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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.
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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

v

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.
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Chapter 1
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 work 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
2

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-Step 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’Investigació en Metamaterials per a la
Innovació en Tecnologies Electrònica i de Comunicacions) group, that belongs to the
Electronics Engineering Department of the Universitat Autònoma 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:


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



Project TEC2013-40600-R. From the Spanish government: Dirección General
de Investigación Científica (Ministerio de Economía y Competitividad). Period:
2013-2016. Title: “Diseño y sintesis de componentes de RF/microondas basados en
conceptos avanzados y su aplicacion a circuitos de comunicaciones, sensores y RFID”.



Project TEC2013-49221-EXP, under the Explora Ciencia y Tecnologia program,
from the Spanish government: Dirección General de Investigación Científica
(Ministerio de Economía y Competitividad). Period: 2014-2016. Title:
“Herramienta CAD para la síntesis desasistida y automatitzada de circuitos complejos de
RF/Microondas en tecnologia plana”.



Project TEC2016-75650-R, under the I+D+i Orientada a los Retos de la
Sociedad program. From the Spanish government: Dirección General de
Investigación Científica (Ministerio de Economía y Competitividad). Period:
2017-2019. Title: “Diseño y sintesis de componentes de RF/microondas basados en
conceptos avanzados y su aplicacion a circuitos de comunicaciones, sensores y RFID (II)”.
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Recognition as a consolidated group of research from the Generalitat de
Catalunya: Agència de Gestió y Ajuts Universitaris y de Recerca (AGAUR).
Period: 2017-2019. File 2017SGR-1159.

Chapter 2
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® HFSS, 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 xc and xf respectively,
whereas Rc(xc) and Rf(xf) 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.

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 𝐜 = 𝐏(𝐱 𝐟 )

(2.1)

and therefore, in the region of interest, the fine and coarse responses can be expressed as:
𝐑 𝐜 (𝐏(𝐱 𝐟 )) ≈ 𝐑 𝐟 (𝐱 𝐟 )

(2.2)

The optimal solution for the coarse model is denoted as xc*, while xf(M) is the optimal
solution for the fine model vector (found at the Mth iteration). Hence, the direct fine model
optimization can be avoided by solving (2.1):
𝐱 𝐟 (𝑴) = 𝐏 −𝟏 (𝐱 𝐜 ∗ )

(2.3)

In the original SM approach, it is needed to obtain an initial approximation of the
mapping P(0) by performing at least a preselected set of m0 fine model analyses, where m0 >
k+1 and k 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, xf(1) = xc*, and the remaining
m0 - 1 points are obtained through perturbations of xf(1). Next, the corresponding coarse
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model points are obtained through the parameter extraction process by means of the first linear
mapping function approximation P(0), 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 i-th iteration:
𝐱 𝐜 (𝒊) = arg min‖𝐑 𝐟 (𝐱 𝐟 (𝒊) ) − 𝐑 𝐜 (𝐱 𝐜 )‖
𝑥𝑐

(2.4)

At the i-th iteration, the sets of points in both spaces will be expanded to contain mi
points so that a more accurate mapping P(i) 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(i) to estimate xf* at
the i-th iteration as follows:
−𝟏

𝐱 𝐟 (𝒎𝒊+𝟏) = (𝐏 (𝒊) ) (𝐱 𝐜 ∗ )

(2.5)

The iterative process will continue until the Mth iteration is reached, where M = mi + 1
and Rf(xf(M)) is matching in a good approximation Rc(xc*). In this case, P(i) is also assumed
to be close enough to the desired P, and xf(M) is considered to be the solution vector for the
fine space. This solution is called the final space-mapped solution:
𝐑 𝐟 (𝐱𝐟 (𝑴) ) = 𝐑 𝐟 (𝐱 𝐟 (𝒎𝒊+𝟏) ) ≈ 𝐑 𝐜 (𝐱 𝐜 ∗ )

(2.6)

Although the simplicity of the Space Mapping is notable, several limitations can be
pointed out. First, m0 fine model CPU-intensive model simulations are needed in advance to
be able to find P(0) 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 m0 fine model analyses, so that the iterative
optimization scheme starts from the very first EM analysis performed. ASM utilizes a quasiNewton 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 initializing stage
followed by an iterative stage. In the initializing stage, the starting point is finding the optimal
coarse model vector xc* that gives the target coarse model response Rc* = Rc(xc*).
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Start
−𝟏

𝐡(𝒊) = −(𝐁 (𝒊) ) 𝐟 (𝒊)

𝑖=1
𝐱 𝐜∗

(𝒊+𝟏)

𝐱𝐟

(𝒊)

= 𝐱𝐟 + 𝐡
𝑖 =𝑖+1

(𝒊+𝟏)
𝐱𝐜

(𝟏)

𝒙𝒇

=

(𝒊+𝟏)
𝐏(𝐱 𝐟
)

(𝒊+𝟏)

𝐟 (𝒊+𝟏) = 𝐱 𝐜
(𝟏)

− 𝐱 𝐜∗

(𝟏)

𝐱 𝐜 = 𝐏(𝐱 𝐟 )
‖𝐟 (𝒊+𝟏) ‖ < 𝜂
(𝟏)

No

𝐁 (𝒊+𝟏)

Yes

𝐟 (𝟏) = 𝐱 𝐜 − 𝐱 𝐜∗

(𝑴)

𝐱𝐟
𝐁 (𝟏)

End

Initializing stage

Iterative 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, xf(1), which contains the fine model
design parameters, and proceed with the parameter extraction process P(xf(1)) through the
corresponding parameter extraction function P, so that the initial difference, f(1), between the
fine model extracted parameters and the optimal coarse model can be calculated. f is 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 xf:
𝐟(𝐱 𝐟 ) = 𝐏(𝐱 𝐟 ) − 𝐱 𝐜∗ = 0

(2.7)

At this point the first Broyden matrix, B(1), is initialized. Note that when the design
parameters in both models have the same nature (i.e. xc and xf contain geometrical
dimensions), B should be initialized by the identity matrix, that is, B(1) = I. Conversely, if the
natures of xc and xf differ, as it does in most of the cases in this work, B might be initialized
by estimating the Jacobian of xc with respect xf by finite differences as follows:
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𝐁(𝟏) =

𝛿𝑥𝑐1
𝛿𝑥𝑓1
𝛿𝑥𝑐2
𝛿𝑥𝑓1

𝛿𝑥𝑐1
𝛿𝑥𝑓2
𝛿𝑥𝑐2
𝛿𝑥𝑓2
⋮

𝛿𝑥𝑐𝑘
(𝛿𝑥𝑓1

𝛿𝑥𝑐1
𝛿𝑥𝑓𝑘
𝛿𝑥𝑐2
𝛿𝑥𝑓𝑘
⋮
𝛿𝑥𝑐𝑘
𝛿𝑥𝑓𝑘 )

⋯
⋱

𝛿𝑥𝑐𝑘
𝛿𝑥𝑓2

⋯

(2.8)

where 𝛿𝑥𝑓𝑖 ≈ ∆𝑥𝑓𝑖 and 𝛿𝑥𝑐𝑖 ≈ ∆𝑥𝑐𝑖 . ∆𝑥𝑓𝑖 can be obtained by applying a small perturbation to
the initial fine model design parameters while ∆𝑥𝑐𝑖 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 iterative stage. The
updated i-th + 1 solution for the fine space xf(i+1) is defined as:
(𝒊+𝟏)

𝐱𝐟

(𝒊)

(2.9)

= 𝐱 𝐟 + 𝐡(𝒊)

where xf(i+1) is then able to be calculated by solving h in the following linear system:
(2.10)

𝐁(𝒊) 𝐡(𝒊) = −𝐟 (𝒊)

and by the parameter extraction process the updated fine space solution, xf(i+1), can be mapped
into the coarse model so that the updated error vector can be computed as follows:
(2.11)

𝐟 (𝒊+𝟏) = 𝐏(𝐱 𝐟 (𝒊+𝟏) ) − 𝐱 𝐜∗

Next, the stopping criteria is tested, which typically is based on obtaining the normalized
error function ‖𝐟 (𝒊) ‖:
2

2

∗
∗
∗
𝑥𝑐1 (𝑖) − 𝑥𝑐1
𝑥𝑐2 (𝑖) − 𝑥𝑐2
𝑥𝑐𝑘 (𝑖) − 𝑥𝑐𝑘
‖𝐟 ‖ = √(
)
+
(
)
+
⋯
+
(
)
∗
∗
∗
𝑥𝑐1
𝑥𝑐2
𝑥𝑐𝑘

2

(2.12)

(𝒊)

and comparing it with a predefined, and sufficiently small, target convergence error, η. The
iterative process will end only if the stopping criteria is fulfilled. Otherwise, the iterative
process will continue by obtaining the Broyden matrix update, B(i+1), which will be calculated
based on the data from the previous iterations [8]:
𝐁

(𝒊+𝟏)

=𝐁

(𝒊)

+

𝐟 (𝒊+𝟏) 𝐡(𝒊)
𝐓

𝐓

(2.13)

𝐡(𝒊) 𝐡(𝒊)

and the iterative process starts again. Such optimization process will finish at the Mth iteration,
when the solution vector for the fine space, xf(M), that fulfils the stopping condition ‖𝐟 (𝑴) ‖ <
𝜂, is found.

