is a technique extensively used for the design and op-
timization of microwave components. It uses two simulation
spaces [1], [2], [10]: 1) the optimization space, X, where the
variables are linked to a coarse model, which is simple and com-
putationally efficient, although not accurate and 2) the valida-
tion space, Xy, where the variables are linked to a fine model,
typically more complex and CPU intensive, but significantly
more precise. In each space, a vector containing the different
model parameters can be defined. Let us call such vectors xg
and x. for the fine and coarse model spaces, respectively, and
let us designate by R¢(x¢) and R.(x,) their corresponding re-
sponses. The key idea behind any SM optimization process is to
generate an appropriate parameter transformation

xe = P(x¢) @)
mapping the fine model parameter space to the coarse model
parameter space such that
[ Re(oxe) — Reofoxo)| < o)
in some predefined region, || - || being a certain suitable norm
and 7 a small positive number close to zero. If P is invertible,
then the inverse transformation

xp =P (xg)

)
is used to find the fine model solution, which is the image of
the coarse model solution, x, that gives the target response,
R. (x2).

The determination of P according to the procedure reported
in [1] follows an iterative process that is rather inefficient. The
efficiency of the method was improved by introducing quasi-
Newton type iteration [2], resulting in a faster convergence, and
giving rise to the so-called ASM [2]. The goal in ASM is to
minimize the following error function:

f(x¢) = P(xr) — xg. 4)
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Let us assume that xg ) is the jth approximation to the so-

lution in the validation space, and f () the error function cor-
responding to f (xy)). The next vector of the iterative process

ng-&-l) is obtained by a quasi-Newton iteration according to

xgtY = x4+ n® (5)
where h7) is given by
h@® = _ (15»,(]‘))71 £ (6)

and BU) is an approach to the Jacobian matrix, which is updated
according to the Broyden formula [2]

fU+DKOT

(G+1) — pl)
BT =Bt S e

(M

In (7), fU+1) is obtained by evaluating (4), using a certain
parameter extraction method providing the coarse model pa-
rameters from the fine model parameters, and the super-index
T stands for transpose.

The implementation of the ASM algorithm is well reported in
[2]. In the next two sections, the details of the two ASM algo-
rithms involved in the automated design of the filters considered
in this work are discussed in detail.

III. FIRST ASM ALGORITHM: DETERMINATION OF THE
OPTIMUM FILTER SCHEMATIC

In this section we first present the considered wideband band-
pass filters, including their schematic and topology, and then we
describe the proposed ASM algorithm for the determination of
the filter schematic that satisfies the design specifications.

A. Schematic and Topology of the Considered Wideband
Bandpass Filters

The filters to be synthesized in this work are based on shunt
resonators coupled through admittance inverters (see Fig. 1),
according to the well-known network of a bandpass filter
reported in many textbooks [11]. In order to achieve wide
fractional bandwidth, high selectivity at the upper transition
band and spurious free responses over broad frequency bands,
the shunt resonators are implemented through a combination of
stepped impedance resonators (SIRs) and grounded stubs. The
SIRs provide transmission zeros (at frequencies designated as
f=) above the central filter frequency, fi, which are useful for
spurious suppression and for achieving a pronounced fall-off
above the upper band edge. Moreover, with the parallel com-
bination of SIRs and inductive stubs, the susceptance slopes at
the filter central frequency can be made small, as required to
achieve broad fractional bandwidths [8].

The typical topology and circuit schematic of the filter are de-
picted in Fig. 2, where the SIRs are described by the resonators
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(®

Fig. 2. (a) Typical topology and (b) circuit schematic of the considered wide-
band bandpass filters. The topology corresponds to an order-5 filter.

TABLE I
ELEMENT VALUES OF THE SHUNT RESONATORS
Stage | L,(nH) | L, (nH) | C, (pF)
1,5 1.3202 | 0.4401 2.4983
2,4 1.3226 | 0.4409 | 2.4937

3 0.8164 | 0.2721 4.0400

P Quasi-Chebyshev with /4 inverters
S Quasi-Chebyshev
g <+ = -+ -« Chebyshev (target)

Frequency (GHz)

Fig. 3. Quasi-Chebyshev response of the filter that results by using the element
values of Table I and ideal admittance inverters (red dashed line), compared
to the filter response that results by replacing the ideal inverters with quarter
wavelength transmission lines (black solid line), and with the ideal Chebyshev
(target) response.

L,i —C,, and Ly,; accounts for the grounded stubs (¢ denotes the
filter stage). The admittance inverters of the network of Fig. 1
are usually implemented by means of quarter wavelength (at
fo) transmission line sections. If the filter is narrowband, the
target response (i.e., the one provided by the schematic consid-
ering ideal admittance inverters) can be achieved to a good ap-
proximation by means of quarter wavelength transmission lines.
However, in wideband filters the narrowband functionality of
these lines as admittance inverters degrades (decreases) the frac-
tional bandwidth, and modifies the central frequency and the
in-band return loss level. To solve this problem, it is necessary
to tailor the parameters of the circuit schematic of Fig. 2(b), that
is, the reactive parameters (L., Ci, and L;) and the electrical
lengths of the transmission line sections. In the next subsection,
we will present an ASM-based algorithm that automatically re-
calculates these parameters in order to satisfy the filter specifica-
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tions. The generated schematic after this iterative ASM process
will be designated as the optimum filter schematic.

B. Implementation of the ASM Algorithm

Let us consider that the filter order » is set to a certain value
that suffices to achieve the required filter selectivity. The filter
specifications are the central frequency fo, the fractional band-
width FBW , and the in-band ripple level L 4, (or minimum re-
turn loss level). The transmission zero frequencies provided by
the SIRs are all set to f, = 2fg, since this has been demon-
strated to be a convenient approach to achieve spurious suppres-
sion, and to improve filter selectivity above the upper band edge
[8], [9]. From the well-known impedance and frequency trans-
formations from the low pass filter prototype [11], and assuming
a Chebyshev response, the reactive elements of the shunt res-
onators of the network of Fig. 2 (L., C}4, and Ly;) can be easily
inferred (the admittance of the inverters is set to J = 0.02 S).
The three conditions to unequivocally determine L,., C,., and
L, are: 1) the filter central frequency, given by

fo = : - ®)
0 2T (L,.i + Lpi)C,,,.i’
2) the transmission zero frequency
) 1
I ©)

B 2m V L'I'iCr'i ,
and 3) the susceptance slope at f, (dependent on the filter stage)
Cri (L'ri + Lpi)2

b; = 27Tf0 12
pi

(10)

Considering that the target is an order-5 (n = 5) Chebyshev
response with fo = 2.4 GHz, FBW = 40% (corresponding to
a43.96% —3-dB fractional bandwidth) and L 4, = 0.2 dB, the
element values of the shunt resonators are found to be those in-
dicated in Table I. It is important to mention that for Chebyshev
bandpass filters the fractional bandwidth is given by the ripple
level and is hence smaller than the —3-dB fractional bandwidth.
However, in this paper we will deal with the —3-dB fractional
bandwidth since the ripple level is not constant in the optimiza-
tion process (to be described). From now on, this —3-dB frac-
tional bandwidth is designated as FBW, rather than FBW _34p
(as usual), for simplicity, and to avoid an excess of subscripts in
the formulation.

The quasi-Chebyshev filter response (i.e., the one inferred
from the schematic of Fig. 2(b), but with ideal admittance in-
verters), depicted in Fig. 3, is similar to the ideal (target) Cheby-
shev response in the pass band region, and it progressively de-
viates from it as frequency approaches f, as expected. The dis-
crepancies are due to the fact that the shunt resonator is actu-
ally a combination of a grounded series resonator (providing the
transmission zero) and a grounded inductor. The quasi-Cheby-
shev response satisfies the specifications to a rough approxi-
mation. Hence the target is considered to be the ideal Cheby-
shev response, except for the transmission zero frequency. In
Fig. 3, the responses have been obtained by implementing a spe-
cific code, implemented in MATLAB [12], that calculates the
transfer (ABC D) matrix of the filter from the individual ma-
trices of the different filter sections.
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Fig. 4. Flow diagram of the first ASM algorithm.

If we now replace the ideal admittance inverters with quarter
wavelength transmission lines, the response is further modified,
as Fig. 3 illustrates. Thus, our aim is to find the filter schematic
[see Fig. 2(b)] able to satisfy the specifications. To this end,
a new ASM concept that carries out the optimization at the
schematic level is proposed in this work.

The key point in the development of this novel iterative ASM
algorithm, is to assume that there is a set of filter specifications,
different from the target, that leads to a filter schematic (in-
ferred by substituting the ideal admittance inverters with quarter
wavelength transmission lines), whose response satisfies the
target specifications. Let us now try to define the optimization
(coarse model) space and the validation (fine model) space
in the proposed ASM iterative scheme. The first one is con-
stituted by the set of specifications fy, FBW, L4, being its
response the ideal Chebyshev response-target response-de-
picted in Fig. 3. The validation space is constituted by the same
variables, but their response is inferred from the schematic of
Fig. 2(b), with element values calculated as specified above,
and quarter wavelength transmission lines at f;, where fj is
the considered value of this element in the validation space
(not necessarily the target filter central frequency). The vari-
ables of each space are differentiated by a subscript. Thus, the
corresponding vectors in the coarse and fine models are written
as X¢ = [foe, FBWe¢, Layc] and x¢ = [for, FBWy, L],
respectively. The coarse model solution (target specifications)
is expressed as x5 = [fo.",FBW, La,."]. Notice that the
transmission zero frequency, necessary to unequivocally de-
termine the element values of the shunt resonators, is set to

. = 2y, as indicated before. Hence f. is not a variable in the
optimization process.

Following the standard procedure in ASM, the first step be-
fore starting the iterative process is to make an estimation of
the first vector in the validation space xgl). Since the variables

in both spaces are the same, the most canonical (and simplest)
procedure is to consider xgl) = x¢. From xgl) , the response
of the fine model space is obtained (using the schematic with
quarter wavelength transmission lines), and from it we directly
extract the parameters of the coarse model by direct inspection
of that response, i.e., xgl) = P(xgl)). Applying (4), we can
thus obtain the first error function. To iterate the process [ob-
taining x?) from (5), using (6)], we need to initiate the Jacobian
matrix. To this end, we have slightly perturbed the parameters
of the fine model, for, FBW¢, La,¢, and we have inferred the
effects of such perturbations on the coarse model parameters,
foe; FBW ., Laye. Thus, the first Jacobian matrix is given by

b fac 4 foe 4 foe
5 for SFBW¢ S§Lat
SFBW. SFBW. SEFBW.
B= 8 for SFBW SL A r (ll)
LA SLave SLar
& for SFBWy EYNY:

Once the first Jacobian matrix is obtained, the process can be
iterated until convergence is obtained. At each iteration, the ele-
ments of the coarse space vector, xg) , are compared to the target
(filter specifications), x,, and the error function is obtained ac-
cording to

| frorm||
(e ) _FBWN ()
- Joe FBW

The scheme of the proposed ASM algorithm is depicted
in Fig. 4. The core program has been written in MATLAB
[12], and the fine model responses have been obtained, also

LArc 2
Lzrc '

(12)
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using MATLAB, by first calculating the ABCD matrix and
transforming it to the scattering matrix.

Applying the developed ASM algorithm to the
considered example (x.* [foc"s FBW. ", L.
[2.4 GHz, 43.96%,0.2 dB]), we have found that the
error function rapidly decreases, reducing the error to
around 11% after iteration N 2, and smaller than
1.2% after N 13 iterations. The evolution of the
error function is depicted in Fig. 5. The fine model pa-
rameters for N 2 are xf) = [fo(?),FBWf)?Lng]
[2.4690 GHz, 65.37%,0.3902 dB] and the coarse
model parameters are xg) [ f‘oc(z),FBVng)7 LAIC(Z)]
[2.3998 GHz, 43.75%,0.1780 dB|,  whereas  for
the last iteration (N 13) the fine model pa-
rameters are Xgm) = [f(%s%FB\?\7§13)7LA1.f(13)]
[2.4690 GHz, 65.53%, 0.4413 dB] and the coarse model
parameters are X% [fo ¥, FBWUS 1,09
[2.3999 GHz, 43.75%, 0.1978 dB]. Thus in both iterations,

x¢ is appreciably different than x.*. The optimum filter
schematic is the one given by the last fine model response
(which provides an error below a predefined value). The ele-
ments of the shunt resonators for this optimum filter schematic
are indicated in Table II, whereas the 50-£} line sections are
quarter wavelength transmission lines at fof(lg) # fo" =24
GHz. The response of the optimum schematic is compared to
the target response in Fig. 6. The agreement in terms of central
frequency, bandwidth and in-band ripple is very good, as
expected on account of the small error function that has been
obtained after 13 iterations. Note, however, that the position of
the reflection zero frequencies are different in both responses.
The reason is that we have not considered these frequency
positions as goals in the optimization process. Unavoidably,
it is not possible to perfectly match the Chebyshev (target)
response by replacing the ideal admittance inverters with
transmission line sections and the LC shunt resonators of Fig. 1
with the resonators of the schematic of Fig. 2(b). Nevertheless
the synthesized circuit fulfills the target specifications, and
hence it is the optimum filter schematic used as the starting
point in the ASM algorithm developed to obtain the filter
layout, to be described in the next section.

To end this section, we would like to highlight that the pre-
vious procedure to find the optimum filter schematic, based
on an iterative ASM algorithm, represents clear progress as
compared to the method reported in [9], and it is the main
relevant contribution of this paper. In [9], we simply applied
an iterative process to find the optimum schematic, involving
only one variable: the fractional bandwidth. We iteratively
readjusted the nominal fractional bandwidth until the resulting
response (at the schematic level) converged to the required
bandwidth. However, by means of such procedure we cannot
guarantee that the in-band ripple is within the required level.
Conversely, through the ASM-based method proposed in this
paper it has been demonstrated that the filter specifications
(central frequency, fractional bandwidth and in-band ripple)
can be fully satisfied by the automatically generated filter
schematic. The reason is that the new developed ASM in-
volves the previous set of specifications as variables in the op-
timization process.
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Fig. 5. Evolution of the error function of the first ASM algorithm for the con-
sidered example.
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Fig. 6. Response of the optimum filter schematic, derived from the ASM algo-
rithm, compared with the Chebyshev target response. The response at the second
iteration (N = 2), also included, is very close to the final solution (N = 13).

TABLE 11
ELEMENT VALUES OF THE SHUNT RESONATORS FOR
THE OPTIMUM FILTER SCHEMATIC

Stage | L,(nH) | L, (nH) | C, (pF)
1,5 1.6090 [ 0.5363 1.9368
2,4 2.1196 | 0.7065 1.4703
3 1.0685 | 0.3562 | 2.9168

IV. SECOND ASM ALGORITHM: AUTOMATED
LAYOUT GENERATION

Once the optimum filter schematic has been found, the next
step is to determine the layout of the filter. To this end, a second
ASM algorithm, firstly reported in [9], is considered. We have to
synthesize each filter cell from the element values of the shunt
resonator and the characteristic impedance of the cascaded A /8
(at fof(ls)) transmission lines independently. This second ASM
process involves three stages: 1) determination of the resonator
layout; 2) determination of the line width; and 3) optimization of
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TABLE III TABLE V
GEOMETRY PARAMETERS OF THE SYNTHESIZED ORDER-5 FILTER GEOMETRY PARAMETERS OF THE SYNTHESIZED ORDER-9 FILTER
Stage 1/ Iy Iy Leen Wer Wi, Stage I, ler Iy Leen Wer Wi,
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1,5 0.7062 3.6710 2.5955 11.4003 2 0.3 1,9 4.6273 4.0264 10.5715 | 27.5994 3 0.5
2.4 1.9438 2.1037 4.2334 11.2583 2 0.5 2,8 4.0219 3.6428 9.6523 27.5952 4 0.5
3 0.4725 3.7461 1.6629 11.4786 3 0.3 3,7 2.1062 5.4739 6.2752 27.5922 5 0.5
4,6 3.3853 4.344 8.7157 27.6578 4 0.5
TABLE IV 5 2.0049 5.6627 6.1136 27.5662 5 0.5

ELEMENT VALUES OF THE SHUNT RESONATORS FOR THE OPTIMUM FILTER
SCHEMATIC OF THE 9T ORDER FILTER

Stage | L,(nH) | L, (nH) | C, (pF)
1,9 5.2439 1.7480 | 3.4077
2,8 4.7471 1.5824 | 3.7643
3,7 3.0439 1.0146 | 5.8707
4,6 4.2765 1.4255 | 4.1786

5 2.9547 | 0.9849 | 6.0478

the line length. Let us now discuss in detail the implementation
of these three specific ASM algorithms.

A. Optimization of the Resonators

In order to obtain the layout of the filter resonators, com-
posed by the SIRs parallel connected to the grounded stubs,
a specific ASM iterative process has been designed. The vari-
ables in the optimization space are the resonator elements, i.e.,
Xe = [Lp, Ly, C,], and the coarse model response is obtained
through circuit simulation. The validation space is constituted
by a set of variables defining the resonator layout. In order
to deal with the same number of variables in both spaces, the
widths of the grounded stubs, Wp,,, as well as the widths of the
low- and high-impedance transmission line sections of the SIRs,
Wer and Wi, respectively, are set to fixed values. Specifically,
we have considered the values of W¢, and Wr, = Wy, in-
dicated in Tables III and V. There is some flexibility to choose
these widths, but it is convenient to consider wide capacitive and
narrow inductive sections to reduce the length of the SIRs and
inductive stubs. We have opted in this work to consider mod-
erate widths of the capacitive sections to avoid transversal reso-
nances in the frequency region of interest (i.e., up to frequencies
above f.). The widths of the inductive sections have been set
to values above the tolerance limits (representing a good bal-
ance between SIR/stub dimensions and fabrication accuracy).
Thus, the variables in the validation space are the remaining
dimensions of the shunt resonators, that is, the length of the
grounded stub, [;,, and the lengths /1, and [c, of the high-
and low-impedance transmission line sections, respectively, of
the SIR (i.e., xf = [ILp, L+, {cr]). The fine model response is
obtained through electromagnetic simulation of the layout, in-
ferred from the fine model variables plus the fixed dimensions
(specified above) and substrate parameters. In this work, the 4g-
ilent Momentum commercial software has been used to obtain
the electromagnetic response of the structures, and the consid-
ered substrate parameters are those of the Rogers RO3010 with
thickness i = 635 pum and dielectric constant &, = 10.2.

Following the general scheme of the ASM optimization de-
scribed in Section II, to initiate the algorithm it is necessary to

obtain an initial layout for the SIR and shunt stub. This is ob-
tained from the well-known (and simple) approximate formulas
providing the inductance and capacitance of a narrow and wide,
respectively, electrically small transmission line section [14].
Isolating the lengths, we obtain

L,vyn
I, = —eh 13
L 7, (13a)
lCr = Cr’Up]Zl (13b)
L.)U h
Iy = =7 (13¢)

where v, and vy are the phase velocities of the high- and low-
impedance transmission lines sections, respectively, and %, and
Z, the corresponding characteristic impedances. Once the initial
layout (i.e., x§”) is determined, the circuit elements can be ex-
tracted from the electromagnetic response using (8)—(10). This
provides x.(;l) = P(xl(cl)), and using (4), the first error function
can be inferred. To iterate the process using (5), with h(") de-
rived from (6), a first approximation of the Jacobian matrix is
needed. Following a similar approach to the one explained in
Section III-B, we have slightly perturbed the lengths Iz, [,
lcr, and we have obtained the values of L, L;., and ). resulting
after each perturbation from parameter extraction. The first Ja-
cobian matrix can thus be expressed as

si, SL, &L.
olz, dla, Olp,
5G, &G,  §C.

B=| & o st (14)
sL, oL, 5L,
&ty Sl 8liy

By applying this procedure to the resonator elements of each
filter stage, the corresponding layouts of the SIRs and grounded
stubs are determined.

B. Determination of the Line Width

The optimization of the quarter wavelength (at félf 3)) trans-
mission lines is much simpler, since it involves only the line
width, W, that must be determined from the target character-
istic impedance (Zp = 50 ). The line length is not subjected
to optimization at this stage, since the presence of the resonator
is expected to cause some extra phase shift. Therefore the line
length is optimized in the next stage, where the required phase
shift is forced in the whole structure, including the pair of lines
and the resonator.

The initial line width is estimated from the formulas provided
in several microwave textbooks (for instance [15]). Once the ini-
tial width is estimated, the specific ASM algorithm developed to
determine the line width is applied. In such one-variable ASM
scheme, the initial Jacobian matrix (actually just composed of
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Fig. 7. Flow diagram of the second ASM algorithm. The sub-process depicted at the right of the figure represents a typical ASM algorithm used in each opti-
mization process (particularly the indicated one is for the resonator optimization). Notice that the loop must be executed (n + 1)/2 times, n being the filter order
(which is assumed to be 0dd), since for odd Chebyshev response the cells « and n + 1 — ¢ are identical. However, this does not affect line width optimization since

line width is identical for all filter stages.

one element) is inferred by perturbing the line width and ob-
taining the characteristic impedance through electromagnetic
simulation (i.e., the fine model variable is the line width, W,
whereas the variable of the coarse model is the characteristic
impedance).

C. Optimization of the Line Length (Filter Cell Optimization)

As mentioned before, the length of the lines cascaded to the
resonant elements is optimized by considering the whole filter
cell. Let us define [ . as the length of the cell excluding the
width of the grounded stubs, W7y, (roughly corresponding to
A/4 at fé; 3)). To determine /..y, a single parameter ASM op-
timization is applied to the filter cell (filter cell optimization),
where the initial value of /..;; is inferred from the well-known
formula [14] that gives the line length as a function of the re-
quired phase (90°) and frequency ( ét} 3)). At this stage, the
ASM optimization consists of varying the length of the lines
cascaded to the resonator until the required phase at féfl %) (i.e.,
90°) per filter cell is achieved (the other geometrical parame-
ters of the cell are kept unaltered). The phase is directly inferred
from the frequency response of the cell obtained from electro-
magnetic simulation at each iteration step.

Once each filter cell has been synthesized, the cells are simply
cascaded to generate the final filter layout (coupling between
adjacent resonators is not taken into account since the results
reveal that this effect is not significant). The scheme of the
complete ASM process able to automatically provide the layout
from the optimum filter schematic, and consisting of three inde-
pendent quasi-Newton iterative algorithms, is depicted in Fig. 7.

Using the element values of Table II, corresponding to the op-
timum filter schematic of the example reported in Section III,
where the lines present between adjacent resonators exhibit a
characteristic impedance of Z, = 50 {2 and an electrical length
of 90° at for"® = 2.4690 GHz, we have applied the devel-
oped ASM algorithm to automatically generate the filter layout
(which is actually the one depicted in Fig. 2). The dimensions
are summarized in Table III, except the line width, which does
not depend on the filter stage, i.e., W = 0.6055 mm. Notice that
the cell length slightly varies from cell to cell. This variation is
due to the phase effects produced by the different resonators,
and justifies the need to optimize the length of the lines by con-
sidering the complete filter cell (as described in the preceding
paragraph).

The electromagnetic simulation (excluding losses) of the
synthesized filter is compared to the response of the optimum
filter schematic and to the target (ideal Chebyshev) response
in Fig. 8. The agreement between the lossless electromagnetic
simulation and the response of the optimum filter schematic
(where losses are excluded) is very good, pointing out the
validity of the second ASM optimization method. The filter has
been fabricated by means of an LPKF H100 drilling machine
[see Fig. 9(a)], and the measured frequency response [see
Fig. 9(b)] has been obtained by means of an Agilent N5221A4
vector network analyzer. The measured response is in rea-
sonable agreement with the lossy electromagnetic simulation,
and reveals that filter specifications are satisfied to a good
approximation. Slight discrepancies between the measured re-
sponse and the lossy electromagnetic simulation can be mainly
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Fig. 8. Lossless electromagnetic simulation of the synthesized order-5 filter,
compared to the response of the optimum filter schematic and target response.
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Fig.9. (a)Photograph of the fabricated order-5 filter and (b) measured response
compared to the lossy electromagnetic simulation. The layout of the fabricated
filter is the one depicted in Fig. 2.

attributed to inaccuracies in the dielectric constant provided
by the substrate supplier, although they can be also influenced
by fabrication related tolerances, substrate anisotropy and foil
roughness. Nevertheless, these effects are not considered in
the optimization process, because the aim was to automatically
obtain the filter layout providing a lossless electromagnetic
simulation able to satisfy the specifications. Hence, the results
of Fig. 8 reveal that this objective has been fully achieved. Note
also that the effects of placing the filter in a shielding box are
not taken into account in this work (filter response might be
affected by box resonances if they are present in the region of
interest).

It is also worth highlighting that layout generation with the
proposed two-step ASM procedure (design and optimization of
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Fig. 10. (a) Layout of the synthesized order-9 filter and (b) lossless electro-
magnetic simulation compared to the response of the optimum filter schematic
and target response.

the filter schematic and of the filter layout) is obtained following
a completely unattended scheme. External action is only re-
quired in the first step, to provide the filter specifications, which
are the input variables of the proposed two-step ASM algorithm.

At this point it is worth mentioning that the scheme of the
second ASM is similar to the so-called knowledge embedded
space mapping technique reported in [16], in the sense that
we make use of analytical formulas to link dimensions (layout
geometry) and parameters of equivalent circuit model (induc-
tances and capacitances for the resonators). However, there is a
noticeable difference with regard to the cited work, since in our
case we avoid the need of using an embedded buffer space, and
we have solved the problem of employing a Jacobian matrix B
that can directly relate circuit elements with layout geometrical
dimensions. Furthermore, the key point of the present paper is
the first ASM scheme providing the optimum filter schematic.

On the other hand, for the optimization of filter layout (second
ASM), an alternative solution could be port tuning ASM [17].
Nevertheless, it has been found that the proposed procedure,
based on a classical ASM approach with three sub-processes,
provides convergence in few steps and accurate results. The
reason is that for the worst sub-process (resonator optimization),
only three variables are involved, the initial layout is very close
to the target and no significant inter-resonator coupling arises.
Thus, we have opted to apply the proposed ASM scheme for the
second ASM (layout generation).