ASM Approach in this Thesis
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, xc, will correspond to circuit parameters, whereas the
variables defined in the fine space, xf, 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

P1
COARSE
Model

Xc

P2

Lp

Lr

P1

Cr

P2

FINE
Model

Xf
𝐱 𝐟 = ൣ𝑥𝑓1 , 𝑥𝑓2 , … , 𝑥𝑓𝑘 ൧

𝐱 𝐜 = ሾ𝑥𝑐1 , 𝑥𝑐2 , … , 𝑥𝑐𝑘 ሿ

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
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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,
i.e. g0 = 1, as well as in frequency, so that the angular cut-off frequency is also Ωc = 1.

(a)

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

The normalized elements gi strictly depend on the response to be synthesized. For
instance, for a Chebyshev response, such elements are defined as [9]:
𝑔0 = 1
2
𝜋
𝑔1 = sin ( )
𝛾
2𝑁

𝑔𝑖 =

1 4sin [
𝑔𝑖−1

(2𝑖 − 1)𝜋
(2𝑖 − 3)𝜋
] sin [
]
2𝑁
2𝑁
(𝑖 − 1)𝜋
𝛾 2 + sin2 [
]
𝑁

1
𝛽
𝑔𝑁+1 = {
coth2 ( )
4

where
𝛽 = ln [coth (
𝛾 = sinh (

12

𝐿𝐴𝑟
)]
17.37

𝛽
)
2𝑁

for 𝑁 odd
for 𝑁 even

for 𝑖 = 2,3, … 𝑁

(2.14)
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N is the order of the filter and LAr 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.

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

Note that for a lossless two-port network filter, the minimum passband return loss, RL
in dB (where RL > 0), is related to the passband ripple, LAr, as follows:
𝐿𝐴𝑟 = −10 log(1 − 10−0.1𝑅𝐿 )

(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, f0, and port impedance, Z0 (which typically corresponds to 50 Ω).

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:

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

where ω0 denotes the center angular frequency, γ0 is the impedance scaling factor and the
FBW corresponds to the fractional bandwidth. The center angular frequency ω0 is defined as
follows:
𝜔0 = √𝜔1 𝜔2

(2.16)
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where ω2 and ω1 indicate the passband edge angular frequencies. On the other hand, the
fractional bandwidth, FBW, is defined as the ratio between the passband frequency range,
delimited by ω2-ω1, and the center angular frequency ω0:
𝐹𝐵𝑊 =

𝜔2 − 𝜔1
𝜔0

(2.17)

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 LC resonator, in order to
mimic its behavior nearby the resonance frequency. The reactance slope for resonators
having null reactance, X(ω0) = 0, at center frequency ω0 is defined as:
𝑥𝑖 =

𝜔0 𝑑𝑋𝑖 (𝜔)
|
2 𝑑𝜔 𝜔=𝜔0

(2.18)

Whereas the susceptance slope for resonators having null susceptance, B(ω0) = 0, at
center frequency ω0 is defined as:
𝑏𝑖 =

𝜔0 𝑑𝐵𝑖 (𝜔)
|
2 𝑑𝜔 𝜔=𝜔0

(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 = ω0L and b =
ω0C 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 series resonator to a shunt resonator
or viceversa. An ideal impedance inverter provides the inverse of the impedance load, ZL, at
its input, Zin:
𝑍𝑖𝑛 =

𝐾2
𝑍𝐿

(2.20)

Similarly, an ideal admittance inverter provides the inverse of the admittance load, YL,
at its input, Yin:
𝑌𝑖𝑛 =

14

𝐽2
𝑌𝐿

(2.21)
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These ideal inverters are frequency independent and introduce a phase shift of ±90º 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 ±90º 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.

(a)

(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]:
𝐾0,1 = √

𝑍0 𝐹𝐵𝑊𝑥1
,
Ω𝑐 𝑔0 𝑔1

𝐾𝑖,𝑖+1 =

𝐹𝐵𝑊 𝑥𝑖 𝑥𝑖+1
|
√
Ω𝑐
𝑔𝑖 𝑔𝑖+1

,

𝐾𝑁,𝑁+1 = √

𝑍𝑁+1 𝐹𝐵𝑊𝑥𝑁
Ω𝑐 𝑔𝑁 𝑔𝑁+1

(2.22)

𝑖=1 to 𝑁−1

whereas the equations for the generalized bandpass filter structure based on admittance
inverters are the following:
𝐽0,1 = √

𝑌0 𝐹𝐵𝑊𝑏1
,
Ω𝑐 𝑔0 𝑔1

𝐽𝑖,𝑖+1 =

𝐹𝐵𝑊 𝑏𝑖 𝑏𝑖+1
√
|
Ω𝑐
𝑔𝑖 𝑔𝑖+1

,

𝐽𝑁,𝑁+1 = √

𝑌𝑁+1 𝐹𝐵𝑊𝑏𝑁
Ω𝑐 𝑔𝑁 𝑔𝑁+1

(2.23)

𝑖=1 to 𝑁−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

15

Introduction and State of the Art

are higher immunity to electromagnetic noise and crosstalk and lower electromagnetic
interference (EMI). However, special attention needs to be paid to the presence of commonmode 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 commonmode 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.

(a)

(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 180º
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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.

(a)

(b)

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 Z0d for the balance-mode and with
Z0c 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]:
𝑉𝑑 = 𝑉1 − 𝑉2

(2.24)

1
𝐼𝑑 = (𝐼1 − 𝐼2 )
2

(2.25)

where V1, V2 and I1, I2 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
𝑉𝑐 = (𝑉1 + 𝑉2 )
2

(2.26)

𝐼𝑐 = 𝐼1 + 𝐼2

(2.27)

and therefore the differential-mode and common-mode characteristic impedances can be
derived as follows:
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𝑍𝑐𝑑 =

𝑉𝑑 2(𝑉1 − 𝑉2 )
=
𝐼𝑑
𝐼1 − 𝐼2

(2.28)

𝑍𝑐𝑐 =

𝑉𝑐
𝑉1 + 𝑉2
=
𝐼𝑐 2(𝐼1 + 𝐼2 )

(2.29)

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.

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:

𝐛𝐦𝐦 = 𝐒𝐦𝐦 𝐚𝐦𝐦

𝑏𝑑1
𝑏
= ( 𝑑2 )
𝑏𝑐1
𝑏𝑐2

𝑑𝑑
𝑆11
𝑑𝑑
𝑆21
𝑐𝑑
𝑆11
𝑐𝑑
( 𝑆21

𝑑𝑑
𝑆12
𝑑𝑑
𝑆11
𝑐𝑑
𝑆12
𝑐𝑑
𝑆22

𝑑𝑐
𝑆11
𝑑𝑐
𝑆21
𝑐𝑐
𝑆11
𝑐𝑐
𝑆21

𝑑𝑐
𝑆12
𝑎𝑑1
𝑑𝑐
𝑎𝑑2
𝑆22
(𝑎 )
𝑐𝑐
𝑐1
𝑆12
𝑎𝑐2
𝑐𝑐
𝑆22 )

(2.30)

where adi and aci are the normalized differential- and common-mode voltage incident waves
of the two-port differential network whereas bdi and bci are the reflected ones. In order to
calculate the S-parameters, all ports except the stimulus port must be terminated with the
port reference impedance, Z0d and Z0c, for the differential- and common-mode respectively.
The mixed-mode S-matrix can be expressed as:
𝐝𝐝
𝐒𝐦𝐦 = (𝐒 𝐜𝐝
𝐒
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𝐒𝐝𝐜 )
𝐒𝐜𝐜

(2.31)
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where Sdd and Scc correspond to the differential- and common-mode S-parameter matrices,
which can be seen as the S-parameters obtained by analyzing the decomposed differentialand common-mode conceptual two-port circuits depicted in Figure 2.11.

(a)

(b)

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, Sdc describe the conversion of common-mode inputs into the
differential-mode outputs, while Scd 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:
1 𝑆 − 𝑆13 − 𝑆31 + 𝑆33
𝐒𝐝𝐝 = ( 11
2 𝑆21 − 𝑆23 − 𝑆41 + 𝑆43

𝑆12 − 𝑆14 − 𝑆32 + 𝑆34
)
𝑆22 − 𝑆24 − 𝑆42 + 𝑆44

1 𝑆 + 𝑆13 + 𝑆31 + 𝑆33
𝐒𝐜𝐜 = ( 11
2 𝑆21 + 𝑆23 + 𝑆41 + 𝑆43

𝑆12 + 𝑆14 + 𝑆32 + 𝑆34
)
𝑆22 + 𝑆24 + 𝑆42 + 𝑆44

1 𝑆 + 𝑆13 − 𝑆31 − 𝑆33
= ( 11
2 𝑆21 + 𝑆23 − 𝑆41 − 𝑆43

𝑆12 + 𝑆14 − 𝑆32 − 𝑆34
)
𝑆22 + 𝑆24 − 𝑆42 − 𝑆44

1 𝑆 − 𝑆13 + 𝑆31 − 𝑆33
𝐒𝐜𝐝 = ( 11
2 𝑆21 − 𝑆23 + 𝑆41 − 𝑆43

𝑆12 − 𝑆14 + 𝑆32 − 𝑆34
)
𝑆22 − 𝑆24 + 𝑆42 − 𝑆44

𝐒

𝐝𝐜

(2.32)

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,
Sdd = So and Scc = Se. 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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(a)

(b)
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 twoport 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 function [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 software engineering tools for automatic filter synthesis1.
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 differentialmode 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,
EUMC15*, IJMWT16, 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.
1
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Different approaches to obtain balanced bandpass filters with wide (or even ultra-wide2)
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 commonmode 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 (DGSs), 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, EUMC15*, IJMWT16, 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®3
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.

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 14th February 2002.
3 Currently Keysight®.
2
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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 SteppedImpedance Resonators (SIRs). Such SIRs act as shunt resonators with a particular
susceptance Bi(ω) and susceptance slope bi, and two different strategies are followed in order
to obtain the desired filter structures that meet the proposed design specifications. In Articles
IMS14*, TMTT14, EUMC15* 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 IJMWT16, 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 EUMC15*. 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
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
λ/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 3rd order filter is used as an example. The three main items which will
be independently optimized during the ASM synthesis process i.e., the λ/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

(a)

J01

J12
Lp1

Lr1

J23
Lp2

Lr2

Cr1

Cr2

J34
Lp3

Lr3

Cr3

(b)
Figure 3.1. IMS14* 3rd 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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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:
𝐵=

𝜔2 𝐶𝑟 (𝐿𝑝 + 𝐿𝑟 ) − 1
𝜔𝐿𝑝 (−𝜔 2 𝐿𝑟 𝐶𝑟 + 1)

(3.1)

Hence, the transmission zero frequency, fZ, the resonant frequency f0, and the
susceptance slope b at f0 can be defined as follows:
𝑓𝑍 =

𝑓0 =

1
2𝜋√𝐿𝑟 𝐶𝑟
1

2𝜋√𝐶𝑟 (𝐿𝑟 + 𝐿𝑝 )

𝑏 = 𝜔0

𝐶𝑟 (𝐿𝑟 + 𝐿𝑝 )2
𝐿𝑝 2

(3.2)

(3.3)

(3.4)

On the other hand, the λ/4 transmission lines that implement the filter’s admittance
inverters can be split as two λ/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, Z0, and the phase shift, θcell,
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 Nth order Chebyshev response
filter, the total number of cells to be optimized is reduced to (N+1)/2 since 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.
It is important to note too that the main technology parameters, which basically are the
dielectric permittivity εr and the thickness h 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 xc
= Z0, while in the fine space it corresponds to the width of such line xf = wTL. 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 xf(1) is obtained. Next, by means of the parameter extraction process,
the first coarse model vector xc(1) is inferred by direct inspection of the EM response.
Similarly, the initial Broyden matrix B(1) shown in equation (3.5) is inferred by perturbing the
line width and obtaining the characteristic impedance from the EM simulation response.
𝐁 (𝟏) = (
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The Line Width ASM iterative loop will finish at the Mth iteration, when the normalized
error function f(i) between the target coarse model vector xc* and the final fine model vector
xc(M) is lower than the specified target convergence error η so that the optimum values in the
fine space will be given by xf(M).

SIR ASM
In the specific ASM process developed to carry out each resonator synthesis, the
variables in the coarse space Xc correspond to the circuital elements of the resonator, xc =
[Lr, Cr, Lp] 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, FBW, the central frequency, f0, and the passband ripple LAr. On the
other hand, the fine space Xf is defined by a set of variables that define the resonator layout,
xf = [lLr, lCr, lLp], 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 xf(1) of the shunt resonator
can be determined. Next, xc(1) 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 lLr, lCr and lLp defined in the fine model vector and
obtaining after each perturbation the corresponding values for the coarse model vector Lr,
Cr and Lp parameters through parameter extraction, the initial Broyden matrix B(1) can be built.

𝐁(𝟏)

𝛿𝐿𝑟
𝛿𝑙𝐿𝑟
𝛿𝐶𝑟
=
𝛿𝑙𝐿𝑟
𝛿𝐿𝑝
𝛿𝑙
( 𝐿𝑟

𝛿𝐿𝑟
𝛿𝑙𝐶𝑟
𝛿𝐶𝑟
𝛿𝑙𝐶𝑟
𝛿𝐿𝑝
𝛿𝑙𝐿𝑝

𝛿𝐿𝑟
𝛿𝑙𝐿𝑝
𝛿𝐶𝑟
𝛿𝑙𝐿𝑝
𝛿𝐿𝑝
𝛿𝑙𝐿𝑝 )

(3.6)

At this point the SIR ASM loop is started, and it will end at the Mth iteration once the
normalized error between the optimal coarse model vector xc* and the final coarse vector
xc(M) is lower than the predefined target convergence error η so that the optimum values in
the fine space will be defined in xf(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 xc = θcell, while the filter cell length is mapped in the fine model vector, xf =
lcell. The initial value for the fine model vector xf(1) is obtained by the formula that gives the
line length as a function of the required phase (in this case θcell = 90o) and the operation
frequency f0 [14]. Then xc(1) can be inferred from the EM simulation of the initial inverter
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line layout. Similarly, the initial Broyden matrix B(1) is inferred by perturbing the line length
and obtaining the electrical length from the corresponding EM simulation response.
𝐁(𝟏) = (

𝛿𝜃𝑐𝑒𝑙𝑙
)
𝛿𝑙𝑐𝑒𝑙𝑙

(3.7)

The Filter Cell ASM iterative loop will finish at the Mth iteration, when the normalized
error function f(i) between the target coarse model vector xc* and the final coarse model
vector xc(M) is lower than the specified target convergence error η so that the optimum values
in the fine space will be defined in xf(M). Once each optimum filter cell has been synthesized,
the cells are simply cascaded to generate the final filter layout.

Optimum Layout
A wideband bandpass filter example with Chebyshev response and predefined
specifications i.e., order N, center frequency f0, fractional bandwidth FBW-3dB (where the cutoff frequencies are defined at -3dB of the bandpass response) and passband return loss RL
(directly related to the passband ripple LAr), 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 7th order bandpass filter with f0 = 3.87 GHz, FBW-3dB = 52%, return loss RL > 10 dB
(i.e., LAr < 0.46 dB) and transmission zero frequency fz = 8 GHz (to provide good selectivity
and spurious suppression) is synthesized by means of the presented ASM algorithm and
fabricated using Rogers RO3010 substrate with thickness h = 0.635mm, dielectric constant εr
= 10.2 and tangent delta tanδ = 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).
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Figure 3.4. IMS14* 7th 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 quasiChebyshev 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 IMS14*, it seems not to be
the most efficient method since it consists in a trial and error process to get the overdimensioned 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.

33

Planar Wideband Single-Ended Filters based on SIRs

Specifications

Optimum Schematic (1st ASM)

Optimum Schematic

Optimum Layout (2nd ASM)

Optimum Layout

Figure 3.5. Two-Step ASM block diagram.