V. DESIGN OF A 9TH_ORDER FILTER

In order to demonstrate the potential of the proposed two-step
ASM algorithm for the design and optimization of the consid-
ered type of filters, let us now apply the developed tool to the
design of a higher order filter. In [9], a 7" -order filter (where the
first ASM algorithm was not applied) was synthesized. There-
fore, in this section we consider the design of a 9" -order filter.
The specifications are: fo = 1 GHz, FBW = 45.3% (—3-dB
fractional bandwidth) and L4, = 0.4 dB. Application of the
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Fig. 11. (a) Photograph of the fabricated order-9 filter and (b) measured re-
sponse compared to the lossy electromagnetic simulation.

first ASM algorithm gives the schematic with element values in-
dicated in Table IV and 90° (at fo¢(") = 1.0311 GHz) transmis-
sion line sections. Convergence has been achieved after N = 7
iterations, when the error function is as small as 0.63%.

Application of the second ASM algorithm, considering the
substrate used for the 5'"-order filter (Rogers RO3010 with
thickness A = 635 pum and dielectric constant €, = 10.2),
provides the filter geometry indicated in Table V. For this filter,
we have meandered the line sections in order to reduce device
dimensions.

Fig. 10 shows the layout of the filter and the lossless electro-
magnetic simulation, compared to the optimum filter schematic
and target responses. The fabricated filter is depicted in Fig. 11,
together with the measured response and the lossy electromag-
netic simulation. Again, very good agreement between the dif-
ferent responses can be appreciated. Moreover, the filter re-
sponse satisfies the considered specifications. Thus, it has been
demonstrated that the proposed and developed two-step ASM
tool is able to automatically provide the layout of the consid-
ered type of filters for different orders and specifications.

VI. CONCLUSION

In conclusion, we have developed an iterative tool for the au-
tomatic optimization of bandpass filters based on a combination
of SIRs and shunt inductive stubs coupled through admittance
inverters. These filters are useful to simultaneously achieve
wide fractional bandwidths, high selectivity and spurious-free
responses up to high frequencies (thanks to the inherent trans-
mission zeros provided by the SIRs). The tool is based on a
two-step ASM algorithm, where the optimum filter schematic
is first determined from the filter specifications. Once the filter
schematic is inferred, the element values are the inputs of the
second ASM algorithm, which provides the final filter layout,
determining the free geometrical parameters of each filter cell
independently. The main relevant contribution of this paper is
the development of the first ASM algorithm, able to provide a
filter schematic (optimum) fully satisfying the specifications.
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In this optimum schematic the admittance inverters are imple-
mented by means of transmission line sections exhibiting an
electrical length of 90° at a frequency provided by the ASM
algorithm (this frequency does not necessarily coincide with the
filter central frequency). Indeed, in the first ASM algorithm, the
set of specifications are considered to be the variables in both
the optimization and validation spaces, and the iterative ASM
process ends when the variables of the optimization space co-
incide with the target (specifications). The developed two-step
ASM tool has been proven with the design of a 5*"-order filter,
which has been used as an example to conduct and give the
details of the tool, and then it has been successfully applied to
the complete design of a 9™'-order filter. In both cases, it has
been found that the response of the optimum filter schematic
(generated by the first ASM) satisfies the specifications, and
that the generated layout (second ASM) exhibits a frequency
response in very good agreement with that of the schematic.
Thus, the developed two-step ASM design technique has been
validated by means of two different examples, including a very
high order filter. In both examples, the layout of the filters has
been inferred in a completely unattended optimization scheme.
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Abstract— This paper is focused on the automated design of
microstrip differential-mode (balanced) wideband bandpass filters
based on mirrored stepped impedance resonators (SIRs) coupled
through admittance inverters. The central metallic patches of the
mirrored SIRs introduce common-mode transmission zeros,
useful for the suppression of that mode in the differential filter
pass band. The main relevant and novel aspect of this paper is the
implementation of an unattended filter design algorithm, able to
automatically provide the filter layout of these differential filters
satisfying predefined specifications. The optimization algorithm is
based on a two-step aggressive space mapping (ASM) scheme. The
first ASM algorithm provides the optimum filter schematic;
namely, it recalculates the lumped elements of the resonators and
the electrical lengths of the transmission line sections (impedance
inverters), in order to compensate the bandwidth reduction
related to the limited functionality of the inverters. Once the filter
schematic providing the required specifications (optimum
schematic) is determined, the second ASM automatically
generates the filter layout. The two-step ASM algorithm is
validated through the design of an order-5 common-mode
suppressed balanced Chebyshev bandpass filter with 40%
fractional bandwidth (corresponding to 43.96% -3dB fractional
bandwidth) centered at f, = 2.4 GHz. Filter design is achieved
following a completely unattended scheme, and the response
satisfies the specifications to a very good approximation.

Keywords— Space Mapping, balanced bandpass filters, stepped
impedance resonators, microstrip technology.

1. INTRODUCTION

The design of differential-mode wideband bandpass filters
with common-mode noise suppression has been object of
growing interest in recent years [1-4]. These filters are key
elements in balanced circuits and systems (e.g., high-speed
digital circuits), of increasing demand for their inherent high
immunity to noise, electromagnetic interference (EMI) and
crosstalk. The typical requirements of these filters are: (i) small
size, (ii) good differential-mode characteristics (including a
wide stop band), and (iii) common-mode rejection in the region
of interest (differential filter pass band).
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The wideband balanced filters reported in [4], based on
mirrored stepped impedance resonators (SIRs) coupled through
admittance inverters (implemented by means of quarter-
wavelength transmission lines), satisfy these requirements.
Such filters are adequately described by the schematic
proposed in [4], which combines lumped elements (describing
the mirrored SIRs) and transmission line sections (to account
for the inverters). However, the classical design approach [5] is
not valid for wideband filter design, due to the limited (i.e.,
narrowband) functionality of the inverters, resulting in
degraded (narrower) bandwidths, as compared to the nominal
values.

Bandwidth reduction can be compensated by over
dimensioning the filter bandwidth in the design process. This
solution typically involves an iterative process which is rather
inefficient. In this work, we propose a systematic approach,
based on aggressive space mapping (ASM), to automatically
determine the schematic (lumped element values and electrical
length and characteristic impedance of the transmission lines)
providing the required specifications. After this first ASM, a
second ASM algorithm is used to generate the filter layout.
This is the first time that a two-step ASM algorithm is applied
to the automated and unattended design of a balanced
wideband bandpass filter.

II. TOPOLOGY OF THE PROPOSED FILTERS AND CIRCUIT
SCHEMATIC

The differential filters considered in this work are
implemented through a combination of semi-lumped and
distributed elements [Fig.1(a)] [4]. The semi-lumped elements
are mirrored SIRs, described by means of a combination of
capacitances and inductances, as indicated in Fig. 1(b). The
distributed elements are quarter wavelength transmission lines
acting as admittance inverters. The circuit schematic of these
filters is depicted in Fig. 1(b). Note that the symmetry plane is
an electric wall for the differential-mode, and hence the
capacitances C,; do not play an active role for that mode (since
they are grounded). Thus, the equivalent circuit schematic for
the differential-mode is the canonical circuit of a bandpass
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filter [Fig. 1(c)] [5]. Conversely, the symmetry plane for the
common-mode is a magnetic wall (open circuit) and the
equivalent circuit schematic is the one depicted in Fig. 1(d).
The resonators L,-C.; provide transmission zeros that are
useful for the suppression of the common-mode in the region
of interest (differential filter pass band). According to the
schematics of Figs. 1(c)-(d), the position of the transmission
zeros does not affect the differential-mode response.
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Fig. 1. Typical topology (order-5) of the considered balanced wideband

bandpass filters (a), circuit schematic (b), and circuit schematic for the
differential (c) and common (d) modes. Dimensions, in millimeters, correspond
to the designed prototype.

III.  SYNTHESIS OF THE OPTIMUM FILTER SCHEMATIC (FIRST

ASM)

The first step of the design process is the determination of
the optimum filter schematic for the differential-mode, namely
the one that satisfies the specifications. Although this method is
similar to the one reported in [6] for single-ended filters, it is
described for the case under study for completeness. Let us
consider that the filter order, n, is set to a certain value that
suffices to achieve the required filter selectivity. The filter
specifications are the central frequency, fj, the fractional
bandwidth, FBW, and the in-band ripple level L, (or minimum
return loss level). The schematic of the filter with ideal
admittance inverters can be easily obtained from well-known
formulas [5], considering the standard Chebyshev
approximation (and hence the lowpass filter prototype element
values). In this work we will deal with identical resonators (and
thus L, = L, and C,, = C, for i =1,2,...,n), but different
admittance inverters. The reason is that, from a topological
point of view, it is convenient to implement the filter layout
with identical mirrored SIRs, since the impedance inverters can

thus be implemented by transmission line sections parallel to
the line axis.

Let wus consider the following differential filter
specifications: n = 5, f, = 2.4GHz, FBW = 40% (corresponding
to a 43.96% —-3dB fractional bandwidth, considered in the
optimization) and L, = 0.2dB. The ideal Chebyshev response
is depicted in Fig. 2. Such response is achieved by considering
L,=0.9902 nH, C,= 4.4413 pF and ideal admittance inverters
with J()J = J5,6 =0.02 S, J]yz = J4,5 = 0.02002 S, J2’3 = J3,4 =
0.0157 S. Obviously, if we replace the admittance inverters
with quarter wavelength transmission lines, the response
(bandwidth) is degraded, as shown in Fig. 2. Therefore, the
purpose is to re-design the schematic in order to satisfy the
specifications (optimum schematic). To this end, an ASM
algorithm that carries out the optimization at the schematic
level is proposed. The key point in the development of this
novel iterative ASM algorithm, is to assume that there exists a
set of filter specifications, different than the target, that leads to
a filter schematic (inferred by substituting the ideal admittance
inverters with quarter wavelength transmission lines), whose
response satisfies the target specifications.

—— Optimum Schematic -

SDD
1 — — Chebyshev with 1/4 inverters]
I - - - - Chebyshev (Target)
P I T I R T R B
24 28 32 36 40 44 438
Frequency (GHz)

Fig. 2. Ideal Chebyshev response of the differential bandpass filter,
response that results by replacing the ideal inverters with quarter wavelength
transmission lines, and response of the optimum schematic that results after
applying the first ASM algorithm.

Space mapping [7] is a technique that makes use of two
simulation spaces: the optimization space, X, where the
variables are linked to a coarse model, which is simple and
computationally efficient, although not accurate; and the
validation space, Xy, where the variables are linked to a fine
model, typically more complex and CPU intensive, but
significantly more precise. In each space, a vector containing
the different model parameters is defined. Such vectors are
designated as x; and x. for the fine and coarse model
parameters, respectively, and their responses are denoted as
Ri(xs) and R.(x.). For the determination of the optimum
schematic, the so-called aggressive space mapping (ASM) [8]
is applied, where a quasi-Newton type iteration is used. The
optimization space is constituted by the set of specifications, f;,
FBW, L, being its response the ideal Chebyshev response -
target response- depicted in Fig. 2. The validation space is
constituted by the same variables, but their response is inferred
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from the schematic of Fig. 1(c) by replacing the inverters with
quarter wavelength transmission lines at f;, where f; is the
considered value of this element in the validation space (not
necessarily the target filter central frequency). The variables of
each space are differentiated by a subscript. Thus, the
corresponding vectors in the coarse and fine models are written
as Xe = [foo, FBW., Ly,] and X¢ = [for, FBWy, Ly, respectively.
The *coarse*model *solutign (target specifications) is expressed
as Xe = [foe , FBW. , Ly |.

Following the standard procedure in ASM, the first step
before starting the iterative process is to make an estimation of
the first vector in the validation space, x;'". Since the variables
in both spaces are the same, the most canonical (and simplest)
procedure is to consider xiV = x.". From x;'", the response of
the fine model space is obtained (using the schematic with
quarter wavelength transmission lines), and from it we directly
extract the parameters of the coarse model by direct inspection
of that response. This allows us to obtain the first error function

(by comparing to the target), i.e.,
f(x;) =P(Xf)—X: (1)

where P(xg) is the vector corresponding to the coarse model
parameters extracted from the response of the fine model. To
iterate the process following the standard quasi-Newton type
ASM approach, the new fine model vector is obtained
according to

XU = x0) 4 )
where h" is given by:

2

h) = —(B(” )*lfu) 3)
and B is an approach to the Jacobian matrix, which is updated
according to the Broyden formula:
f(j+1)h(j)T

h(j)T h(j ) )
In (4), 1" is obtained by evaluating (1), and the super-index T
stands for transpose. To initiate the Jacobian matrix, we have
slightly perturbed the parameters of the fine model, fy;, FBW;,
L., and we have inferred the effects of such perturbations on
the coarse model parameters, fy., FBW., L4.). Convergence is
achieved once the error function is smaller than a certain
predefined value.

The application of this first ASM algorithm to the
considered example provides an error function smaller than
0.7% after N = 3 iterations. The resulting fine and coarse model
parameters are xf(3) = [ﬁ)f(3)’ FB Wf(3)’ LA,f(3)3] = [2.4166 GHz,
65.33%, 0.278 dB] and x.* = [£;., FBW.®), L,..P] = [2.400
GHz, 44.08%, 0.201 dB], and the resulting response is depicted
in Fig. 2. This means that the optimum filter schematic is the
result of applying the standard formulas [5] and replacing the
ideal inverters with quarter wavelength transmission lines, but
considering the specifications given by x{”. The element
values of the resonators are L, = 1.365 nH, C, = 3.176 pF, and
the admittance of the quarter wavelength (at f,”)) transmission
line sections are Jy; =Js55=0.02 S, J;,=J,5=0.0211 S, J, 5 =
Js4 = 0.0168 S. To complete the schematic of Fig. 1(b), the
capacitances C,; must be set to a certain value. In this work, we
have opted for setting all the transmission zero frequencies to

BUYD — B 4

the same value, i.e., f; =1.1f;. This gives a good common-mode
rejection ratio (CMRR) in the whole differential filter pass
band. With this value of f, the value of the central patch
capacitances is C,=2.625 pF.

IV. SYNTHESIS OF THE FILTER LAYOUT (SECOND ASM)

For the synthesis of the layout, we have to obtain each filter
cell from the element values of the shunt resonator and the
characteristic impedance and the phase of the transmission
lines sections. Therefore, this second ASM has three stages.
First of all, the line width for each transmission line section is
optimized (this is simple since it involves only one parameter
in each space, i.e., the width in the validation space, and the
characteristic impedance in the optimization space). In the
second stage, the layout of the mirrored SIRs is determined,
using an ASM algorithm with three variables. The variables in
the optimization space are the elements of the shunt resonator
from the circuit schematic for the common mode depicted in
Fig. 1(d), i.e., X¢ = [Lyi, Cpi, C.i], and the coarse model response
is obtained through circuit simulation. The validation space is
constituted by a set of variables defining the resonator layout.
In order to deal with the same number of variables in both
spaces, the widths of the central patch, W, as well as the
widths of the high- and low-impedance transmission line
sections of the SIRs, Wy, and W, respectively, are set to
fixed values. There is some flexibility to choose these widths,
but it is convenient to consider wide capacitive and narrow
inductive sections to reduce the length of the SIRs. Concerning
the width of the central capacitive patch, it is suitable to set it
to be smaller than the length of the A/4 transmission line
sections, in order to avoid overlapping between adjacent
patches. Thus, the variables in the validation space are the
remaining dimensions of the shunt resonators, that is, the
length of the central capacitive patch, /c.;, and the lengths /;,
and /g, of the high- and low-impedance transmission line
sections, respectively, of the SIR (ie., x¢ = [l, I Ic:]). A
parameter extraction method is applied in order to extract the
coarse model parameters from the electromagnetic simulation
of the isolated mirrored SIRs at each iterative step [4].
Specifically, we can obtain L,; and C,; from the differential
mode response, and C,; from the common mode response
(depicted in Fig. 3). The final solution is obtained after few
iterations (N=6) with a reasonable error (<1.7%) and the
frequency response is very close to the target solution.

Finally, the length of the lines cascaded to the resonant
elements is optimized by considering the whole filter cell. This
is necessary since the patch capacitances corresponding to C,;
introduce some phase shift. However, this optimization is
simple since only the length of the lines cascaded to the
resonators must be optimized.
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Fig. 4. Photograph of the fabricated prototype of the designed balanced
order-5 bandpass filter (a) and frequency response (differential and common-
mode) (b). The considered substrate is Rogers RO3010 with dielectric constant
& =10.2 and thickness 4 = 635 pm.

V. RESULTS

By merely cascading the filter cells, the layout is obtained
(see Fig. 1). The lossless electromagnetic response (inferred by
Agilent Momentum) is very close to the target response [Fig. 4].
It is noteworthy to say that no further optimization has been
carried out. The fabricated device [depicted in Fig. 4(a)]
exhibits a frequency response in very good agreement to the
target (with the exception of the loss level). The filter layout
has been determined from the specifications without the need
of any further action during the optimization process.

VL

In conclusion, we have developed a two-step ASM
algorithm useful for the automated and unattended optimization
of common-mode suppressed balanced filters based on
mirrored SIRs coupled through admittance inverters.
Conveniently adapted, this two-step ASM iterative algorithm
can be applied to the automated design of many other balanced
and single-ended filters.

CONCLUSION
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Abstract—The automated and unattended design of balanced
microstrip wideband bandpass filters by means of aggressive
space mapping (ASM) optimization is reported in this paper.
The proposed filters are based on multisection mirrored stepped
impedance resonators (SIRs) coupled through quarter-wavelength
transmission lines, acting as admittance inverters. Such resonant
elements provide transmission zeros useful for the suppression of
the common mode in the region of interest (differential filter pass
band) and for the improvement of the differential-mode stopband
(rejection level and selectivity). Due to the limited functionality
of the inverters, related to the wide fractional bandwidths, the
automated filter design requires a two-step process. With the first
ASM, the filter schematic satisfying the required specifications
(optimum filter schematic) is determined. Then, the layout is syn-
thesized by means of a second ASM algorithm. Both algorithms are
explained in detail and are applied to the synthesis of two filters,
as illustrative (and representative) examples. With this paper, it is
demonstrated that the two-step ASM optimization scheme (first
providing the optimum schematic and then the layout), previously
applied by the authors to wideband single-ended filters, can be
extended (conveniently modified) to common-mode suppressed
differential-mode bandpass filters. Thus, the value of this two-step
ASM approach is enhanced by demonstrating its potential for the
unattended design of complex filters, as those considered in this

paper.

Index Terms—Balanced filters, bandpass filters, circuit syn-
thesis, microstrip technology, optimization, space mapping (SM),
stepped impedance resonators (SIRs).

I. INTRODUCTION

N recent years, many efforts have been dedicated to the
design of compact common-mode suppressed balanced
wideband and ultrawideband (UWB) bandpass filters [1]-[16].
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This interest is justified by the increasing demand of balanced
circuits and systems (e.g., high-speed digital circuits), related
to their inherent high immunity to noise, electromagnetic in-
terference (EMI), and crosstalk. In some reported balanced
filters, efficient common-mode suppression in the region of
interest (differential-mode pass band) is achieved at the ex-
pense of filter size, by cascading additional stages specifically
designed to reject the common mode [17], [18]. To reduce
the device size, filter topologies able to intrinsically reject
the common mode, and simultaneously providing the filtering
functionality for the differential mode, are needed. This is in-
deed the case of most of the reported wideband and UWB bal-
anced filters. However, frequency selectivity and stopband re-
jection level and bandwidth for the differential mode are typi-
cally limited in such filters. Exceptions are the filters reported
in [10], [13], and [16], where good stopband behavior for
the differential mode above the passband of interest, mainly
due to the presence of transmission zeros for that mode, is
demonstrated. Nevertheless, the filters reported in [13] are
implemented by means of three metal layers (i.e., increasing
fabrication complexity), whereas the design and synthesis of
the filters presented in [10] is not straightforward, since open
split-ring resonators (OSRRs) in microstrip technology cannot
be described by a simple circuit model.

This paper is focused on the balanced filters first reported
in [16]. These filters exhibit good performance (i.e., wide
differential-mode bandwidth, good stopband rejection level,
bandwidth and selectivity, and intrinsic common-mode sup-
pression), small size, and simple fabrication process (two
metal levels and via free), and they can be accurately de-
scribed through a circuit schematic that combines lumped
and distributed elements (important for design purposes).
Specifically, the considered filters are inspired by the highly
selective single-ended filters reported in [19]. By mirroring
such single-ended filters and by adding central capacitive
patches in the bisecting symmetry plane, a highly selective
wideband bandpass response for the differential-mode and
common-mode suppression over a wide band are simultane-
ously achieved [16]. As compared with [16], in this paper, we
provide a systematic design procedure of these filters, able to
provide the filter layout following a completely unattended
scheme. Moreover, we report two design examples, a compar-
ison to many other wideband balanced filters, and a discussion
on bandwidth limitations for the differential mode.

0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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The resulting filters are thus composed of transverse mul-
tisection stepped impedance resonators (SIRs) [20] coupled
through admittance inverters (implemented by means of quarter
wavelength transmission lines). As it is well known, these lines
are not able to provide the inverter functionality over wide
bands. Thus, to compensate for the bandwidth degradation
associated to the limited functionality of the inverters, a design
method based on aggressive space mapping (ASM) optimiza-
tion [21]-[24] is reported here. Several efficient methods have
been developed since ASM, such as response correction tech-
niques [25], manifold mapping [26] feature-based optimization
[27], or faster techniques based on SM [28]. However, the ASM
optimization technique has been chosen to develop the design
method presented due to the good results obtained in previous
works [29]-[31]. This method provides the filter schematic
(optimum schematic) able to satisfy the specifications for the
differential-mode and common-mode responses. Then, once the
schematic is determined, a second ASM algorithm is applied
to the determination of the filter layout. Hence, the proposed
unattended design tool follows a two-step ASM process, similar
to the one reported in [32] for the design of the single-ended
counterparts. However, the balanced (symmetric) topologies
considered force us to substantially modify the two-step ASM
algorithm reported in [32]. The details of such algorithm are
the essential part of this paper.

The paper is organized as follows. The topology and general
circuit schematic of the considered balanced filters, including
the schematics for the differential and common modes, are
presented in Section II. Section III is devoted to give the
details of the first ASM algorithm, providing the optimum
filter schematic. A succinct review of the general formula-
tion of ASM, necessary for coherence and completeness, is
also included in this section. The next section (Section IV)
is focused on the second ASM, where the details to generate
the filter layout are provided. Sections III and IV include a
conducting case example of an order-5 balanced filter, for
better understanding of the proposed two-step ASM algorithm.
Nevertheless, an additional synthesis example (an order-7
filter) is reported in Section V, in order to demonstrate the
potential and versatility of the approach. A comparative anal-
ysis of the proposed filters, in the context of other solutions
for balanced filters reported in the literature, is presented in
Section VI. Section VII is devoted to discuss the bandwidth
limitations of the reported filters. Finally, the main conclusions
are highlighted in Section VIII.

II. TOPOLOGY AND CIRCUIT SCHEMATIC

The proposed balanced wideband bandpass filters are imple-
mented by combining semi-lumped and distributed elements
[Fig. 1(a)]. The semi-lumped elements are transverse multisec-
tion mirrored SIRs, described by means of a combination of ca-
pacitances and inductances, as indicated in Fig. 1(b). The dis-
tributed elements are quarter-wavelength differential transmis-
sion lines acting as admittance inverters.

The circuit schematic of these filters is depicted in Fig. 1(b).
The symmetry plane is an electric wall for the differential
mode. Hence, the capacitances C,; do not play an active role
for that mode since they are grounded. Thus, the equivalent

3897

. L ; L L 4 -
P1’ P2’
¥ ¥ o i N
(@)

J, J J
Pl i o 256 by
Le’/ L(:I L}:Zg LLQ Lrig Lc5

_ T_l—{(’;e/_ Czl; geZ_ CZ;L_ L_—C{is _ g};l Symmetry
T_C{'e 1 C ﬂ —;[_{Ce 2 C g LC€5 C}<_5T Plane
Lz L., LE L., Lg Ls
Jor J12 Jss
(b)
Ji J J
P - o 75 by
L}ilg %L(fl L}L_Zg %LLQ L}ig %Lzﬁ
i—C{/‘el = i—éeyz = i—é@- =
©

= “el

Ji2
Pl 3 cee %—ZEPz
L}c_/% Z(f[ L}L_% ZL{CZ ng L(,j
rdy " ELndy Ea e i
(d)

Fig. 1. Topology (order-5) of the considered (a) balanced wideband bandpass
filters, (b) circuit schematic, and circuit schematic for the (c) differential and (d)
common modes.

circuit schematic for the differential mode is the one depicted
in Fig. 1(c). Conversely, the symmetry plane for the common
mode is a magnetic wall (open circuit), and the equivalent
circuit schematic is the one depicted in Fig. 1(d). The resonators
L.; — C.; provide transmission zeros that are useful for the
suppression of the common mode in the region of interest
(differential filter passband). According to the schematics of
Fig. 1(c) and (d), the position of the common-mode trans-
mission zeros does not affect the differential-mode response.
Similarly, the resonators L.; — C.; provide transmission zeros
for both the differential and common modes. By allocating
these transmission zeros above the differential-mode passband,
frequency selectivity and stopband rejection for the differential
mode can be enhanced.