In Figure 3.6 (a) such schematic is shown for a 3rd 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).
J01

J12
B1(w)

J23
B2(w)

J34
B3(w)

(a)
/4

/4

B1(w)

/4

B2(w)

/4

B3(w)

(b)
Figure 3.6. 3rd 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
Figure 3.7.
Specifications

𝐱 𝐜∗ = ሾ𝑓0𝑐 , 𝐹𝐵𝑊𝑐 , 𝐿𝐴𝑟𝑐 ሿ

Optimum Schematic ASM

(𝐌)

𝐱𝐟

= ሾ𝑓0𝑓 , 𝐹𝐵𝑊𝑓 , 𝐿𝐴𝑟𝑓 ሿ

Optimum Schematic

Figure 3.7. Optimum Schematic ASM block diagram (1st ASM).

In this particular case, the ASM coarse model vector is defined based on the filter target
specifications xc = [f0c, FBWc, LArc] 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 xf = [f0f, FBWf, LArf], 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 λ/4 transmission lines. Therefore, the
definitions of the coarse and fine spaces in this particular ASM scheme can be described as
follows:
Parameter
Extraction

COARSE
Model

FINE
Model

Xc
J01

J12
B1(w)

Xf

J23
B2(w)

/4

J34

/4

B1(w)

B3(w)

𝐱 𝐜 = ሾ𝑥𝑐1 , 𝑥𝑐2 , … , 𝑥𝑐𝑘 ሿ

/4

B2(w)

/4

B3(w)

𝐱 𝐟 = ൣ𝑥𝑓1 , 𝑥𝑓2 , … , 𝑥𝑓𝑘 ൧
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, f0 = 2.4
GHz, FBW-3dB = 44% and LAr = 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. 5th order ideal filter schematic Chebyshev response and its correspondence with the parameters
defined in the filter specifications (f0, FBW-3dB, LAr).

In Figure 3.10 the ideal Chebyshev response is compared with the one obtained from
the schematic based on λ/4 inverters. As expected, the response based on λ/4 inverters
deviates notably from the target Chebyshev response, affecting all three parameters f0, FBW3dB, LAr. This fact confirms the assumption about the limited behavior of the transmission
line inverters mentioned previously.
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Figure 3.10. 5th order Chebyshev response comparison: filter schematic based on ideal admittance inverters and
filter schematic based on λ/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 xf(1) and to obtain the
initial Broyden matrix B(1). 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 xf(1) = xc*, which is
the one that provides the deviated Chebyshev response shown in Figure 3.10. Next, the initial
Broyden matrix B(1) 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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𝐁(𝟏) =

𝛿𝑓0𝑐
𝛿𝑓0𝑓

𝛿𝑓0𝑐
𝛿𝐹𝐵𝑊𝑓

𝛿𝑓0𝑐
𝛿𝐿𝐴𝑟𝑓

𝛿𝐹𝐵𝑊𝑐
𝛿𝑓0𝑓

𝛿𝐹𝐵𝑊𝑐
𝛿𝐹𝐵𝑊𝑓

𝛿𝐹𝐵𝑊𝑐
𝛿𝐿𝐴𝑟𝑓

𝛿𝐿𝐴𝑟𝑐
( 𝛿𝑓0𝑓

𝛿𝐿𝐴𝑟𝑐
𝛿𝐹𝐵𝑊𝑓

(3.8)

𝛿𝐿𝐴𝑟𝑐
𝛿𝐿𝐴𝑟𝑓 )

At this point the Optimum Schematic ASM loop is started, and it will end at the Mth iteration
once the normalized error between the optimal coarse model vector xc* and the final coarse
model vector xc(M) is lower than the predefined target convergence error η, so that the
optimum values in the fine space will be defined in xf(M). 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 λ/4 admittance inverters, which
proves the validity of the optimization process.
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Figure 3.11. 5th 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-Step ASM scheme
concept, the filter layout was fabricated using Rogers RO3010 with dielectric constant εr =
10.2, thickness h = 0.635mm and tangent delta tanδ = 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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(b)
Figure 3.12. TMTT14 5th order wideband bandpass filter layout (a) and comparison between the filter optimum
schematic, EM simulation with losses and measured response (b).

Further examples of filters based on the same topology and automatically synthesized
using the Two-Step ASM algorithm can be found in the Article TMTT14 and in the Book
Chapter SPMS16*, which include a 9th and 7th order filter synthesis respectively, using the
same methodology.
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Chapter 4
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 Chebyshevlike 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 λ/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 differentialand 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 λ/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 λ/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 λ/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 3rd order filter example are described in Figure 4.1.
Mirrored SIR

Filter Cell

Line Width

(a)
J01
Cp1

Cp1
J01

J23

J12

Cp2

Lp1
Cz1

Cz1
Lp1

Lp2
Cz2

Cp3

Cz2
Lp2

Cp2

Cp
J23

J12

J34
Lp3
Cz3
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(b)
Figure 4.1. EUMC15* 3rd order balanced wideband bandpass filter layout (a) and equivalent circuit (b).
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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 Czi, 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 Lpi-Cpi 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 Lpi-Czi 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.
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(b)
Figure 4.2. Differential- (a) and common- (b) mode circuit schematics of the EUMC15* 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. Lpi = Lp and Cpi = Cp, 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 λ/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 λ/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 (Lp is
grounded so Cz does not play any role), the SIR susceptance Bdd can be expressed as stated
below:
𝐵𝑑𝑑 =

𝜔2 𝐶𝑝 𝐿𝑝 − 1
𝜔𝐿𝑝

(4.1)

Hence, the resonant frequency, f0, and the susceptance slope, bdd, at f0dd can be defined as
follows:
𝑓0𝑑𝑑 =

1
2𝜋√𝐶𝑝 𝐿𝑝

𝑏𝑑𝑑 = 2𝜋𝑓0𝑑𝑑 𝐶𝑝

(4.2)
(4.3)

and the transmission zero frequency, fZcc, in the common-mode is determined by:
𝑓𝑧𝑐𝑐 =

1
2𝜋√𝐿𝑝 𝐶𝑧

(4.4)

On the other hand, the λ/4 transmission lines that implement the admittance inverters
are split in two λ/8 input and output transmission lines connected to the resonators input
and output ports respectively. The characteristic impedance Z0 and the phase shift θcell of each
λ/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. EUMC15* balanced wideband bandpass filter 2nd ASM flow diagram.

The Line Width ASM algorithm consists on obtaining the optimum width wTL for each
λ/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 = [Cp, Lp, Cz] whereas the fine model vector corresponds to xf = [lCp, lLp, lCz]. By means
of the well-known approximate formulas [14] for an electrically small narrow and wide strips,
the initial layout xf(1) of the shunt resonator can be determined, and next xc(1) 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(1) can be defined as follows:

𝐁(𝟏)

𝛿𝐿𝑝
𝛿𝑙𝐿𝑝
𝛿𝐶𝑝
=
𝛿𝑙𝐿𝑝
𝛿𝐶𝑧
(𝛿𝑙𝐿𝑝

𝛿𝐿𝑝
𝛿𝑙𝐶𝑝
𝛿𝐶𝑝
𝛿𝑙𝐶𝑝
𝛿𝐶𝑧
𝛿𝑙𝐶𝑝

𝛿𝐿𝑝
𝛿𝑙𝐶𝑧
𝛿𝐶𝑝
𝛿𝑙𝐶𝑧
𝛿𝐶𝑧
𝛿𝑙𝐶𝑧 )

(4.5)

Considering this particular filter structure where all the resonators are equal, the SIR
ASM process will provide exactly the same final fine model vector xf(M) -and therefore the
same optimum layout- for all the resonators.
Concerning the Filter Cell ASM process, it is meant to calculate the optimum phase θcell
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 θcell of each filter cell might not be 90o
(as it was in the case of the single-ended filter topology) since now the cells might be
composed by two λ/8 transmission lines with different characteristic admittances, leading to
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a total electrical length different than 90o. 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 Layout
Let us consider the following balanced filter design specifications: N = 5, f0 = 2.4 GHz,
FBW = 40% (corresponding to a FBW-3dB = 44%) and LAr = 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. fZcc = 1.1f0, 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
RO3010 substrate with dielectric constant εr = 10.2, tangent delta tanδ = 0.0022 and thickness
h = 0.635mm.
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Figure 4.5. EUMC15* 5th 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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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 3rd 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
λ/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 3rd 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.
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Figure 4.6. TMTT15 3rd order balanced wideband bandpass filter layout (a) and equivalent circuit (b).

The proposed balanced wideband bandpass filters are implemented by combining semilumped 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 λ/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 Cci 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 Lci-Cci 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
Lei-Cei 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.
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(b)
Figure 4.7. Differential- (a) and common- (b) mode circuit schematics of the TMTT15 filter structure.

Due to the limited functionality in terms of bandwidth of the λ/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 λ/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 (Lc is
grounded so Cc does not play any role), the SIRs susceptance Bdd can be expressed as stated
below:
𝐵𝑑𝑑 =

𝜔2 𝐶𝑒 (𝐿𝑒 + 𝐿𝑐 ) − 1
𝜔𝐿𝑐 (−𝜔 2 𝐿𝑒 𝐶𝑒 + 1)

(4.6)

Hence, the resonant frequency, f0dd, the transmission zero frequency, fZdd, and the susceptance
slope, bdd, at f0dd can be defined as follows:
𝑓0𝑑𝑑 =

1
2𝜋√𝐶𝑒 (𝐿𝑒 + 𝐿𝑐 )

𝑓𝑧𝑑𝑑 =

1
2𝜋√𝐿𝑒 𝐶𝑒

𝑏𝑑𝑑 = 2𝜋𝑓0𝑑𝑑

𝐶𝑒 (𝐿𝑒 + 𝐿𝑐 )2
𝐿𝑐 2

(4.7)

(4.8)

(4.9)

and the transmission zero frequency, fZcc, in the common-mode is determined by:
𝑓𝑧𝑐𝑐 =

1
2𝜋√𝐿𝑐 𝐶𝑐

(4.10)

On the other hand, the λ/4 transmission lines that implement the admittance inverters
are split in two λ/8 input and output transmission lines connected to the resonators input
and output ports respectively. The characteristic impedance Z0 and the phase shift θcell of each
λ/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.
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Figure 4.9. TMTT15 balanced wideband bandpass filter 2nd 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 (a)) 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
wTL for each λ/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 xc = [Le, Ce, Lc, Cc] and its
response is obtained through circuit simulation, whereas the fine model vector of the first
mirrored SIR, i.e. i = 1, corresponds to xf = [lLe, lCe, lLc, lCc] 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 xf(1) of the shunt resonator can be
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determined, and next xc(1) 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(1) corresponding to the first resonator can be defined as follows:

𝐁 (𝟏)

𝛿𝐿𝑒
𝛿𝑙𝐿𝑒
𝛿𝐶𝑒
𝛿𝑙𝐿𝑒
=
𝛿𝐿𝑐
𝛿𝑙𝐿𝑒
𝛿𝐶𝑐
(𝛿𝑙𝐿𝑒

𝛿𝐿𝑒
𝛿𝑙𝐶𝑒
𝛿𝐶𝑒
𝛿𝑙𝐶𝑒
𝛿𝐿𝑐
𝛿𝑙𝐶𝑒
𝛿𝐶𝑐
𝛿𝑙𝐶𝑒

𝛿𝐿𝑒
𝛿𝑙𝐿𝑐
𝛿𝐶𝑒
𝛿𝑙𝐿𝑐
𝛿𝐿𝑐
𝛿𝑙𝐿𝑐
𝛿𝐶𝑐
𝛿𝑙𝐿𝑐

𝛿𝐿𝑒
𝛿𝑙𝐶𝑐
𝛿𝐶𝑒
𝛿𝑙𝐶𝑐
𝛿𝐿𝑐
𝛿𝑙𝐶𝑐
𝛿𝐶𝑐
𝛿𝑙𝐶𝑐 )

(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 Cz). For the determination of the layout of the other resonant elements, the SIR
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 xc = [Le, Ce, Lc, Cc], while the fine model
vector of the other mirrored SIRs will correspond to xf = [lLe, lCe, wLc, wCc]. The definition of
the initial Broyden matrix for these resonators is defined as:

𝐁(𝟏)

𝛿𝐿𝑒
𝛿𝑙𝐿𝑒
𝛿𝐶𝑒
𝛿𝑙𝐿𝑒
=
𝛿𝐿𝑐
𝛿𝑙𝐿𝑒
𝛿𝐶𝑐
(𝛿𝑙𝐿𝑒

𝛿𝐿𝑒
𝛿𝑙𝐶𝑒
𝛿𝐶𝑒
𝛿𝑙𝐶𝑒
𝛿𝐿𝑐
𝛿𝑙𝐶𝑒
𝛿𝐶𝑐
𝛿𝑙𝐶𝑒

𝛿𝐿𝑒
𝛿𝑤𝐿𝑐
𝛿𝐶𝑒
𝛿𝑤𝐿𝑐
𝛿𝐿𝑐
𝛿𝑤𝐿𝑐
𝛿𝐶𝑐
𝛿𝑤𝐿𝑐

𝛿𝐿𝑒
𝛿𝑤𝐶𝑐
𝛿𝐶𝑒
𝛿𝑤𝐶𝑐
𝛿𝐿𝑐
𝛿𝑤𝐶𝑐
𝛿𝐶𝑐
𝛿𝑤𝐶𝑐 )

(4.12)

The iterative process will finish once the final fine model vectors xfi(M) corresponding to
the (N+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 90o 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 S21 is no longer 90o 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 Cell
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 Layout
Let us consider the synthesis of a filter with the following design specifications: N = 7,
f0 = 3 GHz, FBW = 60 % (corresponding to FBW-3dB = 63.43%) and LAr = 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 Cci 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 7th order filter example, using Rogers RO3010 substrate with
thickness h = 635 m, dielectric constant r = 10.2 and loss tangent tanδ = 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 (c) the same comparison is done for the common-mode responses.
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Figure 4.10. TMTT15 7th 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 commonmode 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 5th
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
Wideband Filters

Balanced

The balanced filters previously reported in Section 4.1 consist on a combination of semilumped elements, i.e. 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 satisfy the filter
specifications, and therefore the Two-Step ASM scheme is totally justified to automatically
synthesize these filter structures.
However, this method complicates significantly the design of the filters, since the ASMbased 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 3rd order filter example.
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(b)
Figure 4.11. IJMWT16 3rd 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 Cpi and Czi, and inductances Lpi and Lpari, whereas the interdigital capacitors are
modelled by a -network with series resonators Lsi and Csi, and shunt parasitic capacitors,
Cpari. It is worth to mention that in the previous SIR structures reported in Sections 3.1.1 and
4.1.1, the parasitic inductance Lpari 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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even though Lpari 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 Czi do not play an active role for that mode since Lpi 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 Lpar is considered to be sufficiently
small, so that the capacitance Cpari is directly connected in parallel with the capacitance Cpi.
Lpari prevents of that filter canonicity, but as Lpar 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 Hwall which acts as an open circuit, and the equivalent circuit model is the one depicted in
Figure 4.12 (b), where the resonators Lpi-Czi 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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(b)

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 Cpar and Lpar 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, Cpar, need to be extracted in advance from the corresponding series resonator EM
response prior to start with the shunt SIRs ASM process, since Cpar 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 Ls and decrease the capacitance Cpar, and it is circularly shaped in order to
minimize the interaction with the mirrored SIR resonators connected on both ports.
GND
slot

𝑙𝑓

𝑙 𝐿𝑠

(a)

Ls

Cs

Cpar

Cpar

(b)

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

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, Xs, of the series
resonator can be expressed as:
𝑋𝑠 =

𝜔2 𝐿𝑠 𝐶𝑠 − 1
𝜔Cs

(4.13)

Hence, the resonant frequency, f0, and the reactance slope, x, at f0 can be defined as
follows:
𝑓0 =

1
2𝜋√𝐶𝑠 𝐿𝑠

𝑥 = 𝜔0 𝐿𝑠

(4.14)
(4.15)

Moreover, the shunt impedance of the interdigital capacitor, Zp, from where Cpar can be
found, can be extracted by proper inspection of the EM simulation response using the
following expression, valid for a reciprocal π-network:
Zp = 𝑍0

(1 + S11 )2 − S21 2
(1 − S11 2 ) + S21 2 − 2S21

so that the shunt parasitic capacitance Cpar can be expressed as follows:

54

(4.16)

4.2. Compact Semi-Lumped Balanced Wideband Filters

𝐶𝑝𝑎𝑟 = −

1
𝜔0 Xp

(4.17)

The value of Cpar is relevant since it must be subtracted to the capacitance Cpi 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).
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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 Lpar. 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, Zs,
from where Lpar can be found, can be extracted by proper inspection of the EM simulation
response using the following expression, valid for a reciprocal T-network:
Zs = 𝑍0

(1 − S11 2 ) + S21 2 − 2S21
(1 − S11 )2 − S21 2

(4.18)

so that the series parasitic inductance Lpar can be expressed as follows:
𝐿𝑝𝑎𝑟 =

Xs
𝜔0

(4.19)