III. DETERMINATION OF THE OPTIMUM FILTER SCHEMATIC

As indicated in the introduction, wideband bandpass fil-
ters based on resonant elements coupled through admittance
inverters (in practice, quarter-wavelength transmission line
sections), designed by means of the classical formulas [33]
from the lowpass filter prototype, are subjected to a funda-
mental limitation related to the narrowband functionality of
the real inverters: bandwidth reduction (as compared with
the nominal value). It is obvious that by overdimensioning
the bandwidth, such inherent bandwidth degradation can be
compensated. However, the in-band return loss level (or ripple)
is also modified as a consequence of the limited functionality of
the inverters. Thus, a systematic procedure to guarantee that the
required filter specifications (central frequency fy, fractional
bandwidth (FBW), and ripple L4,) can be satisfied is needed.
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Such a procedure was reported in [32], where it was success-
fully applied to the automated design of wideband single-ended
filters. In this paper, the method is adapted for its application to
the unattended design of common-mode suppressed balanced
wideband bandpass filters of the type depicted in Fig. 1.

The main hypothesis of the method is that there exists a
set of filter specifications (fo, FWB, and L4.), different than
the target, that provide a filter response (after application of
the synthesis formulas and replacement of the inverters with
quarter wavelength transmission lines) satisfying the target
specifications. If these specifications (different than the target)
are known, the resulting filter schematic (composed of lumped
elements, i.e., the resonators, plus distributed elements, namely,
the quarter-wavelength transmission lines) is the one that must
be synthesized by the considered layout. Thus, filter design is
a two-step process, where first the filter schematic providing
the required specifications (optimum filter schematic) is de-
termined, and then the layout is generated. For the two design
steps, an ASM algorithm is developed. The first one is detailed
in this section, whereas the second one is left for Section IV.
Nevertheless, the general formulation of ASM is first reported
for completeness and for better comprehension of the reported
ASM algorithms.

A. General Formulation of ASM

Space mapping (SM) [21]-[24] uses two simulation spaces:
1) the optimization space X, where the variables are linked to
a coarse model, which is simple and computationally efficient,
although not accurate, and ii) the validation space Xg, where
the variables are linked to a fine model, typically more com-
plex and CPU intensive, but significantly more precise. In each
space, a vector containing the different model parameters can
be defined. Such vectors are denoted as x¢ and x. for the fine
and coarse model spaces, respectively, and their corresponding
responses are Rg(x¢) and Rq(x¢). In a typical SM optimiza-
tion algorithm involving a planar microwave circuit described
by a lumped element model, the variables of the optimization
space are the set of lumped elements, and the response in this
space is inferred from the circuit simulation of the lumped el-
ement model. The variables of the validation space are the set
of dimensions that define the circuit layout (the substrate pa-
rameters are usually fixed and hence they are not optimization
variables), and the response in this space is obtained from the
electromagnetic simulation of the layout.

In this paper, we consider the so-called ASM [22], where the
goal is to find a solution of the following system of nonlinear
equations f(x¢) = 0 where

f(xp) = P(xr) — x¢ )

and x is the coarse model solution that gives the target re-
sponse, Re(x%), and P(x¢) is a parameter transformation
mapping the fine model parameter space to the coarse model
parameter space. In reference to the two spaces considered
above, P(x¢) provides the coarse model parameters from
the fine model parameters typically by means of a parameter

extraction procedure [34], [35].
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Let us assume that Xt(nj ) is the jth approximation to the so-
lution in the validation space, and £() the error function cor-

responding to f (xt(nj )). The next vector of the iterative process

xgj 1) is obtained by a quasi-Newton iteration according to
x¢™ =% 4 o )
where h(7) is given by
h = (B(j))—l £0) (3)

and BY) is an approach to the Jacobian matrix, which is updated
according to the Broyden formula [22]

FUFDKH)T

G+ — g 4 LB
B =B oo

“
In (4), fUT1) is obtained by evaluating (1), and the super-index
T stands for transpose.

B. ASM Applied to the Synthesis of the Optimum Filter
Schematic

The differential-mode response of the proposed filters is
described by a circuit schematic consisting of shunt resonators
coupled through admittance inverters [Fig. 1(c)]. The circuit
is identical to the one reported in [32], in reference to the
single-ended balanced filters of that work. Thus, a similar ASM
approach to the one reported in [32] to determine the optimum
filter schematic has been developed. Note that the capacitances
C.; [Fig. 1(d)] do not have any influence on the differen-
tial-mode response. Indeed, the first ASM applies only to the
schematic corresponding to the differential mode. Thus, the
capacitances C,; are independently determined in order to set
the common-mode transmission zeros to the required values,
and thus achieve an efficient common-mode suppression in the
region of interest (differential-mode pass band). Nevertheless,
the second ASM involves the whole filter cell, hence including
the patches corresponding to the capacitances C,;. There is,
however, an important difference between the filter schematic
(differential-mode) of this work, and the one considered in [32]
for the single-ended counterparts. In [32], the admittance of the
inverters (quarter wavelength transmission line sections) were
forced to be identical (0.02 S), resulting in different resonators
from stage to stage. In this paper, we have considered identical
resonators and different admittances of the inverters [note that
this is the case of the topology shown in Fig. 1(a)]. The reason
is that by considering identical resonators, the synthesis of
the layout is simpler since it is guaranteed that the distance
between the pair of lines is uniform along the whole filter.
Otherwise, if we deal with different resonators, the inductances
L.; may be different, resulting in different lengths if the widths
are considered identical, as is the case (see Section [V-A). Note
that these widths are identical in order to reduce the number of
geometrical parameters in the second ASM. Hence, different
length means that the distance between the bi-section plane and
the lines is not uniform unless meanders are used, which is not
considered to be the optimum solution.

Considering that the filter order n is set to a certain value
that suffices to achieve the required filter selectivity, the filter
specifications (differential-mode) are the central frequency



SANS et al.: AUTOMATED DESIGN OF COMMON-MODE SUPPRESSED BALANCED WIDEBAND BANDPASS FILTERS BY MEANS OF ASM

fo, the fractional bandwidth (FBW), and the in-band ripple
level La,; (or minimum return loss level). The transmission
zero frequencies provided by the resonators L.;, C; are set to
f. = 2fy, since this provides spurious suppression, and good
filter selectivity above the upper band edge [32]. From the
well-known impedance and frequency transformations from
the lowpass filter prototype [33], and assuming a Chebyshev
response, the reactive elements of the shunt resonators (L.,
C., and L.), identical for all stages for the explained reasons,
can be easily inferred. The three conditions to unequivocally
determine L., C., and L. are i) the filter central frequency,
given by

fo = : )
2/ (L. + L.)C.
and ii) the transmission zero frequency
fo= o ®)
and iii) the susceptance slope at f
b=2rf, M @)

L2

Considering that the target is an order-5 (n = 5) Cheby-
shev response with fy = 2.4 GHz, FBW = 40% (corresponding
to a 43.91% —3-dB fractional bandwidth) and L4, = 0.2 dB,
and setting the susceptance slope to & = 0.067 S, the element
values of the shunt resonators are found to be L, = 0.4401 nH,
C. = 2.4983 pF, and L, = 1.3202 nH, and the admittance of
the inverters JO,I = Js5.6 = 0.0200 S, JLQ = J475 = 0.0200 S,
and Jy 3 = Js 4 = 0.0157 S. This susceptance slope value has
been chosen in order to obtain an admittance value of 0.02 S
for the inverters of the extremes of the device. It is worth to
mention that for Chebyshev bandpass filters the fractional band-
width is given by the ripple level and is hence smaller than the
—3-dB fractional bandwidth. However, in this paper we will
deal with the —3-dB fractional bandwidth since the ripple level
is not constant in the optimization process (to be described).
From now on, this —3-dB fractional bandwidth is designated
as FBW, rather than FBW_3 4p (as usual), for simplicity, and
to avoid an excess of subscripts in the formulation.

The quasi-Chebyshev filter response (i.e., the one inferred
from the schematic of Fig. 1(c), but with ideal admittance in-
verters), depicted in Fig. 2, is similar to the ideal (target) Cheby-
shev response in the pass band region, and it progressively de-
viates from it as frequency approaches f,, as expected. The dis-
crepancies are due to the fact that the shunt resonator is actu-
ally a combination of a grounded series resonator (providing the
transmission zero) and a grounded inductor. The quasi-Cheby-
shev response satisfies the specifications to a rough approxi-
mation. Hence, the target is considered to be the ideal Cheby-
shev response (except for the transmission zero frequency), also
included in the figure. If the ideal admittance inverters are re-
placed with quarter wavelength transmission lines, the response
is further modified. Thus, our aim is to find the filter schematic
for the differential-mode [Fig. 1(c)] able to satisfy the specifica-
tions. To this end, an ASM algorithm, similar to the one reported
in [32], that carries out the optimization at the schematic level
has been developed.
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Fig. 2. Differential-mode quasi-Chebyshev response of the filter that results by
using the element values indicated in the text and ideal admittance inverters with
the indicated admittances, compared with the ideal Chebyshev (target) response
and the response of the optimum filter schematic. The response of the optimum
filter schematic to the common mode is also included.

As mentioned before, the key point in the development
of this first iterative ASM algorithm is to assume that there
is a set of filter specifications, different from the target, that
leads to a filter schematic (inferred by substituting the ideal
admittance inverters with quarter wavelength transmission
lines), whose response satisfies the target specifications. In
brief, the optimization (coarse model) space is constituted by
the set of specifications, fy, FBW, La,, being its response
the ideal Chebyshev response(target response) depicted in
Fig. 2. The validation space is constituted by the same vari-
ables, but their response is inferred from the schematic of
Fig. 1(c), with element values calculated as specified above,
and quarter-wavelength transmission lines at fy, where fy is
the considered value of this element in the validation space
(not necessarily the target filter central frequency). The vari-
ables of each space are differentiated by a subscript. Thus, the
corresponding vectors in the coarse and fine models are written
as Xe = [foc, FBWq, Lare], and x¢ = [for, FBW¢, Lays],
respectively. The coarse model solution (target specifications)
is expressed as x}; = [fj., FBW, L% . ]. The transmission zero
frequency, set to f, = 2fy, as indicated before, is not a variable
in the optimization process.

Asitwas done in [32], the first vector in the validation space is
setto xél) = x. From xg) , the response of the fine model space
is obtained (using the schematic with quarter wavelength trans-
mission lines), and from it, we directly extract the parameters
of the coarse model by direct inspection of that response, i.e.,
xgl) = P(xt(nl) ). Applying (1), we can thus obtain the first error
function. The Jacobian matrix is initiated by slightly perturbing
the parameters of the fine model, for, FBW¢, and L a,¢, and in-
ferring the effects of such perturbations on the coarse model pa-
rameters, fy., FBW,, and L a,.. Thus, the first Jacobian matrix
is given by

5f0c 5f0c 5f0c
3 for OFBW; L prs
B SFBW. JSFBW. &FBW. B
- 4 for SFBW; 3L At (®)
5LArc 5LArc (SLArc
4 for SFBW; 3L art
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Fig. 3. Evolution of the error function of the first ASM algorithm for the con-
sidered example.

Once the first Jacobian matrix is obtained, the process is iter-
ated [obtaining xf) from (2), using (3), and so on] until conver-
gence is obtained. At each iteration, the elements of the coarse
space vector xgj ) are compared with the target (filter specifica-
tions), x, and the error function is obtained according to

fOc : FBWC : LArc :
||fm||—\/ () + (- aws) + (1) -
9

The flow diagram of this first ASM algorithm, able
to provide the optimum filter schematic, can be found
in [32], and, hence, it is not reproduced here. Applying
the developed ASM algorithm to the considered example
(xt = [f5.,FBW,, L. .] = [2.4 GHz,43.91%,0.2 dB]), we
have found that the error function rapidly decreases, with the
error being smaller than 0.02% after NV = 3 iterations. The
evolution of the error function is depicted in Fig. 3. The fine
model parameters for the last iteration (N = 3) are XE-3) =
72 FBW® L] =[2.4703 GHz, 65.3%,0.2786 dB], and
the coarse model parameters are x& = [ féi’), FBW(),
L) | =[2.400 GHz, 43.91%, 0.199987 dB|. Note that Xy is ap-
preciably different than x7. The optimum filter schematic is the
one that gives the last fine model response (which provides an
error below a predefined value). The elements of the shunt res-
onators for this optimum filter schematic are L. = 0.5935 nH,
C. = 1.7486 pF, and L. = 1.7804 nH, whereas the admit-
tances of the inverters (quarter-wavelength transmission line
sections at fo(?) =2.4703 GHz # fj are Jy1 = J56 = 0.02 S,
Jig =Js5 =0.0211 8, J3 = J34 = 0.0168 S.

The response of the optimum schematic is compared with
the target response in Fig. 2. The agreement in terms of cen-
tral frequency, bandwidth, and in-band ripple is very good, as
expected on account of the small error function that has been
obtained after N = 3 iterations. However, the position of the
reflection zero frequencies are different in both responses, since
we have not considered these frequency positions as goals in the
optimization process. Nevertheless, the synthesized circuit ful-
fills the target specifications for the differential mode. To com-
plete the circuit schematic of Fig. 1(b), valid for both modes, the
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capacitances C.; need to be determined. As mentioned before,
such capacitances are determined by the position of the trans-
mission zeros for the common mode according to

R (10)

“ 2m/L.C,;
where the superindex indicates that these transmission zeros
correspond to the common mode, and the subindex ¢ indicates
the filter stage. Note that there is no reason, a priori, to set
the transmission zeros to the same value. Nevertheless, for the
considered example, all the transmission zeros have been set
to 2.717 GHz (i.e., 1.1 £), and, hence, C.; = 1.9268 pF
(the resulting response for the common mode is also depicted
in Fig. 2). Thus, the schematic resulting from this first ASM
process, including C.;, is the optimum filter schematic used as
the starting point in the ASM algorithm developed to obtain the
filter layout, to be described in the next section.

IV. LAYOUT SYNTHESIS

The layout synthesis involves the determination of i) the
dimensions of the resonant elements (multi-section mirrored
SIRs), ii) the width of the transmission line sections (inverters),
and iii) their lengths. Hence, three specific ASM subprocesses
are developed for the automated synthesis of the filter layout,
following a scheme similar to that reported in [32] for the
synthesis of single-ended filters. However, there are important
differences, mainly relative to the synthesis of the resonant
elements, since these elements are made of multisection SIRs.
Nevertheless, the resonant elements are all identical (for the
reasons explained before), and, hence, the ASM devoted to the
determination of resonator dimensions is applied only once.
Let us now discuss in detail these three independent ASM
subprocesses.

A. Resonator Synthesis

In the ASM process devoted to the resonator synthesis, the
variables in the optimization space are the resonator elements,
ie., x¢ = [Le, L¢, Ce, C.], and the coarse model response is
obtained through circuit simulation. The validation space is
constituted by a set of four geometrical variables. The other
geometrical variables necessary to completely define the res-
onator layout are set to fixed values and are not variables of
the optimization process. By this means, we deal with the same
number of variables in both spaces, necessary for the inversion
of the Jacobian matrix. Specifically, the variables in the valida-
tion space are the lengths of the narrow (inductive) and wide
(capacitive) sections of the multisection mirrored SIRs, i.e.,
X¢ = [lpes e, loe, loe]. The fine model response is obtained
through electromagnetic simulation of the layout, inferred from
the fine model variables plus the fixed dimensions, namely the
widths of the narrow and wide sections of the mirrored SIRs,
and substrate parameters. The Agilent Momentum commercial
software has been used to obtain the electromagnetic response
of the structures, and the considered substrate parameters are
those of the Rogers RO3010 with thickness h = 635um and
dielectric constant £, = 10.2. Concerning the fixed dimen-
sions, the values are set to Wz, = Wr. = 0.2 mm, and there
are two bounded values Wi, = lc. (i.e., a square shaped
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geometry for the external patch capacitors is chosen), and
Wee = 0.75 A/4 mm, where X is the guided wavelength at the
central frequency of the optimum filter schematic. The value
of 0.2 mm for the narrow inductive strips is slightly above
the critical dimensions that are realizable with the available
technology (LPKF HF100 milling machine). Concerning the
square geometry of the external capacitive patches, with this
shape factor the patches are described by a lumped capacitance
to a very good approximation. Finally, the width of the central
patches W has been chosen with the above criterion in order
to avoid overlapping between adjacent patches.

In order to initiate the ASM algorithm it is necessary to obtain
an initial layout for the multisection SIR. This is obtained from
the following approximate formulas [36], [37]:

_ Levpn

lre 11

L 7 (11a)

lCe - C‘sluplZl (llb)
Lrv h

lp, = —1 11

Le 7, (11c)

loe = Cc/vplZl (lld)

where v,;, and v, are the phase velocities of the high- and low-
impedance transmission lines sections, respectively, and Z;, and
Z; the corresponding characteristic impedances.

Once the initial layout (i.e., xt(nl)) is determined, the four
circuit elements can be extracted from the electromagnetic
response using (5)—(7) and (10). The specific procedure is as
follows: the four-port S-parameters (considering 50 €2 ports)
of the multisection SIR is obtained by means of the Agilent
Momentum electromagnetic solver. From these results, the
S-parameters corresponding to the differential and common
mode are inferred from well-known formulas [38]. Then, from
fo, f-, and b [expressions (5)—(7)] of the differential-mode
response, the element values L., C., and L. are extracted,
whereas (. is determined from the transmission zero (ex-
pression 10) corresponding to the common-mode response.
This provides xtV = P(xgl)), and using (1), the first error
function can be inferred. To iterate the process using (2), with
h®) derived from (3), a first approximation of the Jacobian
matrix is needed. Following a similar approach to the one
explained in Section III-B, we have slightly perturbed the
lengths 7e,1pc, lce, lce, and we have obtained the values of
L., L.,C,.,C.resulting after each perturbation from parameter
extraction. This provides the first order-4 Jacobian matrix.
By means of this procedure, the layouts of the multisection
mirrored SIRs are determined.

B. Determination of the Line Width

The widths of the quarter-wavelength (at fé? ) ) transmission
lines are determined through the one-variable ASM procedure
explained in [32], where the fine model variable is the linewidth
W , whereas the variable of the coarse model is the characteristic
impedance (the details of this simple ASM procedure are given
in [32]). However, it has to be taken into account that this ASM
must be repeated as many times as different admittance inverters
are present in the filter. It is also important to bear in mind that
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the pair of differential lines are widely separated so that the dif-
ferential- and common-mode impedances take the same value,
i.e., identical to that of the isolated line.

C. Optimization of the Line Length (Filter Cell Synthesis)

To determine the length of the inverters, the procedure is to
consider the whole filter cell, consisting of the resonator cas-
caded in between the inverter halves (not necessarily of the same
width, or admittance). As it was pointed out in [32], optimiza-
tion of the whole filter cell is necessary since the resonators may
introduce some (although small) phase shift. In [32], the whole
filter cell was forced to exhibit a phase shift of 90° at the central
frequency of the optimum schematic. However, the fact that the
inverters at both sides of the resonator have different admittance
means that the phase of S,; is no longer 90° at the central fre-
quency of the optimum schematic. Nevertheless, the phase shift
of the cell can be easily inferred from circuit simulation, and the
resulting value is the goal of this third ASM subprocess. Thus,
the ASM optimization consists of varying the length of the lines
cascaded to the resonator until the required phase per filter cell
is achieved (the other geometrical parameters of the cell are kept
unaltered). The phase is directly inferred from the frequency re-
sponse of the cell obtained from electromagnetic simulation at
each iteration step.

Once each filter cell is synthesized, the cells are cascaded,
and no further optimization is required. The flow diagram of the
complete ASM process able to automatically provide the layout
from the optimum filter schematic, consisting of the three in-
dependent quasi-Newton iterative algorithms described, is very
similar to the one presented in [32], and, hence, it is not repro-
duced here.

Using the mirrored SIR element values and inverter admit-
tances corresponding to the optimum filter schematic of the ex-
ample reported in Section III, we have applied the developed
ASM algorithm to automatically generate the filter layout (de-
picted in Fig. 4). Resonator dimensions are Iz, = 0.9075 mm,
lr. = 24136 mm, o, = 2.5262 mm and I, = 1.0986 mm,
and the lengths of the filter cells give admittance inverter lengths
of 11.4 mm for all the inverters (the slight variations take place
at the third decimal) and the widths are Wi,,; = 0.6015 mm,
Winva = 0.6704 mm, and Wj,,5 = 0.4087 mm [see Fig. 4(a)]
for inverters Jy 1 = J56, J1,2 = Ju 5, and Jy 3 = J3 4, respec-
tively.

The electromagnetic simulations (excluding losses) of
the differential and common modes of the synthesized
filter are compared with the response of the optimum filter
schematic (also for the differential and common modes) in
Fig. 4(b) and (c). The agreement between the lossless elec-
tromagnetic simulations and the responses of the optimum
filter schematic (where losses are excluded) is very good,
pointing out the validity of the proposed design method. The
filter has been fabricated by means of the LPKF H100 drilling
machine [see Fig. 5(a)], and the measured frequency responses
[Fig. 5(b) and (c)] have been obtained by means of an Agilent
N5211A PNA microwave network analyzer. The measured
responses are in reasonable agreement with the lossy electro-
magnetic simulations and reveal that filter specifications are
satisfied to a good approximation. Notice that effects such as
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ulations of the optimum filter schematic. The relevant dimensions in (a) are

A =63mmand B = 15 mm.

inaccuracies in the dielectric constant provided by the substrate
supplier, fabrication related tolerances, substrate anisotropy
and foil roughness, among others, may be the cause of the
slight discrepancies between the measured responses and the
lossy electromagnetic simulations. Nevertheless, the objective
of synthesizing the layout of the considered differential-mode
bandpass filters subjected to given specifications, following a
completely unattended scheme, has been achieved.

V. SYNTHESIS OF A SEVENTH-ORDER FILTER

Let us now consider the synthesis of a seventh-order filter
with significantly wider (as compared with the previous case
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Fig. 5. (a) Photograph of the fabricated order-5 filter, (b) differential-mode re-

sponse, and (¢) common-mode response. In (b) and (c), the measured responses
are compared to the lossy electromagnetic simulations of the synthesized layout.

example) differential-mode bandwidth. In this case, the specifi-
cations (differential mode) are fo = 3 GHz, FBW = 60% (cor-
responding to 63.43% —3-dB fractional bandwidth) and L, =
0.15 dB. Since the differential-mode bandwidth is wide, a single
common-mode transmission zero does not suffice to completely
reject this mode over the differential filter passband. Thus, in
this case, several transmission zeros for the common mode are
generated. Such transmission zeros must be (roughly) uniformly
distributed along the differential-mode passband for an efficient
common-mode rejection over that band. The fact that several
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TABLE I
FREQUENCIES AND CAPACITANCES OF THE COMMON-MODE TRANSMISSION
ZEROS OF THE SYNTHESIZED ORDER-7 DIFFERENTIAL FILTER

Stage 1 2 3 4 5 6 7
S5(GHz) | 2.306 | 2.596 | 2.885 | 3.174 | 3.572 | 3.970 | 4.369
Ce (pF) 1.797 | 1.419 | 1.148 | 0.949 | 0.749 | 0.606 | 0.501

common-mode transmission zeros are considered does not af-
fect the first ASM algorithm. However, as many different capac-
itances C'.; as transmission zeros must be calculated by means
of expression (10) to completely determine the elements of the
optimum filter schematic. Since the capacitances C,; determine
the area of the central patches, it follows that the second ASM,
for the determination of the layout, must be slightly modified
(i.e., the mirrored SIRs are not identical in this case). However,
the procedure is very simple (to be described next).

First of all, the layout of the mirrored SIR providing the lower
common-mode transmission zero is determined according to the
procedure explained in Section IV-A. For the determination of
the layout of the other resonant elements, we apply the ASM
subprocess described in Section IV-A, but considering as op-
timization variables of the validation space the widths for the
inner sections (the ones between the pair of transmission lines),
and the lengths for the outer sections. By this means, the dis-
tance between the pair of lines is kept unaltered. Notice that
since the element values of the resonators are all identical (ex-
cept C.;), we do not expect significant variations in the widths
from cell to cell, except for the central patch. Indeed, for the
optimization of resonator dimensions (layout determination) by
applying the ASM, we consider as layout of the first iteration
the one corresponding to the synthesis of the first resonator. It
has been found that this provides faster convergence. The other
two ASM sub-processes (described in Section [V-B and IV-C)
are identical.

Application of the first ASM algorithm (optimum filter
schematic) has provided the following element and admittance
values: L, = 0.8836 nH, L. = 2.6507 nH, C, = 0.7114 pF,
and J(),l = J778 = 0.02 S, JLQ = J6’7 = 0.0199 S,
Joz = Jse¢ = 001548, J34 = Jgs = 0.0148 S with

é? ) =3.1739 GHz. Convergence has been achieved after N =
5 iterations, with an error function as small as 0.021%. On the
other hand, by considering seven common-mode transmission
zeros distributed in order to cover the bandwidth, the corre-
sponding patch capacitances take the values given in Table 1.

Application of the second ASM algorithm, considering the
substrate used for the seventh-order filter (Rogers RO3010 with
thickness 7 = 635um and dielectric constant ,, = 10.2), pro-
vides the filter geometry indicated in Table II (where all di-
mensions are given in mm). Note that the lengths and widths
of the inverters (Wi, and /i) are those corresponding to the
inverter to the right of the resonant element (the inverter to the
left of the first resonator is identical to the last one). Moreover,
the following dimensions in the mirrored SIRs are all identical:
lre = 3.58 mm, W, = 1.2 mm and Iz, = 2.92 mm. On the
other hand, Wr.; = Wr,;. Note that the optimization variables
are those of Table II.
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TABLE II
GEOMETRY PARAMETERS OF THE SYNTHESIZED
ORDER-7 DIFFERENTIAL FILTER

Stage WLa WCa lLe lCc I/Vinv linv
1 0.2 6.77 | 192 | 1.2 | 0.59 | 8.87
2 0.201 | 524 | 1.94 1.2 [ 032 | 8.87
3 0.205 | 4.14 | 2.09 | 1.19 | 0.29 | 8.86
4 0209 | 33 | 2.14 | 1.18 | 0.29 | 8.86
5 022 | 247 | 22 | 1.16 | 032 | 8.85
6 0233 | 1.86 | 2.19 | 1.12 | 0.59 | 8.84
7 0253 | 1.4 | 238 ] 1.06 | 0.59 | 8.76

Fig. 6 shows the layout of the designed filter and the
lossless electromagnetic simulation, compared to the op-
timum filter schematic and target responses (differential and
common-modes). The fabricated differential-mode filter is
depicted in Fig. 7, together with the measured response and
the lossy electromagnetic simulation. Very good agreement
between the different responses can be observed, and it is found
that the filter responses satisfy the considered specifications,
including an efficient common-mode rejection over the dif-
ferential filter passband, with a common-mode rejection ratio
better than CMRR = 30 dB in the whole the differential filter
passband.