The value of Lpar, 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.
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Layout Generation by means of ASM
The complete automatic layout synthesis process involves three ASM stages: 1) the 1st
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 (Ls, Cs) and shunt (Lp, Cp) 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 Czi 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 1st Interdigital
Capacitor ASM, the variables in the optimization (coarse) space are xc = [Lsi, Csi], whereas the
variables in the validation (fine) space are the length of the inductive line, lLs, and the length
of the fingers, lf, i.e., xf = [lLs, lf]. 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,
xf(1), is estimated from approximate formulas providing the inductance of a narrow inductive
strip and the capacitance of an interdigital capacitor [14]. Next, xc(1) 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(1), necessary
to iterate the process as indicated above, is given by:
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𝐁(𝟏)

𝛿𝐿𝑠
𝛿𝑙𝐿𝑠
=
𝛿𝐶𝑠
(𝛿𝑙𝐿𝑠

𝛿𝐿𝑠
𝛿𝑙𝑓
𝛿𝐶𝑠
𝛿𝑙𝑓 )

(4.20)

With this ASM scheme, the layout providing the target elements of the series branch is
determined, and from this layout, the parasitic capacitance Cpar is also inferred from the
interdigital resonator EM response by using equations (4.16) and (4.17). The Cpar 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 Cpar: once the Cpar value is obtained, it will be
subtracted from the shunt capacitance Cp of the mirrored SIR, so that the final shunt
capacitance value to be synthesized in the mirrored SIR will consider already the addition of
Cpar coming from the interdigital resonator when forming the complete filter structure, as can
be envisioned in Figure 4.11 (b) assuming that Lpar 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 xc = [Lpi, Cpi, Czi], 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 xf = [lLpi, lCpi, lCzi]. 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, xf(1), 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(1), 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 Lpar 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 Lpar and Cpar 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 Lpar is small, it can be expected that by subtracting the parasitic capacitance
Cpar to the capacitance of the mirrored SIR, Cp, 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 Lpar
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effect needs to be compensated. Indeed, it has been verified that it is enough to automatically
tune Ls to satisfy 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 2nd 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 3rd order Chebyshev filter with central frequency f0 =
2.4 GHz, fractional bandwidth FBW = 40% and ripple LAr = 0.15 dB. After applying the 1st
Interdigital Capacitor ASM and the SIR ASM schemes shown in Figure 4.15, Cpar and Lpar are
inferred so that the optimum schematic can be obtained by tuning the interdigital capacitor
series inductance, Ls, 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
Ls 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 Ls
tuning is to compensate the Lpar 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 Ls tuning
is shown.
0

S21

S21, S11 (dB)

-20

S11

-40

Schematic with parasitics
Chebyshev
-60
1

2

3

4

5

Frequency (GHz)

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 Ls only.

Optimum Layout
Once the new value of Ls is found and the optimum schematic is obtained, it is necessary
to recalculate the new layout of the interdigital capacitor by means of the 2nd Interdigital
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 RO3010 substrate with thickness h = 254 m,
dielectric constant r = 10.2 and loss tangent tanδ = 0.0022.
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Figure 4.17. IJMWT16 3rd order compact balanced wideband bandpass filter layout (a) and comparison
between the optimum schematic, EM lossless simulation and measured responses for the differential-mode (b)
and for the common-mode (c).

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 Cs 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 0.48  0.35,  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 DifferentialMode 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 postoptimization algorithms, necessary to accurately determine the transmission zero frequencies.
Thus, the unattended layout synthesis, the compact size and the differential- and commonmode 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 seriesconnected interdigital capacitors. The balanced filter topology is depicted in Figure 4.18 (a).
Such topology corresponds to a 3rd 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 -networks
with series resonators Csi-Lsi and parallel parasitic capacitances Cpar, which coincides with the
structure previously reported in Section 4.2.1. On the other hand, the mirrored SIRs are
described by the inductances Lei and Lci, and by the capacitances Cei and Cci. Therefore, in this
topology, the series parasitic inductance, Lpar, 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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(b)
Figure 4.18. NEMO17* and TMTT18 3rd order compact wideband bandpass filter layout (a) and equivalent
circuit (b).

For the differential-mode, the capacitances Cci are short circuited and do not play an
active role. Conversely, such capacitances and the inductances Lci 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 Cci). The external resonators (LeiCei) 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 Lei. It must
be noted that for both shunt-connected series resonators types (Lci-Cci and Lei-Cei), 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.
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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 twolevel 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 properly 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 Cpari. 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, Lsi and Csi, and then synthesize the layouts of the interdigital capacitor
resonators. From such layouts, the values of capacitances Cpar 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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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 Cpar are directly
considered as part of the SIR resonators, so that the SIRs equivalent shunt reactance, Xsdd,
can be expressed by:
𝜒𝑠 𝑑𝑑 =

(𝜔2 𝐿𝑒 𝐶𝑒 − 1)𝐿𝑐
𝜔 3 𝐶𝑝𝑎𝑟 𝐿𝑒 𝐶𝑒 𝐿𝑐 − 𝜔(𝐶𝑒 (𝐿𝑒 + 𝐿𝑐 ) + 𝐶𝑝𝑎𝑟 𝐿𝑐 )

(4.21)

For the differential-mode, the filter central frequency, f0dd, the transmission zero
frequency, f0ZZ, and the susceptance slope, bdd, at the central angular frequency ω0, are given
by:
𝑓0𝑑𝑑 =

1 𝐶𝑒 (𝐿𝑒 + 𝐿𝑐 ) + 𝐶𝑝𝑎𝑟 𝐿𝑐
√
2𝜋
𝐶𝑝𝑎𝑟 𝐿𝑐 𝐿𝑒
𝑓𝑧𝑑𝑑 =

𝑏𝑑𝑑 =

1
2𝜋√𝐿𝑒 𝐶𝑒

𝜔0 𝐶𝑝𝑎𝑟
1
𝐶𝑒 𝜔0 (1 + 𝐿𝑒 𝐶𝑒 𝜔0 2 )
+
+
2
2𝐿𝑐 𝜔0
2(1 − 𝐿𝑒 𝐶𝑒 𝜔0 2 )2

(4.22)

(4.23)

(4.24)

while the transmission zero frequency, fZcc, can be defined as:
𝑓𝑧𝑐𝑐 =

1
2𝜋√𝐿𝑐 𝐶𝑐

(4.25)

Therefore, the four circuit variables Le, Ce, Lc and Ce 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 differentialmode pass band and beyond. With these transmission zeros, and those for the differentialmode, 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

Tx Zeros algorithm

Optimum 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 f0 =
1.8 GHz, fractional bandwidth FBW = 48% (55.4% at 3-dB fractional bandwidth) and ripple
level LAr = 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., 2.5f0. From filter specifications, we can infer the element
values of the interdigital capacitors, i.e. Ls and Cs, corresponding to the series resonator stages,
using well-known formulas [9]. Since the elements of the shunt SIRs depend on Cpar, 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 Cpar. Once this parasitic
capacitance value is known, equations (4.22)-(4.25) can be used to determine Le, Lc, Ce and
Cc 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
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transmission zero to 1.5f0. 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 1.5f0. On the other hand, the third commonmode 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 differentialmode transmission zeros are kept at 2.5f0. 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)
and (d) 5th iteration.
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Nevertheless, in this iterative algorithm, the objective is to have an optimum commonmode 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.
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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 xc = [Lsi, Csi], whereas the variables in the validation space are the
length of the inductive line, lLs, and the length of the fingers, lf, i.e., xf = [lLs, lf]. The first vector
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of the validation space, xf(1), 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 xc(1) 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(1) by
means of equation (4.20).
Optimum Schematic

1st SIR

𝑖=1
𝐱 𝐜∗ = ሾ𝐿∗𝑠 , 𝐶𝑠∗ ሿ
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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 xc = [Le, Ce, Lc, Cc], 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. i = 1, is constituted by a
set of variables defining the resonator layout as detailed in Figure 4.20 (a) and it is defined as
xf = [lLe, lCe, lLc, lCc]. 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(1), 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

67

Planar Wideband Balanced Filters based on SIRs

rest of the mirrored SIRs is still defined as xc = [Le, Ce, Lc, Cc], but the fine model vector of
these subsequent mirrored SIRs will correspond to xf = [lLe, lCe, wLc, wCc]. 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, xf(1), 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 xf(M) 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, f0 = 1.8 GHz, FBW =
48% (or 55.4% at 3-dB fractional bandwidth) and LAr = 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 commonmode 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 5th 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 Ls, Cs, Cpar 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 h = 813 m,
dielectric constant r = 3.55 and loss tangent tanδ = 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
 48.2 mm, corresponding to 0.51g  0.48g in terms of the wavelength at the filter central
frequency, f0, which makes this combination of filter size and performance very competitive.
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Figure 4.26. TMTT18 5th order compact balanced wideband bandpass filter differential-mode (a) and commonmode (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 3rd 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
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 filter’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-Step 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 9th 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 differentialmode 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-Step 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-Step 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 5th 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® HFSS, 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
agreement

of

an

order-7

between

the

bandpass

filter

electromagnetic

is

reported.

response

of

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 fust 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.

The
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, Xc,
the variables are linked to a coarse model, which is simple and
computationally efficient, although not accurate; in the
validation space, Xfi 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
Xr
and Xc for the fine and coarse model parameters,
respectively, and their responses are denoted as RJxf) and
Rc(xc). In planar microwave circuits, the vectors xf and Xc
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 S)) or S2I, 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

II. 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 Cr and
inductance Lr) to a very good approximation [5], whereas the
shunt stubs (grounded through vias) are modeled by a shunt
inductance Lp. 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.

, T , T T

Fig. 1.
Typical topology (order-7) of the considered 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, fo 3.87
GHz, 3dB fractional bandwidth, FBW
52% (i.e., 3GHz5GHz), in-band return loss better than 10 dB, and, fInally, the
transmission zero frequency located at fz
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 fa with normalized
impedance K
1, i.e., Zo
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.

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(xj)=P(Xj)-x: =0
(1)
where x/ is the vector that contains the target circuit elements,
and P(Xj) 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. I(a).

For the SIR/stub resonator, xI is a vector that contains the
lengths ler and hr of the low- and high-impedance
transmission line sections, respectively, of the SIR, and hp, the
length of the shunt stub. The widths are set to certain values
(i.e., Wer 2 mm and WLr
WLp
0.3 mm) to reduce the
number of free parameters [see Fig. 1 (b)]. Assuming that xi)
is thej-th approximation to the solution of (1), and fi) the error
function corresponding to f(xP). The next vector of the
iterative process xi+1) is found by a quasi-Newton iteration,
i.e.,
(2)
=

=

=

where hV) is given by:

TABLE T. FILTER ELEMENT VALVES
1,7

- - - EM sim. w.o. losses

-20

=

=

..... Target

3,5

4

0.3108

0.4715

L,(nH)

0.5155

0.5132

C,(pF)

0.7678

0.7711

1.2733

0.8394

Lp(nH)

1.5464

1.5397

0.9325

1.4146

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

(3)
and

B(j) is an approach to the Broyden matrix [2]:
f(J+I)h (J)T
::-...,
B(J+') = B(J) + -:-::-:
h (J)Th
(J)-: ,-

(4)

which is also updated at each iterative step. In (4), fi+l) 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
I
(5)
f
27r .JLrCr
=

z

b

10

_
-

lUO

Cr(Lr+Lp)2
L2p

(7)

I
=

.J(Lr

(6)

--;=====
+

27r

Lp)Cr

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 ICr and hr and
hI" Once the initial layout is known, the Broyden matrix is
obtained by slightly perturbing the above lengths and
obtaining Ln Cr and Lp 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 (atfo) transmission
line is much simpler, since it involves only the line width, W,
that must be determined from the target characteristic
impedance (Zo = 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, lcel/, that is, the length of the pair
of Al8 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 (fa). 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 R03010 substrate with dielectric
constant Cr= lO.2, and thickness h = 635 Ilm, 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 = 0.58 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 H100 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 N5221A vector network
analyzer. The measured response is in good agreement with
the lossy electromagnetic simulation, and reveals that fIlter
specifIcations are satisfIed.
TABLE n. GEOMETRY PARAMETERS OF THE FILTER
Filter stage
1,7

2,6

3,5

4

hr(mm)

1.2259

1.2783

0.5317

1.0537

lcr(mm)

0.9016

0.8646

1.9906

1.0963

hp(mm)

2.4965

2.4991

1.4639

2.2787

lall(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 unattended 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).
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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, 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.
Among the considered techniques for microwave circuit design and optimization, space mapping (SM), first proposed by
Bandler et al.. in 1994 [1], has revealed to be a powerful and efficient 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
[5]–[7].
In this paper, the interest is focused on the so-called aggressive space mapping (ASM) [2], an approach that uses quasiNewton type iteration to find the optimum solution of the considered 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 considered filters are well suited to achieve wide fractional bandwidths, 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 combination of shunt connected stepped impedance resonators (SIRs)
and grounded inductive stubs, coupled through admittance inverters [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 optimum 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 proposed 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 satisfies 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 contribution 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.

Fig. 1. Generalized bandpass filter network based on shunt resonators coupled
through admittance inverters.

Let us assume that
is the th approximation to the solution in the validation space, and
the error function cor. The next vector of the iterative process
responding to
is obtained by a quasi-Newton iteration according to
(5)
where

is given by
(6)

II. GENERAL FORMULATION OF ASM
SM is a technique extensively used for the design and optimization of microwave components. It uses two simulation
spaces [1], [2], [10]: 1) the optimization space,
, where the
variables are linked to a coarse model, which is simple and computationally efficient, although not accurate and 2) the validation space,
, 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
and
for the fine and coarse model spaces, respectively, and
let us designate by
and
their corresponding responses. The key idea behind any SM optimization process is to
generate an appropriate parameter transformation
(1)
mapping the fine model parameter space to the coarse model
parameter space such that
(2)
in some predefined region,
being a certain suitable norm
and a small positive number close to zero. If is invertible,
then the inverse transformation
(3)
is used to find the fine model solution, which is the image of
the coarse model solution, , that gives the target response,
.
The determination of according to the procedure reported
in [1] follows an iterative process that is rather inefficient. The
efficiency of the method was improved by introducing quasiNewton 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:
(4)

is an approach to the Jacobian matrix, which is updated
and
according to the Broyden formula [2]
(7)
In (7),
is obtained by evaluating (4), using a certain
parameter extraction method providing the coarse model parameters from the fine model parameters, and the super-index
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 algorithms involved in the automated design of the filters considered
in this work are discussed in detail.
III. FIRST ASM ALGORITHM: DETERMINATION
OPTIMUM FILTER SCHEMATIC

OF THE

In this section we first present the considered wideband bandpass 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
) above the central filter frequency, , 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, as required to
achieve broad fractional bandwidths [8].
The typical topology and circuit schematic of the filter are depicted in Fig. 2, where the SIRs are described by the resonators
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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

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

TABLE I
ELEMENT VALUES OF THE SHUNT RESONATORS

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 , the fractional bandwidth
, and the in-band ripple level
(or minimum return loss level). The transmission zero frequencies provided by
the SIRs are all set to
, since this has been demonstrated to be a convenient approach to achieve spurious suppression, and to improve filter selectivity above the upper band edge
[8], [9]. From the well-known impedance and frequency transformations from the low pass filter prototype [11], and assuming
a Chebyshev response, the reactive elements of the shunt resonators of the network of Fig. 2 ( ,
, and
) can be easily
inferred (the admittance of the inverters is set to
).
The three conditions to unequivocally determine ,
, and
are: 1) the filter central frequency, given by
(8)
2) the transmission zero frequency
(9)
and 3) the susceptance slope at

(dependent on the filter stage)
(10)

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.

, and
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
) transmission line sections. If the filter is narrowband, the
target response (i.e., the one provided by the schematic considering ideal admittance inverters) can be achieved to a good approximation by means of quarter wavelength transmission lines.
However, in wideband filters the narrowband functionality of
these lines as admittance inverters degrades (decreases) the fractional 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 ( ,
, and
) and the electrical
lengths of the transmission line sections. In the next subsection,
we will present an ASM-based algorithm that automatically recalculates these parameters in order to satisfy the filter specifica-

Considering that the target is an order-5
Chebyshev
response with
2.4 GHz,
(corresponding to
a 43.96%
dB fractional bandwidth) and
0.2 dB, the
element values of the shunt resonators are found to be those indicated 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
dB fractional bandwidth.
However, in this paper we will deal with the
dB fractional
bandwidth since the ripple level is not constant in the optimization process (to be described). From now on, this
dB fractional bandwidth is designated as
, rather than
(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 inverters), depicted in Fig. 3, is similar to the ideal (target) Chebyshev response in the pass band region, and it progressively deviates from it as frequency approaches , as expected. The discrepancies are due to the fact that the shunt resonator is actually a combination of a grounded series resonator (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 transmission zero frequency. In
Fig. 3, the responses have been obtained by implementing a specific code, implemented in MATLAB [12], that calculates the
transfer
matrix of the filter from the individual matrices 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 (inferred 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 constituted by the set of specifications ,
,
, being its
response the ideal Chebyshev response-target response-depicted 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 , where
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
and
,
respectively. The coarse model solution (target specifications)
is expressed as
. Notice that the
transmission zero frequency, necessary to unequivocally determine the element values of the shunt resonators, is set to
, as indicated before. Hence is not a variable in the
optimization process.
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
. Since the variables

in both spaces are the same, the most canonical (and simplest)
. From
, the response
procedure is to consider
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.,
. Applying (4), we can
thus obtain the first error function. To iterate the process [obfrom (5), using (6)], we need to initiate the Jacobian
taining
matrix. To this end, we have slightly perturbed the parameters
of the fine model,
, and we have inferred the
effects of such perturbations on the coarse model parameters,
. Thus, the first Jacobian matrix is given by