Note that the agreement between the lossless electromagnetic
simulation and the response of the optimum filter schematic
for both the differential and common modes is excellent in this
order-7 filter (Fig. 6). For the order-5 filter reported before,
there is also very good agreement between these responses for
the differential mode, but the agreement is not so good for the
common-mode (Fig. 4). The reason is that parameter extraction
uses three conditions for the differential mode [expressions
(5)—(7)], whereas only one for the common mode (expression
(10)). However, for the seventh-order filter, seven different
common-mode transmission zeros are set in order to efficiently
cover the (wider) differential filter passband, i.e., much more
conditions as compared to the fifth-order filter (where only one
common-mode transmission zero was considered). The syn-
thesis method guarantees that the common-mode transmission
zeros are identical for the lossless electromagnetic simulation
and for the response of the optimum schematic, and, hence, one
expects a very good agreement if the number of transmission
zero is high (as it actually occurs with the order-7 filter). Nev-
ertheless, the aim of the paper is to satisfy the specifications
for the differential mode and reject the common mode over the
differential filter passband, and this objective has been reached
in both examples.

VI. COMPARISON TO OTHER APPROACHES

In order to appreciate the competitiveness, in terms of perfor-
mance and dimensions, of the proposed filters, a comparison to
other wideband differential bandpass filters (with comparable
FBW) is summarized in Table III. In this table, the common-
mode rejection ratio (CMRR) is the ratio between |S, | for the
common mode and the differential mode at f;, expressed in
decibels, fiqq¢ and fa4q are the lower and upper differential-
mode cutoff frequencies, respectively, and fi.. and fo.. are the
—3-dB common-mode cutoff frequencies. The filters reported in
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Fig. 6. (a) Layout of the synthesized order-7 balanced filter, and lossless

electromagnetic simulation compared to the response of the optimum filter
schematic and target response for the (b) differential and (c) common mode.

this work exhibit a common-mode rejection comparable to that
of the filters reported in [4], [10], [12], [16], [40], [42], and [43].
However, the rejection level at 2f, for the differential mode
is larger in our filters, with the exception of the filter of [16],
which is indeed the same order-5 filter as the one reported here
(same specifications) although the layout was not inferred au-
tomatically in [16]. Thus, Table III reveals that our filters are
competitive in terms of CMRR and out-of-band rejection level
(specifically at 2f;) for the differential mode. Despite the fact
that the CMRR at f; is a figure of merit, it is interesting to com-
pare the filters proposed in this work with other filters with re-
gard to the worst CMRR within the differential filter passband.
This makes sense if the differential-mode passbands are compa-
rable. Thus, the comparison is made between the filters reported
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Fig. 7. (a) Photograph of the fabricated order-7 filter and measured response

compared to the lossy electromagnetic simulation for the (b) differential and (c)
common mode.

in [10] and [12] and the filter of Fig. 5 (with comparable frac-
tional bandwidth). The worst CMRR in the whole differential
filter passband is 18 and 63 dB for the filters of [10] and [12],
respectively. In our approach, the measurement shows a CMRR
better than 35 dB in the differential filter passband. Moreover,
the filter of Fig. 5 has better differential out-of-band rejection
(58 dB at 2f), as compared with the filters of references [10]
and [12]. The filters reported in [1] and [39], with comparable
fractional bandwidth to the filter of Fig. 7, have a CMRR in the
whole differential passband better than 22 and 14.5 dB, respec-
tively. In our approach, the measurement shows a CMRR better



SANS et al.: AUTOMATED DESIGN OF COMMON-MODE SUPPRESSED BALANCED WIDEBAND BANDPASS FILTERS BY MEANS OF ASM

TABLE III
COMPARISON OF VARIOUS DIFFERENTIAL WIDEBAND BANDPASS FILTERS

Ref. | FBW | CMRR | Sjiad | fieclfiaa | freelfraa | Effective
(=3dB) @f, 2fy) area
(dB) | (dB)

(1] 65% 29 46 0.96 1.09 02544

[4] 50% 48 23 1.25 0.94 02514
[10] | 45% 53 35 0 1.04 | 0.0451¢
[12] | 43% 63 38 0.66 1.11 0.62¢
[14] 15% 27 9 0 1.15 0.02244
[1s] | 70% 18.7 15 0.89 1.01 0.5244
[16] | 42% 65 66 0.54 1.09 03724
[39] | 66.6% 14.5 40 0 221 0.1632¢
[40] 40% 55 22 - - 0.2544
411 | 53% 13 7 0 >337 | 0.1754¢
[42] | 59.5% 47 54 0.38 1.35 0392/
[43] | 56.7% 40 37 0 >2.2 0244
[44] | 79% 35 32 0 >354 | 01927
This | 43% 65 58 0.87 1.05 0.364¢
work

This | 65% 50 63 0.85 1.11 0.284,°
work

than 30 dB in the differential filter passband. Moreover, the filter
of Fig. 7 has better differential out-of-band rejection (63 dB at
2fo) as compared with the filters of references [1] and [39].
Concerning size, the filters reported in references [10],
[14], [39], [41], [44] are smaller than our filters, but at the
expense of obtaining a lower CMRR and rejection level for
the differential mode (at 2fy). From the fabrication point of
view, the filters reported here are very simple since only two
metal levels are needed and vias are not present. Additionally,
the considered filter topologies, consisting of multi-section
mirrored SIRs coupled through quarter wavelength differential
lines, are accurately described by a mixed distributed-lumped
model (schematic) over a wide frequency band, and this is very
important for design purposes, as has been demonstrated in this

paper.

VII. DISCUSSION ON BANDWIDTH LIMITATIONS

The synthesis technique presented in Sections III and IV is
able to provide the filter layout able to satisfy the specifica-
tions, as demonstrated by the guide example (order-5 differ-
ential filter) and by the example reported in Section V, corre-
sponding to a seventh-order balanced filter. The bandwidth for
the differential mode in this second example is quite wide (i.e.,
the filter exhibits a —3-dB fractional bandwidth of 63.43%), and
an efficient rejection of the common mode over that band has
been achieved. Thus, it is clear that wideband balanced filters
with common-mode suppression are achievable with this ap-
proach, and filter design is simple since the determination of
the filter layout does not need any external aid during the whole
synthesis process. However, it does not mean that any combina-
tion of bandwidth and in-band ripple level (or return loss level)
for the differential mode can be achieved. Indeed, it has been
found that for a bandwidth as wide as FBW = 120%, ripple
level of Ly, = 0.45 dB (corresponding to a very reasonable
10-dB in-band return loss level), central frequency fy = 3 GHz,
and order n = 7, the first ASM converges. The response of
the optimum filter schematic (differential mode), compared with
the target Chebyshev response, is depicted in Fig. 8. Note that
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Fig. 8. Comparison between the order-7 Chebyshev response with fractional
bandwidth, ripple level, and central frequency indicated in the text, and the re-
sponse of the resulting optimum schematic, after applying the first ASM algo-
rithm.

the return loss level of the optimum schematic is better than 10
dB, and the central frequency and bandwidth are very close to
the target values. Typically, the frequency selectivity of the op-
timum schematic is somehow better than the one of the Cheby-
shev response at the upper transition band (due to the transmis-
sion zero), but it is worst at the lower transition band (see also
Fig. 2). This occurs because the selectivity is not a variable in
the optimization process, but, certainly, the discrepancies at the
lower band edge increase as bandwidths widens.

It may be accepted that a response like the one of the op-
timum filter schematic of Fig. 8 is reasonable. However, it has
been found that the second ASM algorithm does not converge, at
least by considering the same substrate used in the two reported
examples. The reason is that the element values of the resonators
(capacitances) are so small that the resulting impedance contrast
of the mirrored SIRs (by considering square shaped capacitors)
is small, and the model is not valid (note that the impedance con-
trast in the example of Fig. 7 is lower than the one of Fig. 5).
Moreover, it should be also taken into account that for wide
bandwidths, the lumped element approximation of the patch ca-
pacitors and narrow inductive strips is not necessarily valid over
the whole differential band, and more complex models are re-
quired for an accurate description of the structures [45]. Thus,
with the present approach, bandwidth is limited by layout gen-
eration, rather than by the schematic. Nevertheless, significant
bandwidths have been demonstrated in the reported examples.
Work is in progress in order to modify the second ASM algo-
rithm, particularly the square shaped geometry of the external
capacitors, and try to design wider differential-mode bandpass
filters with common-mode suppression.

VIII. CONCLUSION

In conclusion, a design tool for the unattended synthesis
of common-mode suppressed differential-mode bandpass
filters based on multisection mirrored SIRs coupled through
admittance inverters has been proposed. The tool consists of a
two-step ASM algorithm, where the filter schematic satisfying
the specifications is first determined, and then the layout of
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the filter is automatically generated. It has been demonstrated
that for moderate differential-mode bandwidths, a single
common-mode transmission zero suffices to achieve efficient
common-mode suppression over the differential filter pass
band. However, for wideband balanced bandpass filters imple-
mented by this approach, several common-mode transmission
zeros distributed along the differential-mode pass band are
necessary. Two case examples, namely, an order-5 balanced
filter with a single common-mode transmission zero, and a
seventh-order filter with several common-mode transmission
zeros, have been reported. In both cases, the two-step ASM
algorithm has provided the filter layouts after few iterative
steps, and the synthesized filter layouts provide the filter spec-
ifications to a good approximation. The measured responses
of the fabricated filters are also in good agreement with the
electromagnetic simulations and with the circuit simulations
of the optimum schematics, and the measured common-mode
rejection ratios at the central filter frequency are as high as
65 and 50 dB for the order-5 and order-7 balanced filters,
respectively.

Finally, by comparing the proposed filter with other ap-
proaches, it has been found that the combination of size,
performance, and easy fabrication (vias are not present and
only two metal levels are required) makes the approach very
competitive. This fact is worth highlighting since the reported
filters can be automatically synthesized by means of a com-
pletely unattended ASM process.
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Abstract This chapter deals with the automated and unattended design of planar
wideband bandpass filters by means of aggressive space mapping (ASM) optimi-
zation. The approach can be applied to bandpass filters based on semi-lumped el-
ement resonators (e.g., stepped impedance resonators, ring resonators, etc.) cou-
pled through admittance inverters (implemented with quarter-wavelength
transmission lines). It will be explained how the filter layout is automatically gen-
erated from filter specifications, i.e., central frequency, fractional bandwidth, in-
band ripple and order, without the need of any external aid to the design process.
For this purpose, a novel optimization algorithm based on two independent ASM
processes will be fully described. The proposed automatic design procedure will
be detailed and validated through its application to generate several filter layouts
starting from different sets of practical specifications.

1 Introduction

The synthesis of planar microwave circuits able to satisfy a set of given specifi-
cations is a subject of interest for microwave engineers. Despite the fact that most
commercially available computer aided design (CAD) tools and electromagnetic
solvers include optimizers, obtaining the circuit topologies that satisfy the design
requirements is not always straightforward. This design difficulty increases with
circuit complexity, and convergence to the optimum solution is not always guaran-
teed (for instance due to limitations related to local minima), unless the seeding
layout is already very close to the one providing the target response.



This chapter is focused on a specific type of planar circuits, of interest in many
different microwave applications, whose design requires significant computational
effort: high-order (and hence highly selective) wideband bandpass filters. There
are many approaches for the design of wideband planar microwave filters [1,2].
The interest in this chapter is the design of wideband bandpass filters based on
semi-lumped (i.e., electrically small and planar) resonant elements coupled
through admittance inverters [3] (see the generalized bandpass filter network in
Fig. 1). In principle, these filters can be designed by forcing the planar resonant
elements to exhibit the fundamental resonance at the filter central frequency, fj,
and the impedance slope at the value of the corresponding LC resonant tank of the
generalized bandpass filter network. With such network, standard filter responses
(e.g., Butterworth, Chebyshev) can ideally be achieved:. However, deviations
from the ideal responses are caused by the limited functionality of the inverters
(implemented by means of quarter-wavelength transmission lines at f) and by the
distributed effects of the planar resonators at sufficiently high frequencies. These
deviations are more pronounced if the filter is broadband, mainly because the re-
quired phase shift (90°) of the inverters is not preserved over the whole filter pass
band. Thus, broadband planar filters designed by implementing the inverters with
quarter-wavelength transmission line sections typically exhibit a bandwidth nar-
rower than the required one (nominal bandwidth), unless such bandwidth degrada-
tion is compensated at the design stage. One possibility to compensate for this nar-
rowing effect is to over-dimension the filter bandwidth [4]. However, this tends to
affect the reflection coefficient (ripple level in Chebyshev filters), and hence this
is not an optimum solution. In the present chapter, a systematic design procedure,
able to provide the filter layout satisfying the required specifications, and first re-
ported in [5], is studied in detail. Moreover, it will be shown that filter layout is
generated from the specifications and order following a completely unattended
scheme. Filter design is a two-step process. In the first step, the filter schematic
satisfying the specifications (optimum schematic) is obtained. This filter schemat-
ic consists in the generalized network of Fig. 1 with the admittance inverters re-
placed with quarter-wavelength transmission lines (not necessarily at fp) and the
lumped LC parallel tanks substituted by a reactive element network describing the
semi-lumped resonators. Once the optimum filter schematic is inferred, the second
step consists in determining the filter layout described by the optimum schematic.
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Fig. 1. Generalized bandpass filter network based on shunt LC resonators coupled through ad-
mittance inverters. From [5]; reprinted with permission.

! There are available expressions that provide the element values of the resonators from the filter
order, central frequency, bandwidth, and response type (see [3]).



Both design steps (optimum schematic and layout generation) are based on the
Aggressive Space Mapping (ASM) methodology [6], a technique that uses quasi-
Newton type iteration to obtain the optimum solution. The two-step design process
can in principle be applied to the automated synthesis of any type of wideband
bandpass filter implemented by means of semi-lumped resonators coupled through
admittance inverters. Planar resonant elements such as split rings, stepped imped-
ance resonators (SIRs), and combinations of inductive/capacitive stubs and capaci-
tive patches, among others, can be considered as semi-lumped resonators for filter
design based on the approach reported in this chapter.

Chapter organization is as follows. In Section 2, the general formulation of
ASM is presented. Section 3 is focused on the first design step, namely on the de-
termination of the optimum filter schematic. Thus, the first ASM iterative algo-
rithm will be presented through a guide example. The second design step (and
hence the second ASM), providing the filter layout, will be presented in Section 4.
In Section 5, further examples will be reported. Finally, in Section 6, the applica-
tion of the two-step ASM algorithm will be applied to the design of wideband bal-
anced filters.

2 General formulation of ASM

Among the considered techniques for microwave circuit synthesis and optimi-
zation, space mapping (SM), first proposed by Bandler et al. in 1994 [7], has re-
vealed to be a powerful and efficient approach. Since this seminal work, several
variants of SM have been proposed and applied to the synthesis and optimization
of many different microwave components, including not only planar circuits [6],
[8.,9], but also waveguide-based components [10]-[12]. The interest in this chapter
is on the so-called Aggressive Space Mapping (ASM) [6], an approach that uses
quasi-Newton type iteration to find the optimum solution of the considered prob-
lem, as mentioned before. ASM uses two simulation spaces [6,7], [13]: (i) the op-
timization space, X, where the variables are linked to a coarse model, which is
simple and computationally efficient, although not accurate, and (ii) the validation
space, X, where the variables are linked to a fine model, typically more complex
and CPU intensive, but significantly more precise. In each space, a vector contain-
ing the different model parameters can be defined. Let us call such vectors x; and
X for the fine and coarse model spaces, respectively, and let us designate by Rs(xs)
and R¢(x.) their corresponding responses. The goal in ASM is to minimize the fol-
lowing error function:
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where x. " is a vector containing the target parameters in the coarse model (so that
R«(Xc ) is the target response), and P(x;) is @ mapping function that gives (via a pa-
rameter extraction procedure) the corresponding coarse model parameters that
provide the same response of the fine model parameters.

Let us assume that x¥ is the j-th approximation to the solution in the validation
space, and f9 the corresponding error function to this solution. The next vector of
the iterative process x{4*? is obtained by a quasi-Newton iteration according to
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where h? is given by:
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and BY is an approach to the Jacobian matrix, which is updated according to the
Broyden formula [6]:
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In (4), f9*Y is obtained by evaluating (1), using a certain parameter extraction
method providing the coarse model parameters from the fine model parameters,
and the super-index T stands for transpose.

A typical scenario in ASM optimization is the determination of the layout of a
certain microwave circuit (e.g., a filter) described by a lumped element equivalent
circuit model. In this case, the coarse model parameters are constituted by the set
of lumped elements describing the equivalent circuit, and the response (optimiza-
tion space) is, for instance, the set of S-parameters, that can be inferred from the
electrical analysis of the circuit model. The fine model parameters are a set of
geometrical values defining the layout geometry, and the response in the valida-
tion space is also given by the S-parameters, typically inferred from electromag-
netic simulation by means of commercial solvers. Note that the substrate parame-
ters, necessary for the electromagnetic simulations, i.e., thickness, dielectric
constant, and loss tangent, are not optimization variables. The second step in the
ASM based optimization method studied in this chapter is very similar to the ex-
ample of the present paragraph (despite the fact that the considered filters are de-
scribed by a combination of lumped and distributed components). Namely, the fil-
ter layout is synthesized from the circuit schematic in the second ASM algorithm.
However, the main relevant aspect of the two-step ASM iterative process concerns
the first ASM stage, where the schematic satisfying the filter requirements is de-
termined from the nominal specifications [5]. In the next two sections, these two



ASM algorithms are carefully and independently analyzed, using for that purpose
a guide example for better understanding.

3 First ASM algorithm: determination of the optimum filter
schematic

The objective of the first ASM algorithm is the determination of the filter
schematic able to satisfy the filter requirements (specifications). It can be applied
to any type of bandpass filter described by a set of semi-lumped resonators cou-
pled through admittance inverters, where the replacement of the inverters with
quarter-wavelength transmission lines in the schematic, which results from direct
application of the design formulas [3], degrades the bandwidth. Thus, the objec-
tive is to automatically find the filter schematic providing the target response.
Such schematic will be designated as optimum filter schematic from now on. It is
important to note that each specific filter requires a particular ASM algorithm, and
for that reason, a representative case example is considered throughout this section
and the next one?. Let us thus first present the considered wideband bandpass fil-
ters, including their schematic and topology, and then we will describe the first
ASM algorithm for the determination of the optimum filter schematic.

The topology and schematic of the case example filters are depicted in Fig. 2
[14]. The shunt resonators are implemented through a combination of stepped im-
pedance resonators (SIRs) and grounded stubs. The SIRs provide transmission ze-
ros (at frequencies designated as f,) above the central filter frequency, f, which are
useful for spurious suppression and for achieving a pronounced fall-off above the
upper band edge. Moreover, with the parallel combination of SIRs and inductive
stubs, the susceptance slopes at the filter central frequency can be made small, re-
sulting in broad fractional bandwidths [14]. In the filter schematic, the resonators
L,-C,i describe the SIRs, the inductances L; account for the grounded stubs (i de-
notes the filter stage), and the quarter-wavelength transmission line sections corre-
spond to the admittance inverters in the canonical prototype network (Fig. 1).

As mentioned before, at the schematic level, deviations from the target re-
sponse (given by the network of Fig. 1 that results from specifications and trans-
formation from the low-pass filter prototype), are due to the limited functionality
of the inverters and to the fact that the considered resonators (Fig. 2b) are not
purely parallel resonant LC tanks, but inductors connected to series resonators in
shunt configuration. However it does not mean that the intended filter response (or
at least a very good approximation in the region of interest) cannot be achieved
with a certain schematic (described by the circuit of Fig. 2b). The hypothesis is
that there exists a set of specifications, different than the target, that provide a fil-

2 Nevertheless, the reported ASM algorithm can be easily adapted to different type of filters (i.e.,
considering different semi-lumped resonators).



ter schematic satisfying the target specifications [5]. This schematic is obtained by
replacing the ideal admittance inverters of the canonical network with quarter-
wavelength (not necessarily at f;) transmission line sections, and the LC parallel
resonators with the resonators L-C,; connected in parallel to the inductances L,
with the reactance values necessary to obtain the reactance slope and central fre-
quency of the given specifications (different from the target)®. This means that it is
necessary to tailor the parameters of the circuit schematic of Fig. 2(b), that is, the
reactive parameters (L., Ci and L) and the electrical lengths (at fo) of the trans-
mission line sections. Let us now present an ASM-based algorithm that automati-
cally re-calculates these parameters in order to satisfy the filter specifications, thus
providing the optimum filter schematic.
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Fig.2. Typical topology (a) and circuit schematic (b) of the wideband bandpass filters considered
as case example. The topology corresponds to an order-5 filter. From [5]; reprinted with permis-
sion.

Let us consider that the filter order, n, is known. The filter order is determined
by the required filter selectivity. However, it is important to bear in mind that the
responses obtained by the proposed filters are more selective than the Chebyshev
responses at the upper transition band (due to the transmission zeros), but some-
how less selective at the lower transition band (for the same specifications, i.e.,
central frequency, fractional bandwidth and ripple). Therefore, although the order
can in principle be estimated by considering the standard Chebyshev response, it
might be necessary to increase it if the resulting response does not satisfy the se-
lectivity requirements below the pass band. Nevertheless, the ASM algorithm to
determine the optimum filter schematic is very fast, and hence a new optimum fil-
ter schematic with a higher order (and hence higher selectivity) can be easily in-
ferred.

By considering a quasi-Chebyshev response?, the filter specifications are the
central frequency, f,, the fractional bandwidth, FBW, and the in-band ripple level

3 The additional condition to univocally determine the three element values of the resonators is
the transmission zero frequency, set to a fixed value.

4 As mentioned, the filter responses are similar, but not identical, to the standard Chebyshev re-
sponses.



Lar (or minimum return loss level). On the other hand, as many transmission zeros
as SIRs (and hence order) can be forced. However, it is convenient to set all the
transmission zeros to f, = 2fy, since this is an efficient strategy to achieve spurious
suppression, and to improve filter selectivity above the upper band edge [4, 14].
From the well-known impedance and frequency transformations from the low
pass filter prototype [3], and assuming a Chebyshev response, the reactive ele-
ments of the shunt resonators of the network of Fig. 2 (L, Cyi, and L) can be
easily inferred. The three conditions to unequivocally determine L,, C,, and L, are:
(i) the filter central frequency, given by
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(ii) the transmission zero frequency
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and (iii) the susceptance slope at f; (dependent on the filter stage):
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In (5) and (7), the right hand side terms are the resonance frequency and sus-
ceptance slope, respectively, of the LC resonant tanks in the circuit of Fig. 1 cor-
responding to the required Chebyshev response. Without loss of generality, the
admittance of the invertersissetto J=0.02 S 5.

Let us consider for the case example an order-5 (n = 5) Chebyshev response
with fy = 2.4 GHz, FBW = 40% (corresponding to a 43.96% —3-dB fractional
bandwidth®) and L, = 0.2 dB [5]. From (5)-(7), the element values of the shunt
resonators are found to be those indicated in Table 1.

5 For a given filter response, there is not a unique solution for the network of Fig. 1. Howev-
er, if the admittance of the inverters is set to a certain value (typically J = 0.02 S, as considered
in the guide example), then the element values of the resonators are univocally determined. This
is a usual procedure, although sometimes the resonator elements are all fixed to the same value,
and the resulting admittance of the inverters is univocally determined by the design equations.

6 Note that for Chebyshev bandpass filters the fractional bandwidth is given by the ripple lev-
el and is hence smaller than the —3-dB fractional bandwidth. However, the considered fractional
bandwidth in this chapter is the —3-dB fractional bandwidth, since the ripple level is not constant
in the optimization process (to be described). Thus, from now on, this —3-dB fractional band-
width is designated as FBW, rather than FBW 345 (as usual), for simplicity, and to avoid an ex-
cess of subscripts in the formulation.



Table 1 Element Values of the Shunt Resonators [5].

Stage L, (nH) L, (nH) Cr (pF)
1,5 1.3202 0.4401 2.4983
2,4 1.3226 0.4409 2.4937
3 0.8164 0.2721 4.0400

The quasi-Chebyshev filter response (i.e., the one inferred from the schematic
of Fig. 2(b), but with ideal admittance inverters), depicted in Fig. 3, is similar to
the ideal Chebyshev response in the pass band region, and it progressively devi-
ates from it as frequency approaches f,, as expected. The discrepancies are due to
the fact that the shunt resonator is actually a combination of a grounded series res-
onator (providing the transmission zero) and a grounded inductor. The quasi-
Chebyshev response satisfies the specifications to a rough approximation. Hence
the target is considered to be the ideal Chebyshev response, except for the trans-
mission zero frequency.

Quasi-Chebyshev with 2/4 inverters
- -—-- Quasi-Chebyshev
UEEERERRER Chebyshev (target)

Frequency (GHz)

Fig. 3. Quasi-Chebyshev response of the filter that results by using the element values of Table 1
and ideal admittance inverters (dashed line), compared to the filter response that results by re-
placing the ideal inverters with quarter wavelength transmission lines (black solid line), and with
the ideal Chebyshev (target) response. From [5]; reprinted with permission.

Let us now replace the ideal admittance inverters with quarter wavelength
transmission lines. The resulting response is further modified, as revealed by the
significant bandwidth reduction (see Fig. 3). These results reveal that the three-
element resonators and the limited functionality of the quarter-wavelength trans-
mission lines (acting as admittance inverters) degrade the filter bandwidth, as an-
ticipated before, and point out the need to recalculate the element values and elec-
trical lengths of the line sections of the filter schematic of Fig. 2(b), in order to



satisfy the specifications. To this end, a new ASM concept that carries out the op-
timization at the schematic level has been proposed [5], and it is detailed in the
following paragraphs.

The main hypothesis in the development of the iterative ASM algorithm able to
provide the optimum filter schematic is to assume that there is a set of filter speci-
fications, different than the target, that leads to a filter schematic (inferred by sub-
stituting the ideal admittance inverters with quarter wavelength transmission
lines), whose response satisfies the target specifications. Let us now try to define
the optimization (coarse model) space and the validation (fine model) space in the
proposed ASM iterative scheme. The first one is constituted by the set of specifi-
cations, fo, FBW, L., being its response the ideal Chebyshev response -target re-
sponse- depicted in Fig. 3. The validation space is constituted by the same varia-
bles, but their response is inferred from the schematic of Fig. 2(b), with element
values calculated as specified above, and quarter wavelength transmission lines at
fo, where fy is the considered value of this element in the validation space (not nec-
essarily the target filter central frequency). The variables of each space are differ-
entiated by a subscript. Thus, the corresponding vectors in the coarse and fine
models are written as X. = [fo,, FBW,, Larc] and xs = [for, FBWYs, Last], respectively.
The optimum coarse model solution (target specifications) is expressed as x. =
[foe s FBW,", Larc ]. Notice that the transmission zero frequency, necessary to une-
quivocally determine the element values of the shunt resonators, is set to f, = 2f,
as indicated before. Hence f, is not a variable in the optimization process.

Following the standard procedure in ASM, the first step before starting the iter-
ative process is to make an estimation of the initial vector in the validation space,
x{V. Since the variables in both spaces are the same ones, the most canonical (and
simplest) procedure is to consider x{) = x.". From x{?, the response of the fine
model space is obtained (using the schematic with quarter wavelength transmis-
sion lines), and from it, the parameters of the coarse model can directly be extract-
ed by direct inspection of that response, i.e., x.® = P(x{"). Applying (1), the first
error function can be obtained. To iterate the process (obtaining x{® from (2), us-
ing (3)), the Jacobian matrix must be initiated. To this end, the parameters of the
fine model, for, FBW;, Lat, are slightly perturbed, and the effects of such perturba-
tions on the coarse model parameters, fo., FBW,, Lar, are inferred. Thus, the first
Jacobian matrix is given by:

sf,  of,  of,
5f, OFBW, 4L,
SFBW, SFBW, SFBW, ®
sf, SFBW, 4L,
oL, oL, Ol
5f,  OFBW, JL,,
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Once the first Jacobian matrix is obtained, the process can be iterated until
convergence is obtained. At each iteration, the elements of the coarse space vec-
tor, x., are compared to the target (filter specifications), X, and the error func-
tion is calculated according to:

2 2 2
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The scheme of the proposed ASM algorithm is depicted in Fig. 4.
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x; =[f, FBW,,L, ]

Coarse Model
Ideal Chebyshey Response

netio
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Fig. 4. Flow diagram of the first ASM algorithm. From [5]; reprinted with permission.

Applying the first ASM algorithm to the considered example (x. = [foc ,
FBW., Lac ] = [2.4 GHz, 43.96%, 0.2 dB]), the error function rapidly decreases,
being the error smaller than 1.2% after N = 13 iterations. The evolution of the er-
ror function is depicted in Fig. 5. The fine model parameters for N = 13 are x** =
[for®, FBWH™, Lai™] = [2.4690 GHz, 65.53%, 0.4413 dB], and the coarse mod-
el parameters are X, = [fo™, FBW "), Lo™¥] = [2.3999 GHz, 43.75%, 0.1978
dB]. Note that x{*® is appreciably different than x.". The optimum filter schemat-
ic is the one given by the last fine model response (which provides an error below
a predefined value). The elements of the shunt resonators for this optimum filter
schematic are indicated in Table 2, whereas the 50-Q line sections are quarter-
wavelength transmission lines at fo™> = f," = 2.4 GHz.
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Fig. 5. Evolution of the error function of the first ASM algorithm for the considered example.
From [5]; reprinted with permission.

Table 2. Element Values of the Shunt Resonators for the Optimum Filter Schematic [5].

Stage L, (nH) L (nH) C: (pF)
15 1.6090 0.5363 1.9368
2,4 2.1196 0.7065 1.4703
3 1.0685 0.3562 2.9168

The response of the optimum schematic is compared to the target response in
Fig. 6. The agreement in terms of central frequency, bandwidth and in-band ripple
is very good, as expected on account of the small error function that results after
13 iterations. Note, however, that the position of the reflection zero frequencies
are different in both responses. The reason is that these frequency positions are not
goals in the optimization process. Unavoidably, it is not possible to perfectly
match the Chebyshev (target) response by replacing the ideal admittance inverters
with transmission line sections, and the LC shunt resonators of Fig. 1 with the res-
onators of the schematic of Fig. 2(b). Nevertheless the synthesized circuit fulfills
the target specifications, and hence it is the optimum filter schematic. This sche-

matic is used as the starting point in the ASM algorithm developed to obtain the
filter layout, to be described in the next section.
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Optimum schematic (N=13)
ffffff Schematic (N=2)
--------- Chebyshev (target)
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Fig. 6. Response of the optimum filter schematic, derived from the ASM algorithm, compared
with the Chebyshev target response. The response at the second iteration (N = 2), also included,
is very close to the final solution (N = 13). From [5]; reprinted with permission.

4 Second ASM algorithm: determination of the layout

To determine the filter layout from the optimum filter schematic, a second
ASM algorithm is considered. Each filter cell is synthesized from the element val-
ues of the shunt resonator and the characteristic impedance of the cascaded A/4 (at
fo™¥) transmission lines independently. This second ASM process involves three
stages: (i) determination of the resonator layout, (ii) determination of the line
width, and (iii) optimization of the line length. Let us now discuss in detail the
implementation of these three specific ASM algorithms.

4.1 Synthesis of the Resonators

In order to obtain the layout of the filter resonators, composed by the SIRs con-
nected in parallel to the grounded stubs, a specific ASM iterative process is ap-
plied. The variables in the optimization space are the resonator elements, i.e., X, =
[Ly, L, Ci], and the coarse model response is obtained through circuit simulation.
The validation space is constituted by a set of variables defining the resonator lay-
out. In order to deal with the same number of variables in both spaces, the widths
of the grounded stubs, Wy,, as well as the widths of the low- and high-impedance
transmission line sections of the SIRs, W, and W, respectively, are set to fixed
values. Specifically, the values of W¢, and W, = Wy, indicated in Tables 3 and 5
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have been considered. There is some flexibility to choose these widths, but it is
convenient to consider wide capacitive and narrow inductive sections in order to
reduce the length of the SIRs and inductive stubs. Nevertheless, extreme widths of
the capacitive sections are not convenient, in order to avoid transversal resonances
in the frequency region of interest (i.e., up to frequencies above f;) [15]. The
widths of the inductive sections must be set to values above the tolerance limits
(representing a good balance between SIR/stub dimensions and fabrication accu-
racy). Thus, the variables in the validation space are the remaining dimensions of
the shunt resonators, that is, the length of the grounded stub, 1, and the lengths I,
and ¢, of the high- and low-impedance transmission line sections, respectively, of
the SIR (i.e., X¢ = [lp, lir, lcr]). The fine model response is obtained through elec-
tromagnetic simulation of the layout, inferred from the fine model variables plus
the fixed dimensions (specified above) and substrate parameters. Let us consider
in the present guide example the substrate parameters of the Rogers RO3010 with
thickness h = 635 um and dielectric constant & = 10.2.

Following the general scheme of the ASM optimization described in Section II,
to initiate the algorithm it is necessary to obtain an initial layout for the SIR and
shunt stub. This is obtained from the well-known (and simple) approximate for-
mulas providing the inductance and capacitance of a narrow and wide, respective-
ly, electrically small transmission line section [16]. Isolating the lengths, the fol-
lowing results are obtained:

Lv
|| =—o (10a)
Lr Zh
ler =CVyZ, (10b)
Lv
JR— -1 10c
Lp Zh ( )

where vy, and vy, are the phase velocities of the high- and low-impedance trans-
mission lines sections, respectively, and Z, and Z, the corresponding characteristic
impedances. Once the initial layout (i.e., x(") is determined, the circuit elements
can be extracted from the electromagnetic response using (5)-(7). This provides
x = P(x{Y), and using (1), the first error function can be inferred. To iterate the
process using (2), with h® derived from (3), a first approximation of the Jacobian
matrix is needed. Following a similar approach to the one explained in Section 3,
the lengths I, Iir, lcr are slightly perturbed, and the values of L, L, and C; result-
ing after each perturbation are obtained from parameter extraction. The first
Jacobian matrix can thus be expressed as:
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By applying this procedure to the resonator elements of each filter stage, the
corresponding layouts of the SIRs and grounded stubs are determined.

4.2 Determination of the Line Width

The initial line width is estimated from the formulas provided in several mi-
crowave textbooks (for instance [17]). Once the initial width is estimated, the spe-
cific ASM algorithm developed to determine the line width is applied. In such
one-variable ASM scheme, the initial Jacobian matrix (actually just composed of
one element) is inferred by perturbing the line width and obtaining the characteris-
tic impedance through electromagnetic simulation (i.e., the fine model variable is
the line width, W, whereas the variable of the coarse model is the characteristic
impedance).

4.3 Optimization of the Line Length (Filter Cell Synthesis)

As previously mentioned, the length of the lines cascaded to the resonant ele-
ments is optimized by considering the whole filter cell. Let us define Il as the
length of the cell excluding the width of the grounded stubs, Wy, (roughly corre-
sponding to A/4 at fo*¥). To determine l o, a single parameter ASM optimization
is applied to the filter cell (filter cell synthesis), where the initial value of Il is in-
ferred from the well-known formula [15] that gives the line length as a function of
the required phase (90°) and frequency (fs*). At this stage, the ASM optimiza-
tion consists of varying the length of the lines cascaded to the resonator until the
required phase at fo™ (i.e., 90°) per filter cell is achieved (the other geometrical
parameters of the cell are kept unaltered). The phase is directly inferred from the
frequency response of the cell obtained from electromagnetic simulation at each
iteration step.

Once each filter cell has been synthesized, the cells are simply cascaded to
generate the final filter layout (coupling between adjacent resonators is not taken
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into account since the results reveal that this effect is not significant). The scheme
of the complete ASM process able to automatically provide the layout from the
optimum filter schematic, and consisting of three independent quasi-Newton itera-
tive algorithms, is depicted in Fig. 7. Using the element values of Table 2, corre-
sponding to the optimum filter schematic of the example reported in section I,
where the lines present between adjacent resonators exhibit a characteristic im-
pedance of Z,= 50 Q and an electrical length of 90° at fo"™ = 2.4690 GHz, the se-
cond ASM algorithm was applied to automatically generate the filter layout
(which is actually the one depicted in Fig. 2). The dimensions are summarized in
Table 3, except the line width, which does not depend on the filter stage, i.e., W =
0.6055 mm. Notice that the cell length slightly varies from cell to cell. This varia-
tion is due to the phase effects produced by the different resonators, and justifies
the need to optimize the length of the lines by considering the complete filter cell
(as described in the preceding paragraph).

Line Width
@ Optimization

o
Xt = x() 1 h)

| Find the EM responsc of x(9

Find the EM response of x{)

Resonator R, (x{") R, (x{I)
Optimization i=i+l 7 "
v | .
| Extract parameters to tind | | Extract parameters to tind || Update
X =P(x{") | | X =P(x{™)

‘ Determine the error function. () ‘ ‘ Determine the error function. £ ‘

v
@

Fig.7. Flow diagram of the second ASM algorithm. The sub-process depicted at the right of the
figure represents a typical ASM algorithm used in each optimization process (particularly the in-
dicated one is for the resonator optimization). Notice that the loop must be executed (n+1)/2
times, n being the filter order (which is assumed to be odd), since for odd Chebyshev response
the cells i and n+1-i are identical. However, this does not affect line width optimization since
line width is identical for all filter stages. From [5]; reprinted with permission.

Table 3. Geometry Parameters of the Synthesized Order-5 Filter [5].

Stage I, (mm) ler (MmM) Ip (mm) leen (MmM)  We, (Mm) Wy, (mm)
15 0.7062 3.6710 2.5955 11.4003 2 0.3
2,4 1.9438 2.1037 4.2334 11.2583 2 05

3 0.4725 3.7461 1.6629 11.4786 3 0.3
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The electromagnetic simulation (excluding losses) of the synthesized filter is
compared to the response of the optimum filter schematic and to the target (ideal
Chebyshev) response in Fig. 8. The agreement between the lossless electromag-
netic simulation and the response of the optimum filter schematic (where losses
are excluded) is very good, pointing out the validity of the second ASM synthesis
method. The fabricated filter and the measured frequency response are depicted in
Fig. 9. The measured response is in reasonable agreement with the lossy electro-
magnetic simulation, and reveals that filter specifications are satisfied to a good
approximation. Slight discrepancies between the measured response and the lossy
electromagnetic simulation can be mainly attributed to inaccuracies in the dielec-
tric constant provided by the substrate supplier, although they can be also influ-
enced by fabrication related tolerances, substrate anisotropy and foil roughness.
Nevertheless, these effects are not considered in the optimization process, because
the aim is to automatically obtain the filter layout providing a lossless electromag-
netic simulation able to satisfy the specifications.

EM Sim. without losses
————— Optimum schematic (N=13)
-+« Chebyshev (target)

811 ' S21 (dB)

-80 F i . )
1 2 3 4 5
Frequency (GHz)

Fig.8. Lossless electromagnetic simulation of the synthesized order-5 filter, compared to the re-
sponse of the optimum filter schematic and target response. From [5]; reprinted with permission.

It is worth highlighting that layout generation with the reported two-step ASM
procedure (synthesis of the filter schematic and synthesis of the filter layout) is
obtained following a completely unattended scheme. External action is only re-
quired in the first step, to provide the filter specifications, which are the input var-
iables of the proposed two-step ASM algorithm.
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Measurement
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70 - S /

g0l . : :

1 2 3 4 5 6 7
Frequency (GHz)

Fig. 9. Photograph of the fabricated order-5 filter (a) and measured response compared to the

lossy electromagnetic simulation (b). The layout of the fabricated filter is the one depicted in Fig.
2. From [5]; reprinted with permission.

5 Further examples of filter synthesis

In order to demonstrate the potential of the two-step ASM algorithm for the
synthesis of filters based on SIRs and shunt inductive stubs, let us now apply the
developed tool to the synthesis of a higher order filter with the following specifi-
cations: order n = 7, central frequency f, = 3.0 GHz, fractional bandwidth FBW =
37.2 % (-3-dB fractional bandwidth) and ripple level Lo = 0.12 dB. Application
of the first ASM algorithm gives the schematic with element values indicated in
Table 4 and 90° (at fi® = 3.0638 GHz) transmission line sections. Convergence
has been achieved after N = 8 iterations, when the error function is as small as
0.1%.

Application of the second ASM algorithm, considering the substrate used for
the filter of the previous section (Rogers RO3010 with thickness h = 635 um and
dielectric constant & = 10.2), provides the filter geometry indicated in Table 5.
Figure 10 shows the layout of the filter and the lossless electromagnetic simula-
tion, compared to the optimum filter schematic and target responses. The fabricat-
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ed filter is depicted in Fig. 11, together with the measured response and the lossy
electromagnetic simulation. Again, very good agreement between the different re-
sponses can be appreciated, and the filter response satisfies the considered specifi-

cations.

Table 4. Element Values of the Shunt Resonators for the Optimum Filter Schematic of the 7th

Order Filter
Stage L, (nH) L, (nH) Cr (pF)
1,7 1.6280 0.5427 1.2431
2,6 1.1377 0.3792 1.7788
35 0.8442 0.2814 2.3974
4 1.0073 0.3358 2.0092

(@)

0
| —— EM Sim. without losses
10} = — = Qptimum schematic
| - Chebyshev (Target)
20 -
o 30f
&
_ -40 1
mc\l
_ 50| :
0 60
70 f
\
-80 e o4
1 5 6 7

Frequency (GHz)

Fig.10. Layout of the synthesized order-7 filter (a), and lossless electromagnetic simulation com-
pared to the response of the optimum filter schematic and target response (b).



19

Measurement
- — EM Sim. with losses

S‘|1 : 821 (dB)

Frequency (GHz)

Fig. 11. Photograph of the fabricated order-7 filter (a) and measured response compared to the
lossy electromagnetic simulation (b).

Table 5. Geometry Parameters of the Synthesized Order-7 Filter

Stage Ir (mm) Icr (mm) Ip (Mm) lcen (Mm) Wer (Mm) Wip(mm)

1,7 1.0493 1.9982 2.6430 9.0701 2.0 0.3
2,6 0.4612 3.2080 1.7949 9.1020 2.0 0.3
3,5 0.4407 2.7972 1.2780 9.2243 3.0 0.3
4 0.5882 2.3437 1.5738 9.1482 3.0 0.3

This additional example of an order-7 filter with different specifications (as
compared to the 5th order filter reported before), and other synthesized higher or-
der filters reported in [5], demonstrate that the two-step ASM algorithm discussed
in this chapter is a powerful tool to automatically provide the layout of the consid-
ered type of filters. In principle, the reported two-step ASM tool can be applied to
any type of filter consisting on semi-lumped resonators coupled through admit-
tance inverters. For instance application to wideband bandpass filters based on
open complementary split ring resonators (OCSSRs) coupled through admittance
inverters, first reported in [18], can be envisaged. It is also possible to apply the
reported two-step ASM technique to the synthesis of wideband balanced bandpass
filters. Indeed, this is the subject of the next section.
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6 Synthesis of wideband balanced bandpass filters

The design of differential-mode wideband bandpass filters with common-mode
noise suppression has been an object of growing interest in recent years [19-27].
These filters are key elements in balanced circuits and systems (e.g., high-speed
digital circuits), of increasing demand for their inherent high immunity to noise,
electromagnetic interference (EMI) and crosstalk. The design of balanced filters
by means of resonant elements coupled through differential-mode quarter-
wavelength admittance inverters suffers from the same limitations than the single-
ended counterparts, i.e., bandwidth degradation [24]. Hence the application of the
two-step ASM scheme presented before is fully justified for the automated design
of these differential-mode bandpass filters. As an illustrative example, the filter
type considered in this section is based on mirrored SIRs coupled through admit-
tance inverters [24]. The typical layout is depicted in Fig. 12(a). The central metal-
lic patches of the mirrored SIRs introduce common-mode transmission zeros, use-
ful for the suppression of that mode in the differential filter pass band.

The mirrored SIRs are described by means of a combination of capacitances
and inductances, as indicated in the schematic of Fig. 12(b). Note that the sym-
metry plane is an electric wall for the differential-mode, and hence the capacitanc-
es C, do not play an active role for that mode (they are grounded). Thus, the
equivalent circuit schematic for the differential-mode is the canonical circuit of a
bandpass filter (Fig. 12c) [5]. Conversely, the symmetry plane for the common-
mode is a magnetic wall (open circuit) and the equivalent circuit schematic is the
one depicted in Fig. 12(d). The resonators L,-C, provide transmission zeros that
are useful for the suppression of the common-mode in the region of interest (dif-
ferential filter pass band). According to the schematics of Figs. 12(c)-(d), the posi-
tion of the transmission zeros does not affect the differential-mode response.

For the synthesis of the filter, the two-step process described above, conven-
iently modified, can be applied. Notice that for the determination of the circuit
schematic for the differential mode, the capacitances C, do not play a role. More-
over, for the differential mode, the shunt resonators only depend on two elements,
and hence they are determined from the filter central frequency and reactance
slope. An important difference, as compared to the first ASM algorithm reported
in Section 3, is that in this case the resonators are considered to be identical, (and
thus Ly = L, and Cy; = C, for i =1,2,...,n), whereas the admittance of the inverters
depends on the device stage. The reason is that, from a topological point of view,
it is convenient to implement the filter layout with identical mirrored SIRs, since
the admittance inverters can thus be implemented by transmission line sections
parallel to the line axis.
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Fig. 12. Typical topology (order-3) of the considered balanced wideband bandpass filters (a),
circuit schematic (b), and circuit schematic for the differential (c) and common (d) modes.
Dimensions, in millimeters, correspond to the designed prototype.
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Let us consider the following differential filter specifications: n = 3,
fo=2.4 GHz, FBW = 40% (corresponding to a 52.98% —3dB fractional bandwidth,
considered in the optimization) and L, = 0.15 dB. The ideal Chebyshev response
is depicted in Fig. 13. Such response is achieved by considering L, = 1.1637 nH,
Co= 3.7779 pF and ideal admittance inverters with Jo; = J34 = 0.02 S,
J12=J,3=0.0199 S. The application of the first ASM algorithm to the considered
example provides an error function smaller than 3.2% after N = 4 iterations. The
resulting fine and coarse model parameters are x{* = [fo® FBW®" La¥] =
[2.423 GHz, 65.78%, 0.332 dB] and X = [fo®, FBW,®, Lac™] = [2.3999 GHz,
0.5344%, 0.1546 dB], and the resulting response is depicted in Fig. 13. The ele-
ment values of the resonators are L, = 2.8195 nH, C, = 1.5302 pF, and the admit-
tance of the quarter wavelength (at fy”) transmission line sections are
Jo1=J34=0.02 S, J;, = J3=0.0223 S. To complete the schematic of Fig. 12(b),
the capacitances C, must be set to a certain value. In this example, all the trans-
mission zero frequencies have been set to the same value, i.e., f, =1.1f,. This gives
a good common-mode rejection ratio (CMRR) in the whole differential filter pass
band. With this value of f, the value of the central patch capacitances is
C,=2.3302 pF.

= Dptimum Schematic
= = Chebyshev with 4 inverters
Chebyshev (Target)

) 12 16 20 24 28 32 36 40 44 48

Frequency (GHz)

Fig.13. Ideal Chebyshev response of the differential bandpass filter, response that results by re-
placing the ideal inverters with quarter wavelength transmission lines, and response of the opti-
mum schematic that results after applying the first ASM algorithm.

The second ASM algorithm, necessary to determine the filter layout, is similar
to the one reported in Section 4. The resulting layout is the one depicted in Fig.
12. The lossless electromagnetic response is very close to the response of the
schematic and hence to the target response (see Fig. 14). The fabricated device
(depicted in Fig. 15) exhibits a frequency response in very good agreement to the
lossy electromagnetic simulation (see Fig. 15b). As for the single-ended filter syn-
thesis reported before, the layout of the balanced filter has been determined from
the specifications without the need of any further action during the optimization
process. The results of this section demonstrate that the two-step ASM scheme an-
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alyzed in this chapter is also useful for the synthesis of common-mode suppressed

balanced filters based on resonators coupled through admittance inverters.
0

——EM Sim. without losses
= = Qptimum schematic

12 16 20 24 28 32 36 40 44 48
Frequency (GHz)

Fig. 14. Lossless electromagnetic simulation of the synthesized order-3 balanced filter, compared
to the response of the optimum filter schematic.

— Measurement
= = = EM Sim. with losses
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Fig.15. Photograph of the fabricated order-3 balanced filter (a) and measured response compared
to the lossy electromagnetic simulation (b). The layout of the fabricated filter is the one depicted
in Fig. 12.
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7 Conclusions

In summary, a method for the automated and unattended design of single-ended
and balanced wideband bandpass filters based on shunt resonators coupled
through admittance inverters has been reviewed. It is based on aggressive space
mapping (ASM) optimization and is divided in two steps: a first ASM algorithm,
devoted to determine the filter schematic able to satisfy the specifications, and a
second ASM algorithm, that automatically determines the filter layout. With this
approach, the bandwidth degradation typical of wideband filters based on resona-
tors coupled through admittance inverters is solved, and the filter design does not
require any external action in the whole process. Several examples of filter design
have been reported to demonstrate the viability and flexibility of the method.
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This paper presents small balanced bandpass filters exhibiting wide differential-mode pass bands and high common-mode
suppression. The filters are implemented in microstrip technology and their topology consists of multisection mirrored
stepped impedance resonators (SIRs) alternating with mirrored interdigital capacitors. The mirrored SIRs provide the
required common-mode transmission zeros to achieve effective rejection of that mode in the region of interest, i.e. the
differential-mode pass band. An automated design method for such filters, based on aggressive space mapping, is reported.
The method uses the equivalent circuit model of both the mirrored SIRs and the interdigital capacitors, and filter synthesis
is based on a quasi-Newton iterative algorithm where parameter extraction is the key aspect. The automated design approach
is illustrated through an order-3 filter, where it is demonstrated that the filter topology is generated from the specifications. As
compared with previous balanced filters based on mirrored SIRs coupled through admittance inverters, the proposed filters of
this work are smaller and the design method is simplified, since bandwidth compensation due to the narrowband functionality

of the inverters is avoided.
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. INTRODUCTION

The design of differential-mode (or balanced) wideband band-
pass filters with common-mode noise suppression is a very
active research topic today [1-18]. These filters are fundamen-
tal elements in balanced circuits and systems (e.g. high-speed
digital circuits), of increasing demand for their inherent high
immunity to noise, electromagnetic interference, and cross-
talk. Filter size and performance, i.e. good differential-mode
characteristics (including a wide stop band) and significant
common-mode suppression in the region of interest (differen-
tial filter pass band), are the warhorses of the researchers
working on this topic. In this regard, we have recently pro-
posed a type of balanced filters, based on mirrored stepped
impedance resonators (SIRs), which fulfill these requirements
[10]. However, these filters are based on admittance inverters
implemented through quarter-wavelength transmission lines,
and hence size is not fully optimized (the filters in [10] can be
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considered to consist of a combination of semi-lumped and
distributed elements). Moreover, the limited (narrowband)
functionality of the admittance inverters means that a
method for bandwidth compensation is necessary if filter spe-
cifications must be satisfied to a good approximation. In [19],
such method was presented, and it was demonstrated that the
reported wideband balanced filters accurately reproduce
the desired response (typically a Chebyshev response) in the
region of interest. However, this method complicates signifi-
cantly the design of the filters, since the aggressive space
mapping (ASM)-based tool used for this purpose must
include an algorithm able to determine the schematic satisfy-
ing the specifications. This filter schematic is different than the
one directly inferred from the required filter response, pro-
vided the quarter wavelength transmission lines acting as
admittance inverters have a bandwidth limited functionality.
The result is that the unattended design method reported in
[19], inspired by the one reported in [20] for single-ended
filters, is actually based on a two-step ASM algorithm,
where first the optimum schematic is found, and then the
filter layout is generated. Nevertheless, by replacing the inver-
ters with interdigital capacitors, modeled as a series resonant
tank with parasitic capacitances (as it will be later detailed),
the structure can be roughly described by the canonical
circuit of a bandpass filter, filter size is reduced, and the first
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ASM algorithm is avoided since the resulting filter is com-
posed of semi-lumped elements accurately described by
their corresponding circuit models over wide frequency
ranges.

According to the previous paragraph, this paper presents
novel wideband balanced filters inspired by those reported
in [10, 19], but representing a clear improvement in terms
of size and design complexity. The paper is organized as
follows. In Section II, the filter topology and the lumped
element equivalent circuit model of the different filter stages
(mirrored SIRs and interdigital capacitors) are presented
and validated. The ASM method, used to automatically deter-
mine the filter layout once the elements of the equivalent
circuit of the filter are known (directly inferred from the spe-
cifications), is presented in Section III. Section IV presents an
illustrative example, in order to demonstrate the potentiality
of the method as a tool for the automated design of these
filters. Finally, the main conclusions are highlighted in
Section V.

Il. FILTER TOPOLOGY AND CIRCUIT
MODEL

The differential-mode microstrip bandpass filters proposed in
this paper are implemented by combining shunt connected
mirrored SIRs and series connected interdigital capacitors.
The typical topology is depicted in Fig. 1(a). Figures 1(b)
and 1(c) show the lumped element equivalent circuit model
of the mirrored SIRs and the interdigital capacitors. The mir-
rored SIRs are described by a combination of capacitances
(Cpi> Ci) and inductances (L, Lpqa,). The parasitic inductance
L,qr was neglected in previous works [10, 11], but it is neces-
sary to be included for an accurate description of the mirrored
SIR. The interdigital capacitors are modeled by a 7-model
with series resonators Lg;, Cg;, and shunt parasitic capacitors,

Cpar- Note that in previous works, where the inductance Ly,
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is ignored, the capacitance C,,,, is connected in parallel with
the capacitance C,; (differential mode), simplifying the
circuit model for the differential mode to the one of the
canonical circuit of a band pass filter, but this assumption is
not made here.

The symmetry plane of the filter is an electric wall for the
differential mode, and hence the capacitances C,; do not play
an active role for that mode (since they are grounded). Thus,
the equivalent circuit model for the differential mode is
roughly the canonical circuit of a bandpass filter, as depicted
in Fig. 1(d) [21] (note that the parasitic inductances L,
prevent from that canonicity, but since L, is small, the result-
ing responses are similar to those inferred from the canonical
circuit, as will be shown later). Conversely, the symmetry
plane for the common mode is a magnetic wall (open
circuit) and the equivalent circuit model is the one depicted
in Fig. 1(e). The resonators Ly-Ci provide transmission
zeros that are useful for the suppression of the common-mode
in the region of interest (differential filter pass band). It is also
worth-mentioning that the position of these common-mode
transmission zeros does not affect the differential-mode
response. To validate the filter model, we have separately con-
sidered the mirrored SIRs and the interdigital capacitors. The
simulated (using Keysight Momentum) response (differential-
and common-modes) of the mirrored SIR of Fig. 2(a) is
depicted in Fig. 2(b). We have extracted the circuit elements
by analyzing the series and shunt impedances of the
T-model. The shunt elements are derived from the
differential-mode resonance frequency of the shunt branch
(where Y, = 0) and the susceptance slope at this frequency.
On the other hand, since the series impedance is purely
inductive, the value of L, can be directly extracted at any
arbitrary point from the differential-mode response.
Concerning the capacitance C,, it is inferred from the
common-mode transmission zero. The resulting element
values, indicated in the caption of Fig. 2, provide the circuit
response also depicted in the figure, where excellent

L ar L ar
PI P ia P2
Co= 3Ly
Gz
- ]
Cp= Ly
P; Py’
LPG-" me'
(b)
L ar L.\) C\) L ar L nar
f p ; P}
(d)
C‘JZ L_nm— me.

b
Lp_?

(e)

Fig. 1. Typical topology of the proposed differential bandpass filters (a), lumped element equivalent circuit model for the mirrored SIR (b), circuit model of the
interdigital capacitors (c), circuit model for the differential-mode (d), and circuit model for the common mode (e).
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Fig. 2. Topology of the mirrored SIR used for model validation (a) and simulated frequency response for both modes - differential (b) and common (c). The
considered substrate is the Rogers RO3010 with thickness h = 254 pm and dielectric constant &, = 10.2. Dimensions are (in mm): lg, = 2.414, I;;, = 5.767,
le. = 1.763, Wi, = 1.200, and W, = 5.927. The element values are: L, = 1.1639 nH, C, = 3.5075 pF, Lyo, = 0.1819 nH, and C, = 3.1225 pF.

agreement with the electromagnetic simulation can be appre-
ciated. For the pairs of interdigital capacitors the separation is
so large that the differential- and common-mode models are
identical. Let us consider the interdigital capacitor depicted
in Fig. 3(a), with frequency response inferred from electro-
magnetic simulation depicted in Fig. 3(b). Notice, that, in

this case, the window in the ground plane, necessary to
enhance the inductance L; and decrease the capacitance
Cpar is circularly shaped in order to minimize the interaction
between both resonators. Parameter extraction provides the
element values indicated in the caption of Fig. 3. In this
case, the element values are inferred be means of resonance
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Fig. 3. Topology of the interdigital capacitor used for model validation (a) and simulated frequency response (b). The considered substrate is the Rogers RO3010
with thickness & = 254 pm and dielectric constant &, = 10.2. Dimensions are (in mm): R,, = 4.382, wy= 0.160, l;; = 4.015, and /= 0.7143. The element values

are: Ly = 9.5496 nH, C; = 0.4586 pF, and C,,, = 0.2728 pF.

of the series branch (where Z; = 0), the reactance slope at this
frequency, and the parasitic capacitance C,,, is obtained by
means of the shunt admittance. By obtaining the circuit
response of the corresponding model, it is found that the
agreement with the electromagnetic simulation is good as well.

1. FILTER DESIGN BY MEANS OF
ASM

Space mapping [22] is a technique that makes use of two
simulation spaces: the optimization space, X, where the vari-
ables are linked to a coarse model, which is simple and com-
putationally efficient, although not accurate; and the
validation space, Xg, where the variables are linked to a fine
model, typically more complex and CPU intensive, but signifi-
cantly more precise. In each space, a vector containing the dif-
ferent model parameters is defined. Such vectors are designated
as x¢ and x, for the fine and coarse model parameters, respect-
ively, and their responses are denoted as R{x¢) and R.(x.). In
this paper, an improved version of space mapping, ie. ASM
[23], which uses quasi-Newton-type iteration, is used. The
objective is to automatically determine the filter layout from
the specifications, without external aid in the process. In this
paper, a Chebyshev response for the differential mode is

considered. However, the equivalent circuit model for that
mode is not exactly the canonical model of a bandpass filter,
in which the elements can be determined from well-known
transformations [21] from the low-pass filter prototype.
Nevertheless, such transformations and filter specifications
provide the elements of the series (Ly, Cg;) and shunt (C,;
L,;) resonators. The parasitic elements are not design variables,
but they can be extracted and taken into account in the synthe-
sis procedure. Finally, the capacitances C,;, are dictated by the
position of the transmission zeros for the common mode.
The key aspect is to find the elements of the equivalent circuit
of the differential mode, including the parasitics, which
provide a response as close as possible to the target. Once the
elements of the equivalent circuit model of the filter are
known, the next step is the generation of the layout.

The two considered simulation spaces are constituted by
the filter layout (validation space) and by the equivalent
circuit (optimization space). It is worth to mention that, in
both spaces the conductor and substrate losses are not taken
into account for simplicity and to reduce the computation
cost. The variables in the validation space are formed by a
set of geometrical parameters of the filter, and the correspond-
ing response is obtained through electromagnetic simulation
(in this paper using the Keysight Momentum commercial soft-
ware); the variables in the optimization space are the elements



SMALL BALANCED WIDEBAND BANDPASS FILTERS BASED ON MIRRORED SIRS AND INTERDIGITAL CAPACITORS

of the equivalent circuit, and the response is given by the
circuit simulation, which can be easily inferred, e.g. by
means of Keysight ADS. Nevertheless, in this paper, rather
than obtaining the filter layout in a single process, we have
determined the layout of each filter stage independently and
finally all the isolated resonators are concatenated. However,
before detailing the ASM processes applied to determine the
layout of the mirrored SIRs and interdigital capacitors separ-
ately, let us briefly summarize the general formulation of ASM
for completeness.

A) General formulation of ASM

The first step before starting the iterative process is to make an
estimation of the first vector in the validation space, x{”. From
x{"), the response of the fine model space is obtained, and from
it we extract the parameters of the coarse model. This allows
us to obtain the first error function (by comparing to the

target, x,), i.e.
f(x¢) = P(x¢) — X7, (1)

where P(x¢) is the vector corresponding to the coarse model
parameters extracted from the response of the fine model.
To iterate the process following the standard quasi-
Newton-type ASM approach, the new fine model vector is
obtained according to

X = x4 h), (2)
where h” is given by:
h = —®B7) ') (3)

and BY is an approach to the Jacobian matrix, which is
updated according to the Broyden formula:

(4o _ g 4 £7RT
B =B+ S om0 @)

In (4), f9*? is obtained by evaluating (1), and the super-index
T stands for transpose. To initiate the Jacobian matrix, the ele-
ments of the fine model are slightly perturbed, being the
effects on the extracted parameters inferred, and expressed
as derivatives in matrix form. This process is iterated until
convergence is achieved (once the error function is smaller
than a certain predefined value).

B) ASM applied to the interdigital capacitors

Once the elements of the series resonator of the interdigital
capacitors are known, a specific ASM process for the deter-
mination of the layout giving such elements is necessary. In
this ASM algorithm, the variables in the optimization space
are x.= (L, C;), whereas the variables in the validation
space are the length of the inductive line, I;,, and the length
of the fingers, I5 i.e. X = (I, lp). The other geometrical para-
meters are set to 0.16 mm. The first vector of the validation
space, x{*), is estimated from approximate formulas providing
the inductance of a narrow inductive strip and the capacitance
of an interdigital capacitor [24]. Parameter extraction is
carried out as indicated in Section II. Finally, the first

approach to the Broyden matrix, necessary to iterate the
process as indicated above, is given by:

SL, oL,
6ZLS ailf

B=1sc sc | )
8. ol

With this ASM scheme, the layout providing the target ele-
ments of the series branch is determined, and from this
layout, the parasitic capacitance C,,, is also inferred. The
value of Cy,, is relevant since it must be subtracted to the cap-
acitance C,; of the mirrored SIRs, as it will be justified later.

3) ASM applied to the mirrored SIRs

The layout of the mirrored SIRs is determined using an ASM
algorithm with three variables. The variables in the optimiza-
tion space are the elements of the shunt resonator from the
circuit schematic for the common mode depicted in
Fig. 1(d), i.e. xc = (Lyi» Cpi» Cz). The validation space is consti-
tuted by a set of variables defining the resonator layout. In
order to deal with the same number of variables in both
spaces, the widths of the central patch, W¢,;, as well as the
widths of the high- and low-impedance transmission line sec-
tions of the SIRs, W,;, and W(,;, respectively, are set to fixed
values. Thus, the variables in the validation space are the
remaining dimensions of the shunt resonators, that is, the
length of the central capacitive patch, lc.;, and the lengths I,
and I¢,; of the high- and low-impedance transmission line sec-
tions, respectively, of the SIR (i.e. x¢ = (I» lcpis lczi))- The spe-
cific procedure to determine the layout is similar to the one
detailed in [20]. The first vector of the validation space, x,
is estimated from the well-known (and simple) approximate
formulas providing the inductance and capacitance of a
narrow and wide, respectively, electrically small transmission
line section [24]. Isolating the lengths, we obtain:

le = Zi;, , (6a)
ZCP = CPVZPZIP’ (6b)
lCz = CviZy, (6C)

where vj, and v, ; are the phase velocities of the high- and low-
impedance transmission lines sections, respectively, and Z;, and
Zy,- the corresponding characteristic impedances (note that the
sub-indices p, z in the phase velocity, and characteristic imped-
ance of the low-impedance transmission line sections are used
to differentiate the central, C,, and external, C,, patches).
Parameter extraction is carried out as specified in Section II.
Finally, the first approach to the Broyden matrix, necessary to
iterate the process, is given by:

8L, &L, oL,
8l 8l dle
6C, oC, oC

B = %’j ycz S ?)
6C, o6C, 6&C,
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With this ASM scheme, the layout providing the target ele-
ments of the shunt branch is determined, and from this
layout, the parasitic capacitance L,,, is also inferred.

D) Strategy to determine the circuit schematic
satisfying specifications

With the previous ASM algorithms, the layouts of the filter
stages corresponding to the interdigital capacitors and mir-
rored SIRs can be determined. However, the presence of the
parasitic elements forces us to recalculate the circuit schematic
taking into account such parasitics. The hypothesis in the
design process is to assume that once the parasitics are
inferred, following the processes indicated above, the values
do not significantly depend on the specific geometry. Hence,
the next step is to set the element values of the parasitics to
the inferred values, and consider the remaining elements as
variables that must be tuned at the circuit level in order to
satisfy the filter specifications. However, as long as the induct-
ance L, is small, as it has been verified, one expects that by
subtracting the parasitic capacitance C,,, to the capacitance
of the mirrored SIR, C,, the variables in the optimization
process do not need to be modified so much. Indeed, it has
been verified that it is enough to tune L, to satisfy the filter
specifications. Thus, by tuning this element, the final circuit
schematic, including the parasitics, is determined. Therefore,
the layout of the interdigital capacitors must be recalculated
following the previous ASM algorithms. Then the resulting
layouts are cascaded, and filter topology is thus constructed.

V. ILLUSTRATIVE EXAMPLE

As an example, let us consider the synthesis of an order-3
Chebyshev filter with fractional bandwidth FBW = 40%,
ripple L,, = 0.15 dB, and central frequency f, = 2.4 GHz. The
element values of the canonic circuit are: L, = 9.57087 nH,
C; = 0.495948 pF, L, = 1.1637 nH, and C, = 3.77899 pF. The
application of ASM to the interdigital capacitors provides the
layout depicted in Fig. 3, and the element values are also
depicted in the caption of Fig. 3 result. The error of this ASM
process after convergence is 0.3%. For the shunt branch, we
have reduced the value of the capacitance Cp,, from C,, for
the reasons explained before. The resulting layout by applying
the explained ASM procedure is the one depicted in Fig. 2,
and the element values are indicated in the caption. Less than
0.05% error has resulted in this case. Once the element values
are inferred, we have tuned L, at the circuit level in order to
recalculate the schematic, including parasitic that satisfies the
specifications. The value of L, has been found to be: L, =
9.06 nH. Figure 4 shows a comparison between the ideal
Chebyshev response, and the one of the optimized circuit sche-
matic. As can be seen, the responses are very similar, thus valid-
ating the approach based on the tuning of L, only. Once the new
value of L is found, it is necessary to recalculate the new layout
of the interdigital capacitor by applying the ASM algorithm
explained before. This layout is depicted in Fig. 5 (dimensions
are indicated in the caption), together with the frequency
response. The resulting element values are L;= 9.0644 nH,
C; = 0.4599 pF, C,a = 0.2706 pF, and the error is smaller
than 0.1%. Note that the parasitic capacitance C,, has
changed only slightly, as anticipated.

0
-10 -
o
T -20 -
a S
o -30
3
% 11
w
-40 - —— Schematic
with parasitics
Chebyshev
-50 : :

0.8 1.6 24 3.2 4.0 4.8
Frequency (GHz)

Fig. 4. Comparison between the ideal Chebyshev response and the frequency
response of the filter schematic including parasitic elements.

The layout of the final filter has been obtained by cascading
the three stages. It is depicted in Fig. 6(a), whereas the photo-
graph of the fabricated prototype is depicted in Fig. 6(b). The
LPKF H-100 drilling machine has been used for the fabrica-
tion of the prototype. The frequency response of the filter,
including the simulation of the optimum schematic, electro-
magnetic simulation, and measurement is depicted in Fig. 7.
The agreement between the electromagnetic simulation and
circuit simulation is reasonable, and discrepancies with the
measurement can be attributed to fabrication-related toler-
ances. The maximum measured insertion loss for the differen-
tial mode is 0.8 dB between 1.90 and 2.85 GHz (FBW = 40%),
whereas the return loss is higher than 14 dB within the same
frequency range. The common-mode response is reasonably
predicted by the circuit model, as depicted in Fig. 7(b).
Common-mode rejection is better than 17 dB in the whole
differential filter pass band with a maximum rejection of
58 dB at 2.5 GHz. Concerning dimensions, these are as
small as 24.0 x 17.5 mm?, that is 0.48 x 0.35A% (excluding
the tapered access lines), A being the guided wavelength at
the central filter frequency.

For comparison purposes, we include a table (Table 1)
where the size (effective area, expressed in terms of the
square wavelength at the filter central frequency, f,), and
filter performance, including the — 3 dB fractional bandwidth,
common-mode rejection ratio at f,, and differential-mode
insertion loss at 2f,, are provided. According to this table,
where filters with fractional bandwidth of the same order
are considered, the proposed filter exhibits a good balance
between size and performance. However, the main relevant
aspect of this paper is the fact that the filter has been designed
following an unattended procedure.

V. CONCLUSIONS

In conclusion, novel wideband differential-mode microstrip
bandpass filters with common-mode suppression, plus an
automated synthesis method for such filters, based on ASM,
have been presented in this paper. The filter has been
described by means of lumped elements, and it has been
demonstrated that the circuit model provides a good descrip-
tion of the filter response for both the differential- and
common-modes. As compared with previous wideband
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Fig. 5. Final layout of the interdigital capacitors (a) and frequency response (b). Dimensions are (in mm): R,, = 4.189, wy= 0.160, I;; = 3.820, and ;= 0.718. The

element values are: L; = 9.0644 nH, C; = 0.4599 pF, and Cy,, = 0.2706 pF.

balanced bandpass filters based on SIRs coupled through
admittance inverters (in practice implemented by means of
quarter-wavelength transmission line sections), the proposed
filters are described (differential mode) by an equivalent
circuit similar to the canonical model of a bandpass filter,
where the circuit schematic is composed by reactive elements
(inductances and capacitances). However, the circuit model
includes parasitic elements, and the design process takes
into account these elements. By replacing the inverters of

P, P,

Ly

Wr

P,

(a)

previous implementations (e.g. [19]) with interdigital capaci-
tors, a clear improvement in terms of filter size is achieved.
But also in terms of circuit design, since the ASM-based syn-
thesis method of these filters utilizes only one iterative step
(rather than two) for the determination of the filter layout
from the circuit schematic. It is remarkable that filter design
follows an unattended scheme, where the layout is generated
from the required Chebyshev (differential-mode) response.
The specific ASM synthesis tool has been explained in detail

(b)

Fig. 6. Final layout of the filter (a) and photograph of the fabricated prototype (b). The dimensions are (in mm): Wy = 24 and Ly = 17.5.

737



738

MARC SANS ET AL.

(dB), S, (dB)

oD
Fal

S

Schematic with parasitics

60 4 i = - - Lossless EM Sim.
: —— Measure
-70 v .' T v
1.6 24 3.2 4.0 4.8

Frequency (GHz)

(a)

(dB)

CC
pa

S

1 'y Schematic with parasitics
-60 -+ o - - - Lossless EM Sim.
: —— Measure
'70 T T— T T
1.6 24 3.2 4.0 4.8
Frequency (GHz)
(b)

Fig. 7. Frequency response of the filter. Differential mode (a) and common mode (b). The measured unloaded quality factor is Q,(w,) = 79.84 [21].

Table 1. Comparison of various differential filters.

Ref. FBW (—3 dB) CMRR Sz1aa (2f5) Effective
(%) @f,(dB) (dB) area (\?)

[1] 65 29 46 0.25

[3] 50 48 23 0.25

[7] 70 15 35 0.28

[8] 79 35 32 0.19

[9] 66 10 20 0.023

[10] 43 63 38 0.60

[11] 45 53 35 0.045

[16] 59.5 47 54 0.39

This work 56 40 35 0.17

and then it has been applied to the synthesis of an order-3
balanced bandpass filter with common-mode suppression.
The obtained results have pointed out the efficiency of the itera-
tive algorithm (3 and 11 iterations are necessary to generate the
layout of the SIR and interdigital capacitor stages, respectively)
and the small size of the resulting prototype (achieved by virtue
of the use of interdigital capacitors for the series branches). This
iterative process means a CPU effort of approximately 35 min
(using a Intel®Core™ with 8 GB of RAM and a 2.86 GHz
clock processor). Moreover, the characterization results indicate
that these filters provide significant common-mode suppression
in the differential filter pass band.
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Abstract— This paper presents optimized balanced microstrip
filters, in terms of size and design simplicity, by combining multi-
section mirrored stepped impedance resonators (SIRs) and
interdigital capacitors. The mirrored SIRs provide the necessary
transmission zeros (for both the differential- and common-mode
responses) to simultaneously achieve a broad stopband for the
differential mode and efficient common mode suppression in the
region of interest (differential-mode pass band) and beyond. The
interdigital structures actually act as series resonators and allow
for the design of filters with smaller size (as compared to other
implementations based on quarter wavelength admittance
inverters) and, most important, reduce the complexity of the
automated (and unattended) design algorithm, based on
aggressive space mapping (ASM). The design of an order-3
balanced quasi-Chebyshev filter with central frequency f0 = 1.5
GHz, fractional bandwidth FBW = 43% and 0.15 dB ripple, is
reported as an illustrative example.

Keywords— Balanced filters; stepped impedance resonators;
interdigital capacitors; aggressive space mapping.

1. INTRODUCTION

In recent years, the design of balanced lines, circuits and
filters at microwave frequencies has experienced a significant
growth due to the high immunity to noise, electromagnetic
interference (EMI) and crosstalk of differential signals [1].
Since bandpass filters are essential components in any
microwave system, the design of balanced microwave filters
has been a particular topic of increasing interest. The main
objectives in the design of these filters are to reduce the size as
much as possible, to achieve a good filter performance for the
mode of interest (differential mode), particularly spurious
cancellation, and to efficiently suppress the common mode
over the broadest possible band.

Efficient common mode suppression can be achieved by
cascading common mode filters to the designed differential
filters [2]. However, this strategy adds extra size to the final
filter. Therefore, the design of balanced filters based on
topologies able to inherently suppress the common-mode is, in
general, the preferred approach. Narrow (or moderate) band
[3], dual-band [4], wideband [5]-[7] and ultrawide band [8]
common-mode suppressed balanced bandpass filters have been
recently reported. In this paper, the interest is focused on
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wideband balanced filters. Of particular interest to this work
are the filters reported in [7] and [9], based on mirrored SIRs.
In [7], very competitive filters in terms of performance were
reported, but size was not optimized, as compared to other
filters with similar performance, and filter design was based on
a relatively complex (although unattended) two-step process.
According to this two-step method, the optimum filter
schematic (different than the one resulting from filter
specifications) is first determined (this is necessary due to the
limited functionality of the considered admittance inverters),
and then the layout is automatically generated. In [9], the
balanced filters were implemented by combining mirrored
SIRs and interdigital capacitors (thus avoiding the use of
admittance inverters). By this means, filter size can be reduced
and the design process is more agile since the first step
(determination of the optimum schematic) is not necessary.
However, in the filters reported in [9] the parasitic capacitance
of the interdigital capacitors cannot be absorbed by the
considered mirrored SIRs (different than those of [7]), and this
introduces some difficulty to the determination of the layout.

In the present paper, we combine the mirrored SIRs of [7],
with the interdigital capacitors of [9] for the first time, and we
provide a systematic procedure, based on aggressive space
mapping (ASM), for the unattended design of compact
common-mode suppressed wideband balanced bandpass filters.
First of all, the parameters of the circuit model are determined
from filter specifications and from the position of the
differential and common mode transmission zeros (decided by
the designer in order to simultaneously achieve broad
differential-mode stopband and common-mode suppression).
Then the layout is determined following a completely
unattended scheme. The reported example is demonstrative of
the potential of the approach in terms of filter performance and
size for the design of wideband balanced filters.

II. FILTER TOPOLOGY, CIRCUIT MODEL AND
ANALYSIS

The typical topology of the proposed filters is depicted in
Fig. 1(a). It consists of a cascade of 7-section mirrored SIRs
and pairs of symmetric interdigital capacitors alternating. The
filter can be described by means of the equivalent circuit
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depicted in Fig. 1(b). The interdigital capacitors and the
narrow strips adjacent to them are accounted for by m-circuits
with series resonators C,-L;; and parallel (parasitic)
capacitances C,,; (the subindex i is used to differentiate the
filter stages). The mirrored SIRs are described by the
inductances L, ; (narrow strips of the external sections) and L.,
(narrow strips of the central sections), and by the capacitances
C.; (external patches) and 2C.; (central patches). The
symmetry plane is an electric wall for the differential mode
and a magnetic wall for the common mode. Therefore, the
circuit models for these modes are inferred from the model of
Fig. 1(a) by bisecting it and by grounding (differential mode)
or opening (common mode) the nodes intersecting the
symmetry plane [see Figs. 1(c) and (d)].
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Fig. 1. Topology of the proposed filters (order 3) (a), lumped element
equivalent circuit (b), and equivalent circuits for the differential (c) and
common (d) modes.

For the differential mode, the capacitances C.; are short
circuited and do not play an active role. Conversely, such
capacitances and the inductances L.; act as shunt connected
series resonators for the common mode, providing
transmission zeros at the resonance frequencies. The strategy
to efficiently suppress the common mode is to distribute these
common-mode transmission zeros along the differential mode
pass band by varying the dimensions of the central patches
(and hence the values of C,.;). The external resonators (L, -
C.;) provide transmission zeros for both modes, but their
interest is the generation of differential-mode transmission
zeros above the pass band of interest, in order to broaden the
stop band for that mode and efficiently reject out-of-band
differential signals.

Let us assume that the capacitance C,,.,; is known (it is
inferred from the synthesis of the interdigital capacitors, to be

described later). The reactance of the shunt branches for the
differential mode is given by

(@’L,C, 1)L, )
®’C, LCL —a(C,L +CL,+C, L)

par’Ze~e e par ¢

Xsdif =

and it depends on three unknowns L,;, C,; and L.; [in (1) we
have omitted the subindex i for simplicity]. Such parameters
are determined by the following three conditions (not given
since two of them are cumbersome): (i) the position of the
differential mode transmission zero, (ii) the central filter
frequency (where the shunt branch opens), and (iii) the
susceptance slope (inferred from filter specifications). Note
that once L.; for each stage is known (from the previous
conditions), the capacitance of the central patches is
determined from the required positions of the common mode
transmission zeros. The element values of the series elements
describing the interdigital capacitors (L,;C,;) are easily
determined from filter specifications according to standard
filter design. Therefore, the element values of the equivalent
circuit of the filter are completely determined.

1. LAYOUT DETERMINATION THROUGH ASM

The filter layout can be automatically inferred from the
circuit elements by means of a developed software tool based
on ASM (see [10] for a general formulation of ASM and
[71,[9] for the synthesis of mirrored SIRs and resonators based
on interdigital capacitors). Since the parasitic capacitance C,,;
is not given by filter specifications, but by the resulting
topology of the series resonators, it is first necessary to infer
the layout of such resonators. The variables in the
optimization space are Ly; and C,; whereas the variables in the
validation space are the length of the inductive line, /;,, and
the length of the fingers, /. The other geometrical parameters
are set to 0.2 mm. The initial layout is obtained from
approximate formulas providing the inductance of a narrow
inductive strip and the capacitance of an interdigital capacitor.
Then parameter extraction is carried out, and the first
approach to the Broyden matrix, necessary to iterate the ASM
process, is generated. With this ASM scheme, the layout
providing the target elements of the series branch is
determined, and from this layout, the parasitic capacitance
Cpari 1s also inferred. However, as long as C,,, influences the
impedance of the shunt branch, optimization of this
capacitance at the circuit level in order to achieve a
satisfactory in-band response (minimum reflection loss level)
has been necessary.

The layout of the mirrored SIRs is obtained following the
scheme reported in [7]. The variables in the optimization
space are L., L., C,, and C.. For the first SIR, the variables in
the validation space are the lengths of the narrow (inductive)
and wide (capacitive) sections of the multi-section mirrored
SIRs, i.e., lre, lie, lce, and Ic.. Concerning the fixed
dimensions, the values are set to W;, = W;. = 0.2 mm, and
there are two bounded values, W¢, = Ic, and W= Ic. (i.e., a
square shaped geometry for the patch capacitors is chosen).
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For the second SIR, the variables in the validation space are
lies Ice, Wee and Wi, (the lengths Ic. and [;. are those of the
first SIR, We, = Ic, and W, = 0.8 mm).

Once the layout of each filter stage (either mirrored SIR or
interdigital resonators) is determined, such stages are simply
cascaded and no further optimization is applied to the layout.

IV. ILLUSTRATIVE EXAMPLE

As an illustrative example, we report in this paper the
automated design of an order-3 quasi-Chebyshev balanced
filter with 43% fractional bandwidth, 1.5 GHz central
frequency and 0.15 dB in-band ripple. The transmission zeros
for the differential mode are set to 2.45 GHz and 3.45 GHz,
whereas for the common mode the transmission zeros are
located at 1.58 GHz and 2.10 GHz (the latter slightly above
the differential mode pass band to achieve broad common
mode suppression). With these specifications, transmission
zeros and the resulting parasitic capacitance (C,,- = 0.92 pF),
the element values are found to be those indicated as follows:
L, =2.74nH, L., =3.06nH, C,; = 1.67 pF, C.; =3.83 pF, Cy,
=0.79 pF, Ly, =14.25nH, L,; =0.68 nH, L.; =2.38 nH, C,5 =
3.13 pF, and C,; =2.88 pF.

The application of the ASM tool has provided the layout
depicted in Fig. 1 (the considered substrate is the Rogers
RO3010 with dielectric constant & = 10.2 and thickness
h=0.635 mm). The response of the filter inferred from
lossless  electromagnetic ~ simulation  (using  Keysight
Momentum) is compared to the circuit simulation in Fig. 2,
where good agreement can be appreciated. The filter has been
fabricated by means of a LPKF HF100 drilling machine (see
Fig. 3, inset), and the measured response has been obtained by
means of the Agilent PNA N52214 vector network analyzer. It
is depicted in Fig. 3, where it is compared to the
electromagnetically simulated response by including losses.
Filter dimensions are given in the caption of Fig. 3. Overall
filter dimensions (in terms of the wavelength at f;) are 0.3094
x 0.4094, which are significantly small for an order-3 filter.
Note that only two mirrored SIR stages are required, whereas
in the filters reported in [7], as many SIR stages as filter order
are necessary. As compared to the filters reported in [9], the
filters reported in this work exhibit much better filter response
for the differential mode, with a wide stop band. The common
mode is significantly rejected over the differential filter pass
band and beyond, with common mode rejection ratio (CMRR)
better than 20 dB between 0.75 GHz and 3.75 GHz.
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Fig. 2. Electromagnetic (without losses) and circuit simulation of the
designed filter for the differential and common modes. (a) Insertion loss; (b)
Return loss.
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Fig. 3. Measured response compared to the lossy electromagnetic
simulation photograph of the fabricated filter depicted as an inset. filter
dimensions (in mm), in reference to Fig. 1 are Wc,;=2.05, I;.,=5.98,
Le1=3.78, Weer=lce1 =712, Lx=7280, [=1.11, Wc;=3.42, l.;=2.07,
I1e3=3.78, Weey=5.19, lce) = 7.12.

V. CONCLUSION

The design of common-mode suppressed wideband
differential filters based on multi-section mirrored SIRs and
interdigital capacitors has been reported. These filters
represent a further step as compared to other filters based on
mirrored SIRs or mirrored SIRs combined with interdigital
capacitors since they exhibit a combination of dimensions,
performance and design simplicity not found so far.
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Abstract— Compact balanced bandpass filters based on a
combination of multisection mirrored stepped-impedance res-
onators and interdigital capacitors are presented in this paper.
The considered filter topology is useful to achieve wide band-
widths for the differential mode, with broad stop bands for
that mode, as well as very efficient common-mode suppression.
By conveniently adjusting the transmission zeros for both oper-
ation modes, the differential- and common-mode stopbands can
be extended up to significantly high frequencies. Filter size
and this differential- and common-mode stopband performance
are the main relevant characteristics of the proposed balanced
filters. The potential of the approach is illustrated by the
design of a prototype order-5 balanced bandpass filter, with
central frequency fy = 1.8 GHz, 48% fractional bandwidth
(corresponding to 55.4% —3-dB bandwidth), and 0.04-dB ripple
level. The filter is automatically synthesized by means of an
aggressive space-mapping software tool, specifically developed,
and two (pre- and post-) optimization algorithms, necessary to
determine the transmission-zero frequencies. The designed filter
is as small as 0.481 ¢ x 0.511 g, where A is the guided wavelength
at the central filter frequency, and the differential-mode stopband
extends up to at least 6.5 GHz with more than 22-dB rejection.
The common-mode suppression is better than 28 dB from dc up
to at least 6.5 GHz.

Index Terms— Balanced bandpass filters, common-mode noise
suppression, interdigital capacitors, microstrip technology, space
mapping, stepped-impedance resonators (SIRs).

I. INTRODUCTION
ALANCED (or differential mode) microwave filters
have attracted the interest of the microwave community
in recent years. The reason is the increasing demand of
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differential circuits and systems, due to the high immunity
to noise, electromagnetic interference, and crosstalk of differ-
ential signals [1], [2]. Ideally, balanced filters should be able
to efficiently suppress the (parasitic) common mode over the
widest possible band, and simultaneously exhibit good perfor-
mance for the mode of interest (differential mode), including
low insertion loss and high return loss in the passband, high
filter selectivity, and a broad stopband (spurious cancellation).
Filter size, design simplicity, and cost are also important
aspects.

Solutions to suppress the common mode based on cascaded
common-mode filters have been reported [3]-[5]. However,
this strategy is not the optimum solution in terms of filter size.
For this reason, common-mode suppressed balanced filters
are mostly implemented through approaches that inherently
reject the common mode. Following these approaches, narrow-
band [6]-[11], dual-band [4], [12]-[20], wideband [21]-[38],
and ultrawideband [39]-[47] balanced bandpass filters have
recently reported.

This paper is focused on the design and synthesis of
differential-mode bandpass filters, first reported in [36],
based on a combination of multisection mirrored stepped-
impendence resonators (SIRs) and interdigital capacitors. The
proposed topology is useful for the implementation of wide-
band responses for the differential mode. Due to the presence
of multiple (controllable) transmission zeros for the differen-
tial and common modes and to the blocking effect of the
series connected interdigital capacitors at low frequencies,
the common mode is efficiently suppressed from dc up to
high frequencies (covering the differential-mode passband
and beyond). Good performance in the passband and broad
stopband for the differential mode is also achieved with
the proposed topology. Moreover, filter size is reduced as
compared to other similar filters based on quarter wavelength
admittance inverters [34], since these filters are implemented
only with semilumped (i.e., electrically small) components.
The proposed filters are fully planar, can be fabricated in
commercially available microwave substrates, use only two
metallic levels, and do not use metallic vias. Hence, they
represent a low-cost solution for wideband balanced filters.
Finally, the layout of the filters is obtained following an
automated scheme, by means of a developed software tool that
implements an aggressive space-mapping (ASM) optimization
and synthesis algorithm.

0018-9480 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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As compared to the work presented in [36], in this paper,
we provide a detailed analysis of the circuit model, includ-
ing the equations that provide the reactive element values
from filter specifications. We discuss in detail the developed
ASM algorithm, necessary to automatically generate the filter
layout, as well as the pre- and postoptimization algorithms
necessary to determine the positions of the transmission-zero
frequencies. Finally, we report an order-5 common-mode sup-
pressed balanced filter, and we dedicate a section to compare
the size and performance of such filter with other balanced
filters (exhibiting comparable differential-mode bandwidth)
available in the literature.

This paper is organized as follows. The filter topology and
the equivalent circuit model are presented in Section II. Such
section includes the analysis of the circuit model, necessary
to achieve the required differential-mode filter response. The
determination of the transmission-zero frequencies (for both
the differential and common modes), necessary to achieve
broadband common-mode suppression, and efficient rejection
of the differential mode in the differential-mode stopband,
is discussed in Section III. Section IV is devoted to the design
and synthesis tool, based on ASM (as mentioned before), able
to provide the filter layout following an unattended scheme.
An illustrative design example is reported in Section V, specif-
ically a fifth-order wideband balanced filter. In Section VI,
a comparative analysis with other wideband balanced filters
is carried out. Finally, the main conclusions are highlighted
in Section VII.

II. FILTER TOPOLOGY, LUMPED ELEMENT
EQUIVALENT CIRCUIT, AND ANALYSIS

The typical topology of the wideband balanced bandpass
filters under consideration is depicted in Fig. 1 [36]. Such
topology corresponds to a fifth-order filter, but it can be
generalized to an arbitrary order by simply adding or removing
filter stages. All filter elements can be described by means of
simple reactive elements in the frequency region of interest.
This means that the filter is electrically small by nature,
since it is composed by semilumped elements, rather than by
distributed components.

The first-, third-, and fifth-filter stages are transverse mir-
rored SIRs made of seven alternating sections with high/low
characteristic impedance. The second- and fourth-filter stages
are made of differential pairs of interdigital capacitors cas-
caded between inductive (narrow) strips. The elliptical win-
dows etched in the ground plane have the purpose of reducing
the parasitic capacitances of the interdigital capacitors and
increasing the per unit length inductance of the inductive
strips. With this topology, wide bandwidths for the differential
mode can be achieved, since it is possible to obtain low
reactance slope for the series resonators (interdigital capacitors
in series with the inductive strips), and low susceptance slope
for the shunt resonators (made by a combination of mirrored
SIR elements, as will be later shown). It is interesting to men-
tion that the presence of series connected interdigital capaci-
tors blocks signal transmission at low frequencies for both the
differential and common modes. This is particularly useful for
the suppression of the common mode at low frequencies.

Fig. 1. Topology of the proposed balanced bandpass filters. The upper metal
level and ground plane are depicted in black and gray, respectively. Relevant
dimensions are indicated.

The lumped element equivalent circuit of the filter is shown
in Fig. 2(a). The inductances and capacitances designated as
L.; and C,; account for the external inductive strips (with
length /; . ;) and capacitive patches (with width Wc, ;), respec-
tively, of the mirrored SIRs, whereas L. ; and C,; describe the
central inductive strips (with length /;. ;) and central patches
(with width W, ;), respectively. The interdigital capacitances
are called C; ;, whereas L ; corresponds to the inductive strips
cascaded to the interdigital capacitors. The capacitance Cpyr is
a parasitic capacitance, necessary to adequately describe the
interdigital capacitors and narrow inductive strips adjacent to
them. Note, however, that Cpy is part of the shunt resonators
of the preceding and following filter stages, and are, therefore,
relevant for the determination of the reactive elements of
such stages, as will be later discussed. The subindex i added
to the reactive elements of the circuit model indicates the
corresponding filter stage.

The circuit models for the differential and common modes
are depicted in Fig. 2(b) and (c), respectively. Note that
the unique difference between the differential- and common-
mode circuits is the absence of the capacitance C.; in the
former circuit. The central patch capacitances are grounded
for the differential mode and do not play any role for that
mode. However, such capacitances, in combination with the
inductances of the central strips, L.;, provide transmission
zeros for the common mode, useful for the suppression of this
mode. It is interesting to mention that the external resonators,
Le,;—Ce,i, provide transmission zeros for both the differential
and common modes. Such transmission zeros are useful to
further enhance the common-mode stopband bandwidth, to
improve the filter selectivity for the differential mode, and
to obtain a broad stopband for this mode above the differential-
mode passband.

In the design of the filter, the first step is the determination
of the elements of the circuit model from filter specifications,
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and by the position of the differential- and common-mode
transmission zeros. Once such elements are known, the second
step is the determination of the filter layout, to be discussed
in Section IV. In the circuit model, the capacitances Cp,, are
the single parasitic elements. Such capacitances are due to
the series stages (interdigital capacitors and narrow induc-
tive strips), but, as mentioned before, they are part of the
shunt stages. The capacitances Cp,r are not easily controllable
parameters, but they can be easily inferred once the layouts
of the series stages are known. Therefore, in the design
flowchart, it is first necessary to determine the series elements,
L,; and C; ;, and then synthesize the layouts of the interdigital
capacitors and inductive strips. From such layouts, the values
of capacitances Cp,r can be derived. The element values Ly ;
and C,,; can be easily determined from filter specifications
(central frequency, bandwidth, filter order, and ripple level),
according to standard filter design techniques [48], [49]. Let
us assume that the capacitances Cpar have been inferred from
the layouts of the series stages (to be discussed in next
section). The other reactive elements of the shunt branches are
determined as follows. For the differential mode, the reactance
of the shunt branches is given by

(a)zLeCe - 1)Lc
CU3CparLeCeLc —(Cele+ CeLe + CparLc)

M

Xs,diff =

(a) Lumped element equivalent circuit model of the filter of Fig. 1(a), and equivalent circuits for the (b) differential and (c) common modes.

where the subindex i has been omitted for simplicity. The
three unknowns that appear in (1), L., L., and C,, are given
by the position of the transmission zeros for the differential
mode

1
g = ——— 2
Jz.dd S dIC 2

by the filter central frequency, where the shunt reactance for
the differential mode, y; gifr, opens

1 Cele+CelLe + CparLc

fo= 57 CparLoColLe

3

and by the susceptance slope

p_ @ 4Bl o0Cpur 1 Cewwo(1 + LeCes])
2 dw 0 2 2L .o 2(1 _Lecewg)z
“
where wp = 2xfp is the central angular frequency. The

capacitances of the central patches, C. ;, are determined from
the positions of the common-mode transmission zeros, i.e.,

1
z,cc — L~ o—- 5

Thus, from the solution of (2)—(5), the reactive element values
of the shunt branches of the filter are inferred.
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Concerning the transmission zeros, it should be noted that
there are as many differential-mode transmission zeros as
shunt branches, or (N + 1)/2, where N is the filter order
(it is considered that the filter order is odd). The differential-
mode transmission zeros are also common-mode trans-
mission zeros. This helps to broaden the common-mode
rejection (CMR) bandwidth. However, (N + 1)/2 additional
common-mode transmission zeros, due to the central patch
capacitors, are available to suppress the common mode in
the frequency region corresponding to the differential-mode
passband.

III. OPTIMIZATION OF THE TRANSMISSION-ZERO
FREQUENCIES

In this paper, rather than a single (degenerated) common-
mode transmission zero, the zeros for that operation mode
are distributed in order to achieve good CMR within the
differential-mode passband and beyond. With these transmis-
sion zeros, and those for the differential mode, necessarily set
above the passband of interest (but also active for the common
mode), the common mode can be significantly rejected beyond
the differential-mode passband, as will be shown later.

The first (lower) differential-mode transmission zero must
be positioned not very far from the upper differential-mode
cutoff frequency. By this means, filter selectivity at the upper
transition band is substantially improved. However, we should
avoid locating the first differential-mode transmission zero too
close to the upper cutoff frequency, in order to prevent the
degradation of the differential-mode return loss in the upper
part of the passband. According to the previous comments,
a tradeoff is necessary.

In practice, it is difficult to a priori predict the positions
of the transmission zeros (for the differential and common
modes) necessary to optimize the differential and CMR bands.
The reason is that filter design is focused on achieving a
certain differential-mode response (dictated by specifications).
However, the common-mode response (not subjected to spec-
ifications) typically exhibits transmission peaks. The position
of such peaks depends on the transmission-zero frequencies,
but not straightforwardly. Therefore, an iterative algorithm
for the optimization of the transmission-zero frequencies (for
both the differential and common modes) has been developed
(pre-optimization algorithm). To illustrate how this algorithm
works, let us consider a specific (conducting) filter example,
corresponding to the following specifications: order N = 5,
quasi-Chebyshev bandpass response with central frequency
fo = 1.8 GHz, fractional bandwidth FBW = 48% (or 55.4%
—3-dB fractional bandwidth), and ripple level L, = 0.04 dB.
(These specifications correspond to the filter to be designed
later on.)

In a first step, the location of all the transmission zeros
(differential and common modes) is set to an arbitrary single
frequency, significantly above the upper cutoff frequency of
the differential-mode passband, e.g., 2.5 fo. From filter speci-
fications, we can infer the value of L and Cy, corresponding to
the second and fourth stages, using well-known formulas [49].
Since the elements of the shunt branches depend on Cpar
[see expression (1)], it is necessary to first synthesize the

layout of the series branches, according to the ASM algorithm
to be specified later, and, from it, determine the value of Cpar.
Once this parasitic capacitance is known (Cpar = 0.445 pF, as
indicated later), (2)—(5) can be used to determine L., L., Ce,
and C. for the first-, third-, and fifth-filter stages, and the
response of the circuit (differential and common modes) at the
schematic level can be inferred [Fig. 3(a)]. From this response,
we can identify the common-mode transmission maxima at
frequencies 1.942 and 2.047 GHz. (Note that these frequencies
can be automatically obtained by means of a simple algorithm
able to detect transmission maxima.)

In the second step, we reallocate two of the common-mode
transmission zeros in the transmission peak frequencies (for
that mode) and set the additional common-mode transmission
zero to 1.5 fo (2.7 GHz). The differential-mode transmission
zeros are kept unaltered in this second step. Thus, the trans-
mission zeros are: f; .. = 1.942 GHz, 1.5 fy, 2.047 GHz and
Sfzdd = 2.5 fo, 2.5 fo, 2.5 fo. The new response is the one
depicted in Fig. 3(b), where the common-mode transmission
peaks are found to be at 1.829, 1.915, and 3.103 GHz.

According to the previous common-mode transmission
peaks, in a new (third) iteration, the transmission zeros are
set to fro = 1.829 GHz,1.5 fp, 1.915 GHz and f. 40 =
3.103 GHz, 2.5 fp, 2.5 fo. Note that the third-common-mode
transmission peak (at 3.103 GHz) is canceled by means of
the first-differential-mode transmission zero. The new filter
response is found to be the one depicted in Fig. 3(c), where
it can be appreciated that the common-mode transmission
peaks are significantly attenuated. Nevertheless, in this iter-
ative algorithm, the objective is to obtain common-mode
transmission peaks within the differential-mode passband with
a level below —25 dB. The common-mode transmission peaks
are found to be located at 1.811 and 1.895 GHz. Hence,
the new set of transmission zeros in the fourth iteration is set
to fz.. = 1.811 GHz, 1.5 fo, 1.895 GHz and f. 40 =
3.103 GHz, 2.5 fy, 2.5 fo. The new response is depicted
in Fig. 3(d), where there are still two peaks above —25 dB
at frequencies 1.808 and 1.892 GHz. Hence, the novel set of
transmission zeros is f; .. = 1.808 GHz, 1.5 fy, 1.892 GHz
and fz 44 = 3.103 GHz, 2.5 fy, 2.5 fo. With these transmission
zeros, the filter response [Fig. 3(e)] exhibits CMR above 25 dB
up to at least 2.5 fy. Therefore, the algorithm stops at this
fifth iteration, and the common-mode and differential-mode
transmission zeros are located at f: .. = 1.808 GHz, 2.7 GHz,
1.892 GHz and f: 44 = 3.103 GHz, 4.5 GHz, 4.5 GHz,
respectively.

The comparison between the obtained differential-mode
response (circuit level) and the theoretical (ideal) Chebyshev
response is depicted in Fig. 4 (the circuit elements of the final
circuit are indicated). Although somehow degraded, the return
loss in the passband is acceptable on account of the improved
filter selectivity beyond the upper cutoff frequency (upper
transition band).

IV. FILTER SYNTHESIS THROUGH ASM

Layout generation from the lumped element values is carried
out following an ASM scheme [50]-[52]. Specific ASM
algorithms for the series resonators (interdigital capacitors
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(e)

Evolution of the differential- and common-mode responses (circuit level) obtained by means of the iterative algorithm used for the optimization of

the transmission-zero positions. (For the common mode, only the insertion loss is depicted.) (a) First, (b) second, (c) third, (d) fourth, and (e) fifth iterations.

cascaded between narrow inductive strips) and for the mirrored
SIRs have been developed.

A. Synthesis of the Series Resonators

For the series resonators, the variables in the optimization
space are L ; and Cy ;, whereas the variables in the validation
space are the length of the inductive strip, /rs, and the
length of the fingers, /. The separation between fingers is set
to 0.2 mm. The width of the fingers and inductive strips is
set to 0.4 mm. To initiate the ASM algorithm, seeding values
for /s and [y are required. These values are inferred from

well-known expressions providing the inductance of a narrow
strip and the capacitance of an interdigital capacitor [48].
Then, the element values L;; and Cy; are obtained through
parameter extraction, and the first estimation of the Jacobian
matrix B is obtained using a finite difference scheme [51].
Specifically, /s and [y are perturbed, and the effects of these
perturbations on the variation of L, ; and C, ; are expressed as
derivatives in matrix form. From the extracted values of Ly ;
and C, ;, the first error function is obtained

f(xr) = P(x) — x¢ (6)
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Fig. 4. Comparison between the ideal Chebyshev response subjected to the
filter specifications and the differential-mode response of the filter (circuit
level) resulting from the iterative algorithm used to determine the location of
the transmission zeros. For stages second and fourth, Ly = 12.622 nH and
Cs = 0.619 pF and Cpar = 0.445 pF. For the shunt branches, the circuit
elements are L, = 1.938 nH, L.; = 3.139 nH, C,; = 1.358 pF,
and C. | = 2.468 pF (first stage), L3 = 0.311 nH, L.3 = 1.378 nH,
Ce 3 = 4.020 pF, and C 3 = 2.522 pF (third stage), and L, 5 = 0.575 nH,
L. 5=2.576 nH, C, 5 = 2.176 pF, and C. 5 = 2.747 pF (fifth stage).

where x is the vector in the optimization space containing
the objective (target) values, x¢ is the vector in the validation
space, with the seeding values for /75 and /; in the first
iteration, and P(xr) is the vector in the optimization space
resulting from parameter extraction from x¢. If we call x? ),
the jth approximation to the solution in the validation space,
and fU) the corresponding error function, the next vector of

the validation space is obtained according to

XD = x0) 4 ) (7)
where h'/) is given by
hY) = — B~ 1§ (®)

and BY) is an approach to the Jacobian matrix, updated
according to the Broyden formula [51]

fU+DRDT

~ ) Q)
h)*hY

Convergence is considered to be achieved once the norm of
the error function, defined as follows:

Li\? Cs \?
comll = 1= =2 1- =
I fromm \/( L;‘) +( Cs*)

is smaller than a certain predefined value. Using this
ASM scheme, the layouts of the series resonators are inferred.
Once these layouts are known, the values of Cp,r for each
series stage are easily obtained.

As an illustrative example, let us consider the synthesis of
series resonators with xi = L, C¥ = 12.622 nH, 0.619 pF,
corresponding to stages second and fourth of the filter with
specifications indicated in Section III (which are also the
specifications of the order-5 balanced filter to be synthesized
in next section as an example). The seeding values of the
variables in the validation space are found to be xgl) =I5,
ly =9.399 mm, 4.112 mm, and the reactive element values

BUFD = BU) 1

(10)

/
L., <

« wr

P

i
g

Fig. 5. Generated layout of the series resonator for the designed filter.
Dimensions are (in millimeter): w = 0.4, /p; = 7.868, g = 0.2, [y = 2.176,
and wy = 0.4.
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Fig. 6. Series and shunt reactance for the structure depicted in Fig. 5.

inferred through parameter extraction are found to be xg) =

P(xgl)) = 15.547 nH, 1.026 pF. The considered substrate is
Rogers RO4003C with dielectric constant e, = 3.55, thickness
h = 0.813 mm, and loss tangent tand = 0.0021. The specific
parameter extraction is as simple as obtaining the series and
shunt reactance of the equivalent x -circuit from the electro-
magnetic simulation of the layout (the Keysight momentum
is used). The series elements, L; and Cy, are obtained from
the resonance frequency and from the reactance slope. The
shunt reactance provides the capacitance Cp,;, (it can be merely
obtained from the slope of the susceptance). However, note
that Cpyr is not used during the iteration process. As discussed
in Section III, this capacitance is necessary to determine
the elements of the shunt branches (mirrored SIRs), and it
is fundamental in the optimization of the transmission-zero
positions.

Using the ASM scheme explained before, convergence, with
an error smaller than 1.7%, is achieved after just 1 iteration.
The final vectors in the optimization and validation spaces
are xgz) = 12.587 nH, 0.629 pF, and ng) = 7.868 mm,
2.176 mm, respectively. The resulting parasitic capacitance is
found to be Cpar = 0.445 pF. Fig. 5 depicts the synthesized
layout, whereas the series and shunt reactances (inferred
from electromagnetic simulation) are shown in Fig. 6. For
comparison purposes, the target reactance (series reactance
corresponding to x§) and the reactance of Cpyr are also shown
in Fig. 6. As can be seen, the agreement is good in the
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TABLE 1
WIDTHS OF THE INDUCTIVE STRIPS OF THE MIRRORED SIRS

Le i) Lc (nH) WLe i) WLc (mm)
>1.6 0.8
[1, 1.6) 1.6
[0.5,1) 2.4
[0.35,0.5) 3.2
<0.35 4

region of interest, pointing out the validity of the employed
ASM method.

B. Synthesis of the Mirrored SIRs

For the mirrored SIRs, the procedure is similar to the
one reported in [34], but with significant differences. Such
differences are due to the fact that in the filters reported in [34],
based on mirrored SIRs coupled through admittance inverters,
the SIRs were all identical, except the central patch (in order
to achieve multiple transmission zeros for the common mode).
The filter response in [34] was controlled by the impedance of
the inverters, different in each stage. Therefore, the width of
the pair of transmission-line sections (inverters) was a variable
in the optimization process. However, the transverse distance
between these lines was kept constant in [34] thanks to the
identical admittance of the shunt (SIR) resonators for the dif-
ferential mode. Keeping this distance invariable is convenient
for design purposes. In this paper, the shunt resonators are not
identical since the reactive elements of the SIRs are determined
by the admittance slope and transmission zeros (besides the
filter central frequency). Hence, the variables in the validation
space (geometrical variables) will be different for the various
SIRs in order to keep unaltered the transverse distance between
the pair of lines along the filter. Conversely, the variables in
the optimization space are in all cases L., L., Ce, and C..

Let us now explain in detail, the ASM algorithm applied
to the synthesis of the mirrored SIRs. The first one
(first stage) is optimized as follows: the widths of the inductive
strips Wi, and Wi, are set to different values depending on
the inductance value. Specifically, these widths are determined
according to Table I.

Once these widths are fixed, the variables in the validation
space are chosen to be the lengths of these inductances,
Ir. and I1., and the lengths of the capacitive patches, /c. and
Ice (the widths of such patches are chosen to be identical to
the lengths, i.e., Wee. = Ic. and Wce = Ice, corresponding
to a square geometry). Once the four geometrical variables
that must be optimized have been decided, we proceed similar
to the synthesis of the series resonant elements. From well-
known formulas that provide the inductance of a narrow strip
and the capacitance of a patch, the seeding value of the
geometrical variable is determined. After that, the reactive
element parameters, L., L., C., and C,., are extracted. The
first Jacobian (4 x 4) matrix is obtained by perturbing the
geometrical variables, and the first error function is obtained
according to (6), where x{ and x¢ are the ASM variables of
the first mirrored SIR. The iterative process is then carried out
using (7)—(9) until convergence is achieved.

743

Py

Fig. 7.  Dimensions are (in millimeters): W, = 3.543, [;, = 6.404,
Wee = lce = 10.785, and /1. = 5.668.
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Fig. 8.  Differential- and common-mode reactances for the mirrored SIR
of Fig. 7.

As an illustrative example, let us consider the synthesis of
a mirrored SIR with the following reactive element values
(corresponding to the first SIR of the order-5 filter to be
presented in next section): L, = 1.938 nH, L, = 3.139
nH, C, = 1.358 pF, and C, = 2.468 pF. The final vectors
in the optimization and validation spaces (obtained after
six iterations with an error smaller than 0.94%) are found to
be x¥ = L., L., C., C. = 1.935 nH, 3.157 nH, 1.354 pF,
2452 pF, and x\% = 11, 11, ce, lcc = 6.404 mm, 5.668 mm,
3.543 mm, 10.785 mm. The corresponding layout is depicted
in Fig. 7, whereas the reactances for the differential and
common modes inferred from electromagnetic simulations are
depicted in Fig. 8. Such reactances are compared to those of
the circuit model, and the agreement is very good, as can be
appreciated in Fig. 8.

For the other mirrored SIRs, the lengths of the central
patch and central inductive strip are set to the corresponding
values of the first mirrored SIR, i.e., Icci = Ilce,1 and
I1e,i = l1¢,1. By this means, the distance between terminals
in the differential ports of the mirrored SIRs is identical
in all the stages. Thus, the optimization variables in the
validation space for such SIRs (with i > 1) are: /1., (the
width of this inductance set using Table I), Wic:, Wce.i,
and /ce,; (considering W, ; = Ice,; n order to obtain a square
geometry for the external patches).
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TABLE 11
GEOMETRIC PARAMETERS OF THE MIRRORED SIRs

i I lce e lce Wie Wee Wi | We
1 5.668 | 10.785 | 6.404 | 3.543 0.8 10.785 | 0.8 | 3.543
3 5.668 | 10.785 | 1.471 | 7.247 | 4.203 | 12.007 4 7.247
5 5.668 | 10.785 | 2.457 | 5.270 | 1.215 | 11.858 | 2.4 | 5.270

All dimensions in mm

One important difference between the synthesis of these
filters and those reported in [34] concerns the fact that in [34],
the ASM algorithm was actually a two-step process. That is,
due to the limited functionality (bandwidth) of the admittance
inverters implemented by means of quarter wavelength trans-
mission lines, it was first necessary that an ASM algorithm
be able to provide the schematic necessary to compensate for
the narrowing effects of the admittance inverters on the filter
response (optimum schematic). This first ASM is not necessary
for the design of the proposed wideband balanced filters since
distributed components are not used. Therefore, by considering
the filter topology reported here, a clear benefit in terms
of design simplicity and quickness is obtained (nevertheless,
an iterative, but very fast, algorithm for the optimization of the
transmission-zero frequencies has been necessary, as discussed
in Section III).

V. PROTOTYPE DEVICE EXAMPLE

To illustrate the potential of the proposed ASM approach,
the filter with specifications indicated in Section III and with
the transmission zeros (differential and common modes) allo-
cated at the indicated positions is reported in this section. With
such specifications, the series elements Ly and Cs (identical
for stages i = 2 and i = 4), inferred from the low-pass filter
prototype Chebyshev tables corresponding to the cited order
and ripple, and from well-known impedance and response
transformations [48], are those indicated in Section III. The
value of Cpar and the element values of the mirrored SIRs
(found from the optimization of the transmission-zero frequen-
cies) are also indicated in Section III (see Fig. 4).

Once these element values are known, layout generation for
the series resonators and for each mirrored SIR is obtained
by means of the ASM scheme explained in previous section
(illustrated in detail for the series resonators and for the
mirrored SIR of the first filter stage). The geometric values
of the series resonators (interdigital capacitors and inductive
strips) are given in Section IV-A, and those corresponding to
the different mirrored SIRs are indicated in Table II.

The filter layout is obtained by cascading the synthesized
mirrored SIRs and series resonators. The electromagnetic sim-
ulation (using Keysight Momentum), including losses, of the
filter response for the differential and common modes is
depicted in Fig. 9. Despite the fact that the circuit model of the
proposed filters provides a reasonable response in the region of
interest, it can be appreciated in Fig. 9 that the common mode
resulting from lossy electromagnetic simulation (the response
of interest) exhibits transmission peaks above —20 dB. The
reason is that such peaks are very sensitive to the position
of the transmission zeros (as seen in Section III), which may
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Fig. 9. Lossy electromagnetic and lossless circuit simulation of the designed
balanced filter. (a) Differential-mode response. (b) Common-mode response.

experience some shift in the lossy electromagnetic simulation,
as compared to the circuit response.

Since CMR is not satisfactory enough, readjustment of the
transmission-zero positions is needed. So, we have developed
a second (postoptimization) iterative algorithm similar to the
one reported in Section III, but this time the responses are not
the circuit simulations of the resulting equivalent circuits, but
the electromagnetic simulations (including losses) of the filter
after application of the ASM synthesis algorithm. Obviously,
this is time consuming, but convergence is obtained after
few iterations, provided the initial response (the one inferred
from the first ASM—Fig. 9) already exhibits a CMR level
better than the target (25 dB), except at certain frequencies.
By applying this postoptimization iterative algorithm to the
structure resulting from the first ASM, we have been able (after
three iterations) to obtain a filter layout exhibiting a CMR
level better than —28 dB. The reactive elements of the final
filter circuit and the geometrical elements of the optimized
layout are indicated in Tables III and IV, respectively. Note
that Ly, Cy, Cpar, and the geometry of the series resonators is
kept unaltered in this postoptimization iterative process, since
the readjustment of the transmission zeros does not affect the
series branches. The final layout of the filter is the one depicted
in Fig. 1, and the photograph is shown in Fig. 10 (the filter
has been fabricated by means of photo mask etching).
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TABLE IIT
REACTIVE ELEMENT VALUES OF THE OPTIMIZED FILTER

i L.(mH) | C.(pF) | L.(nH) | C (pF) | L, (nH) | C; (pF)

1 3.303 2.639 2.456 1.199 - ---
2,4 --- - 12.622 0.619

3 1.378 2.522 0.311 4.020 - ---

5 2.576 2.934 0.575 2.176 - ---

TABLE IV
GEOMETRIC PARAMETERS OF THE MIRRORED SIRs
FOR THE OPTIMIZED FILTER

i ch ICL‘ lLe lCe WLc WCc WLe WCe
1 5.754 | 11.401 9.9 2.587 0.8 11.401 0.8 | 2.587
3 5.754 | 11.401 | 1.462 | 7.209 | 4.415 | 11.668 4 7.209
5 5.754 | 11.401 | 2.462 | 5259 | 1.272 | 12.148 | 2.4 | 5.259

All dimensions in mm

Fig. 10.

Photograph of the fabricated balanced filter.

Figs. 11 and 12 depict the lossless and lossy, respectively,
electromagnetic simulation of the final filter, including the
differential- and common-mode responses. The circuit sim-
ulation is also included in Fig. 11. The very good agreement
between the circuit and lossless electromagnetic simulation
for the differential mode indicates the validity of the proposed
filter model (discrepancies above 3 GHz are due to the fact
that the filter elements cannot be described by simple reactive
elements). Obviously, such agreement is not so good for the
common mode, due to the high sensitivity of this mode to
the position of the transmission zeros (which has forced us to
implement a postoptimization iterative algorithm). Neverthe-
less, an acceptable coincidence up to approximately 3 GHz,
except by the level of the common-mode transmission peaks,
can be observed as well. Note that, as we have mentioned
before, the postoptimization algorithm is based on forcing
the lossy electromagnetic response of the common mode
to be below a certain value (—25 dB). Thus, the fact that
in Fig. 11(b) such threshold level is not satisfied does not
mean that the final filter layout is not optimized. Indeed,
in view of Fig. 12(b), the common-mode response inferred
from lossy electromagnetic simulation exhibits a rejection
level better than —28 dB. Therefore, the target common-
mode response is clearly satisfied with the synthesized filter
layout.

745

0
-20
—~
om
©
N
o 40
a & .
w | . \
|l
- ]
8 = 60 1 ‘| Lossless EM sim. S;D
n : PN - - - Circuit sim. S2°
L : 'I,' s‘\ —— Lossless EM sim. SZD
! ' ‘. - - -Circuit sim. S?
.80 [ fi 1 !
1 2 3 4 5 6
Frequency (GHz)
(a)
0 T
T Scc"l
;I | 11
" |
" I
-20 i |
i !
— | |
S i
©
o _ 40
O «~
w
8 .:_ , ——Lossless EM sim. S;C
U)‘_ -60 ' oy AN - - - Circuit sim. SJ7
L : 'I.I W AN —— Lossless EM sim. S%7
)
: |,| \‘\ — — - Circuit sim. Sff
-80 Il { u A Il Il
1 2 3 4 5 6
Frequency (GHz)
(b
Fig. 11. Lossless electromagnetic and circuit simulation of the designed

(optimized) balanced filter. (a) Differential mode. (b) Common mode.

The measured filter responses for the differential and com-
mon modes have been obtained by means of the Agilent
PNA N5221A vector network analyzer. Such responses are
included in Fig. 12 for a proper comparison with the lossy
electromagnetic simulation. The agreement is good, although
the measured in-band return loss for the differential mode
is somehow degraded, as compared to the electromagnetic
simulation. This is due to tolerances in the fabrication
process. Note that interdigital capacitors have very small gap
(g = 0.2 mm), and this is a critical parameter. The sensitivity
analysis of Fig. 13, showing the effects of slight variations in
g on the frequency response, confirms this point. Also, perfect
symmetry is also difficult to achieve in practice, and there are
two pairs of symmetric interdigital capacitors that make this
aspect more critical. Nevertheless, the measured in-band return
loss (differential mode) is better than 11.5 dB. To obtain this
measured value, we have forced an in-band ripple at design
level (controllable form the element vales of the low-pass
filter prototype) small enough (0.04 dB), having in mind the
unavoidable degradation of the corresponding return loss due
to losses, tolerances, and, in our case, due to the presence of
differential-mode transmission zeros close the band of interest.
Concerning the in-band insertion loss, it is better than 1 dB.
The differential-mode stopband exhibits a rejection level better
than 35 dB up to 5.6 GHz (i.e., slightly above 3 fj), but such
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Fig. 12.  Lossy electromagnetic simulation and measured response of the

designed (optimized) and fabricated balanced filter. (a) Differential mode.
(b) Common mode.

band extends up to at least 6.5 GHz with rejection level better
than 22 dB. The common mode is suppressed with a rejection
level better than 28 dB from dc up to at least 6.5 GHz. Finally,
filter size is as small as 51.5 mm x 48.2 mm, corresponding to
0.5144 x0.484, in terms of the wavelength at the filter central
frequency fo. This combination of size and filter performance
is competitive, as will be discussed in the next section.

VI. COMPARISON TO OTHER WIDEBAND
BALANCED FILTERS

The reported filter is compared to other wideband bal-
anced bandpass filters in Table V. Such table includes the
differential-mode fractional bandwidth (DM-FBW), the cen-
tral frequency (fp), the CMR level, including the frequency
interval, the differential-mode upper stopband (DM-USB),
indicating the stopband rejection level and frequency span, and
the effective area, expressed in terms of the square wavelength
(with wavelength calculated at f(). Concerning the CMR, if it
is below —28 dB (the value achieved in the proposed filter),
we have opted to indicate the frequency interval corresponding
to this value for proper comparison. The exception is the
filter in [29], where the reported common-mode insertion loss
is limited to a narrow band and we cannot determine the
frequency span corresponding to a CMR better than —28 dB.

In view of Table V, the filter of Fig. 10 exhibits very good
CMR bandwidth. None of the filters reported in the references
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Fig. 13. Frequency responses of the proposed filter obtained through lossy
electromagnetic simulation by varying the gap distance g of the interdigital
capacitors. (a) Differential mode. (b) Common mode. Variations are between
0.18 and 0.22 mm in steps of 0.01 mm.

appearing in Table V exhibits a bandwidth extending from dc
up to at least 3.6 fy with such CMR (|S21,¢.c] < —28 dB).
Indeed, in the filters with lower CMR, the CMR bandwidth
is also narrower, as compared to our filter. Nevertheless,
the filter of [32] is quite competitive in terms of common-
mode suppression performance, since the CMR is better than
—27 dB from dc up to 2.8 fp. In some of the filters,
e.g., those of [34], the maximum CMR at fy is very high
(i.e., [S21,ccl = —65 dB and [$21.cc] = —50 dB for filters
designated as [34]* and [34]° in Table V). However, in
those filters, such huge rejection level is limited to a narrow
bandwidth, as seen in Table V.

Concerning the differential-mode response, specifically the
upper stopband (DM-USB), the most competitive filters are
those of [23], [33], and [34] and the filter of Fig. 10.
Specifically, the filter in [33] exhibits a very good combi-
nation of stopband bandwidth and rejection level (—53 dB),
but the CMR bandwidth is very limited in this filter. It is
worth mentioning that in the filter reported in this paper,
there is a transmission zero located very close to the upper
cutoff frequency (differential mode). The consequence is high
filter selectivity in the upper transition band, with a roll
off of roughly —80 dB/GHz. Such high selectivity provides
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TABLE V
COMPARISON OF VARIOUS DIFFERENTIAL WIDEBAND BANDPASS FILTERS

Ref. DM-FBW fo CMR Sy o DM-USB Effective
(=3dB) (GHz) (dB) [S21,0a area (A;) /
(dB) order
21] 65% 4.0 <-20 025/3
[0.6f,1.4f0]
[22] 50% 4.1 <-16 <-18 0.25/3
[0.3/0,1.7%] | (>2.2f0)
[23] 45% 1.0 <-25 <_40 0.045/3
[0,1.2o] (2.70)
[25] 43% 24 <-28 <-36 0.60/5
[0.6/0,1.5/0] 2.1f0)
[26] 15% 1.0 <-25 <220 0.022/3
[0,1.15/o] (1.8f))
[27] 70% 3.0 <-20 0.52/--
[0.8/5,1.7/0]
[33] 42% 2.4 <-28 <-53 037/5
[0.80,1.4f0] (2.50)
[28] 66.6% 1.62 <-14.5 <-30 0.163/3
[0,3.0%] (2.5
[29] 40% 35 <-40 <-20 025/3
[0.80,1.2f0] (2.3f0)
[30] 53% 3.0 <13 <-10 0.175/ -
[0,3.0%:] (2.81))
[31] 59.5% 1.85 <-28 <-35 0.39/3
[0.4£,1.6/] (2.2f0)
[32] 56.7% 3.0 <-27 <-31 0.20/3
[0,>2.8f] | (>2.2f))
[24] 79% 3.0 <-13 <-25 0.192/5
[0,2.7/5] (2.6f)
[347° 43% 2.4 <-28 <-44 0.36/5
[0.8f0,1.3f] | (>2.5/0)
[34T° 65% 3.0 <-28 <-34 0.28/7
[0.7/0,1.56] | (>2.5/0)
[35] 56% 24 <-15 0.17/3
[0, 1.5/0]
[36] 43% 1.5 <-22 <-30 0.13/3
[0, 2.5f] >12f)
[37] 70% 6.85 (<-14.5) <-30 0.28/5
[0, > 2.8f;] (>2.63
Jo)
[38] 66 3.5 <_6 <_15 020/ --
[0.5f0,1.4%] | (>2.3f0)
This 55.4% 1.8 <-28 <-22 0.245/5
work [0,>3.6fi] | =3.6f)

a differential-mode rejection level better than —55 dB at
2.9 GHz (1.61 fp), and better than —38 dB up to 5.6 GHz
(3.11 fp), and is a relevant aspect in the reported filter. Note
that the filter of Fig. 10 exhibits the widest differential-mode
stopband of all the filters included in Table V.

Concerning filter size, the filters of [23] and [26] are very
competitive, but in both cases the CMR bandwidth is very
limited, as compared to the filter reported in this paper. Note
that these filters [23], [26] are order-3 filters, whereas the
filter of Fig. 10 is a fifth-order filter. The third-order filters
of [35] and [36] are also very small, but in terms of rejection
bandwidth for both the differential and common modes, our
filter is by far superior, as can be appreciated in the table.
Note that, as mentioned in the introduction, the proposed filter
(Fig. 10) is based on the topology of the order-3 filter of [36],
from which it follows that the order-5 filter reported here
should be electrically larger.

Finally, let us highlight the differences and advantages of the
filter proposed in this paper as compared to recently reported
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similar differential filters proposed by Sans et al. [34], [35].
Indeed, the filter proposed in this paper combines the relevant
advantageous aspects of the filters of [34] and [35] in the
same structure, and at the same time overcomes the limiting
aspects, resulting in the proposed new topology of Fig. 10.
The result is a filter exhibiting a very good combination of
filter size and performance, as compared to [34] and [35]
(see Table V). The filters in [34] exhibit relatively good
differential-mode stopband, but the common-mode stopband
is limited since it does not start at dc. Moreover, these filters
use distributed components (quarter-wavelength inverters), and
this means that a first ASM to provide the optimum schematic
(in order to compensate for the narrowing effect of the—
nonideal—transmission-line inverters) is required, as reported
in [34]. In this paper, these limitations have been addressed
with the proposed topology, thanks to the replacement of
the transmission-line inverters with interdigital resonators.
By these means, the common mode is rejected over a wide
band starting at dc (due to the blocking effect of the series
connected interdigital capacitances), and the first ASM used
to obtain the optimum schematic is not necessary. Therefore,
the introduction of interdigital capacitances represents a sig-
nificant improvement as compared to the filters of [34], and
eases filter design. Moreover, the proposed filter is also more
compact, although the filter order is also different.

The main difference as compared to the filter reported
in [35] concerns the mirrored SIRs. In the filters reported
here, the mirrored SIRs extend out of the DM transmission
lines (through the inductive strips with inductance L, ;, not
present in the filter of [35]). This provides transmission zeros
for the differential mode (and also for the common mode),
not present in [35], and by this means we achieve a good
differential-mode upper stopband. The result is a differential
filter with much superior performance.

An additional important and novel aspect proposed (and
discussed) in this paper, with direct impact on filter design,
is the pre- and postoptimization iterative algorithms consid-
ered for the optimization of the transmission-zero positions.
Through these algorithms, not applied in [34] and [35], it has
been possible to achieve a wide common-mode stopband
with significant CMR (a crucial aspect in common-mode
suppressed differential filters).

To summarize this section, the proposed filter exhibits a very
good combination of size and differential- and common-mode
stopband bandwidths. Moreover, filter synthesis has been
carried out following an automated scheme. The approach
combines an ASM algorithm (that provides filter layout from
the elements of the circuit model) with pre- and postopti-
mization algorithms, necessary to optimize the position of
the transmission zeros. (A fundamental aspect to achieve the
reported differential- and common-mode stop bands.)

VII. CONCLUSION

In conclusion, a wideband balanced bandpass filter with
wide stopband for the differential mode, and common-mode
suppression from dc up to frequencies well beyond the
differential-mode passband, has been designed and fabricated.
The filter has been implemented by cascading multisection
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mirrored SIRs and interdigital capacitors. The mirrored SIRs
provide transmission zeros for the differential and common
modes, useful to achieve very broad stopbands for both modes,
keeping roughly unaltered the differential-mode passband. The
interdigital capacitors are key elements to block the common-
mode signals at low frequencies. Moreover, such capacitors,
combined with narrow inductive strips, constitute the series
resonators of the filter, resulting in a balanced filter fully
implemented by means of semilumped (electrically small)
elements.

Filter design has been carried out following an ASM opti-
mization algorithm, where the geometry of the different mir-
rored (shunt connected) SIRs and series resonators has been
inferred from the lumped elements of the equivalent circuit
model. These elements, in turn, have been obtained from filter
specifications and from the transmission-zero frequencies for
both modes. Such transmission-zero positions have been deter-
mined by means of an iterative pre-optimization algorithm
(at circuit level) that guarantees a minimum (specified) level of
CMR within the differential-mode passband and beyond. Nev-
ertheless, due to the high sensitivity of common-mode suppres-
sion to the transmission-zero frequencies, a postoptimization
algorithm (at electromagnetic simulation level) to fine-tune the
transmission-zero frequencies has been also developed.

As an illustrative example, the design and synthesis of a
fifth-order balanced bandpass filter has been reported. The
filter is small on account of the semilumped elements con-
sidered in its implementation, and filter performance for the
differential mode is good, with insertion loss better than 1 dB
in the passband and return loss higher than 11.5 dB in that
band. The differential-mode stopband extends up to at least
6.5 GHz (3.6fy), with more than 22-dB rejection (and the
rejection level is better than 38 dB up to 5.6 GHz, or 3.11 fp).
Finally, the common mode is rejected with more than 28 dB
from dc up to at least 6.5 GHz (3.6 fp). This combination
of filter size and performance is very competitive. Although
filter synthesis uses three specifically developed algorithms (an
ASM-based algorithm preceded and followed by transmission-
zero optimization algorithms), few iterations suffice to achieve
convergence in all cases. This avoids excessive computing
times, despite the fact that the latter transmission-zero opti-
mization scheme uses the ASM algorithm at each iteration.
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