(11)

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

(12)
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
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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
2.4 GHz
0.2 dB , we have found that the
error function rapidly decreases, reducing the error to
around 11% after iteration
, and smaller than
1.2% after
iterations. The evolution of the
error function is depicted in Fig. 5. The fine model paare
rameters for
2.4690 GHz
0.3902 dB and the coarse
model parameters are
2.3998 GHz
0.1780 dB ,
whereas
for
the last iteration
the fine model parameters are
2.4690 GHz
0.4413 dB and the coarse model
parameters are
2.3999 GHz
0.1978 dB . Thus in both iterations,
is appreciably different than
. The optimum filter
schematic 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 II, whereas the
line sections are
quarter wavelength transmission lines at
2.4
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 previous 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 involves the previous set of specifications as variables in the optimization process.

Fig. 5. Evolution of the error function of the first ASM algorithm for the considered example.

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
, also included, is very close to the final solution
.

TABLE II
ELEMENT VALUES OF THE SHUNT RESONATORS
THE OPTIMUM FILTER SCHEMATIC

FOR

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
(at
) 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
GEOMETRY PARAMETERS OF THE SYNTHESIZED ORDER-5 FILTER

TABLE IV
ELEMENT VALUES OF THE SHUNT RESONATORS FOR THE OPTIMUM FILTER
SCHEMATIC OF THE
ORDER FILTER

TABLE V
GEOMETRY PARAMETERS OF THE SYNTHESIZED ORDER-9 FILTER

obtain an initial layout for the SIR and shunt stub. This is obtained 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
(13a)
(13b)

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, composed by the SIRs parallel connected to the grounded stubs,
a specific ASM iterative process has been designed. The variables in the optimization space are the resonator elements, i.e.,
, 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,
, as well as the widths of the
low- and high-impedance transmission line sections of the SIRs,
and
, respectively, are set to fixed values. Specifically,
we have considered the values of
and
indicated 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 moderate widths of the capacitive sections to avoid transversal resonances in the frequency region of interest (i.e., up to frequencies
above ). The widths of the inductive sections have been set
to values above the tolerance limits (representing a good balance 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
and
of the highand low-impedance transmission line sections, respectively, of
the SIR (i.e.,
). The fine model response is
obtained through electromagnetic simulation of the layout, inferred from the fine model variables plus the fixed dimensions
(specified above) and substrate parameters. In this work, 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
635 m and dielectric constant
.
Following the general scheme of the ASM optimization described in Section II, to initiate the algorithm it is necessary to

(13c)
and
are the phase velocities of the high- and lowwhere
impedance transmission lines sections, respectively, and
and
the corresponding characteristic impedances. Once the initial
) is determined, the circuit elements can be exlayout (i.e.,
tracted from the electromagnetic response using (8)–(10). This
, and using (4), the first error function
provides
can be inferred. To iterate the process using (5), with
derived 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
,
,
, and we have obtained the values of , , and
resulting
after each perturbation from parameter extraction. The first Jacobian matrix can thus be expressed as
(14)

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
) transmission lines is much simpler, since it involves only the line
width, , that must be determined from the target characteristic impedance
. 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 initial 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 optimization process (particularly the indicated one is for the resonator optimization). Notice that the loop must be executed
times, being the filter order
(which is assumed to be odd), since for odd Chebyshev response the cells and
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 obtaining the characteristic impedance through electromagnetic
simulation (i.e., the fine model variable is the line width, ,
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,
, (roughly corresponding to
at
). To determine
, a single parameter ASM optimization 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. At this stage, the
quired phase (90 ) and frequency
ASM optimization consists of varying the length of the lines
(i.e.,
cascaded to the resonator until the required phase at
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 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 iterative algorithms, is depicted in Fig. 7.

Using the element values of Table II, corresponding to the optimum filter schematic of the example reported in Section III,
where the lines present between adjacent resonators exhibit a
characteristic impedance of
50 and an electrical length
of 90 at
2.4690 GHz, we have applied the developed 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.,
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 considering 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 N5221A
vector network analyzer. The measured response is in reasonable agreement with the lossy electromagnetic 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
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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.

Fig. 10. (a) Layout of the synthesized order-9 filter and (b) lossless electromagnetic simulation compared to the response of the optimum filter schematic
and target response.

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

the filter schematic and of the filter layout) is obtained following
a completely unattended scheme. External action is only required 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 (inductances 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

-ORDER FILTER

In order to demonstrate the potential of the proposed two-step
ASM algorithm for the design and optimization of the considered type of filters, let us now apply the developed tool to the
design of a higher order filter. In [9], a
-order filter (where the
first ASM algorithm was not applied) was synthesized. Therefore, in this section we consider the design of a
-order filter.
The specifications are:
1 GHz,
(
dB
fractional bandwidth) and
0.4 dB. Application of the
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Fig. 11. (a) Photograph of the fabricated order-9 filter and (b) measured response compared to the lossy electromagnetic simulation.

first ASM algorithm gives the schematic with element values indicated in Table IV and 90 (at
1.0311 GHz) transmission line sections. Convergence has been achieved after
iterations, when the error function is as small as 0.63%.
Application of the second ASM algorithm, considering the
substrate used for the
-order filter (Rogers RO3010 with
thickness
635 m and dielectric constant
),
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 electromagnetic 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 electromagnetic simulation. Again, very good agreement between the different responses can be appreciated. Moreover, the filter response 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 considered type of filters for different orders and specifications.
VI. CONCLUSION
In conclusion, we have developed an iterative tool for the automatic 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 transmission 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 implemented 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 coincide with the target (specifications). The developed two-step
ASM tool has been proven with the design of a
-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
-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 f0 = 2.4 GHz. Filter design is achieved
following a completely unattended scheme, and the response
satisfies the specifications to a very good approximation.

The wideband balanced filters reported in [4], based on
mirrored stepped impedance resonators (SIRs) coupled through
admittance inverters (implemented by means of quarterwavelength 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.

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

I.

TOPOLOGY OF THE PROPOSED FILTERS AND CIRCUIT
SCHEMATIC

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).

978-2-87487-039-2 © 2015 EuMA

II.

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 Czi 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 Lpi-Czi 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.
(a)
5.13

10.33

72.87
4.28

P2

8.90

14.37

P1

10.28

3.51

P1'

1.15

0.20

P2'
0.41

0.67

0.60

(b)

thus be implemented by transmission line sections parallel to
the line axis.
Let us consider the following differential filter
specifications: n = 5, f0 = 2.4GHz, FBW = 40% (corresponding
to a 43.96% 3dB fractional bandwidth, considered in the
optimization) and LAr = 0.2dB. The ideal Chebyshev response
is depicted in Fig. 2. Such response is achieved by considering
Lp = 0.9902 nH, Cp = 4.4413 pF and ideal admittance inverters
with J0,1 = J5,6 = 0.02 S, J1,2 = 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.

(c)

(d)
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, f0, the fractional
bandwidth, FBW, and the in-band ripple level LAr (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 Lpi = Lp and Cpi = Cp 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

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, Xc, where the
variables are linked to a coarse model, which is simple and
computationally efficient, although not accurate; and the
validation space, Xf, 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 xf and xc for the fine and coarse model
parameters, respectively, and their responses are denoted as
Rf(xf) and Rc(xc). 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, f0,
FBW, LAr, 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 f0, where f0 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 xc = [f0c, FBWc, LArc] and xf = [f0f, FBWf, LArf], respectively.
The coarse model solution (target specifications) is expressed
as xc* = [f0c*, FBWc*, LArc*].
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, xf(1). Since the variables
in both spaces are the same, the most canonical (and simplest)
procedure is to consider xf(1) = xc*. From xf(1), 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 f )  P(x f )  x*c

(1)
where P(xf) 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

xf( j 1)  xf( j )  h ( j )
where h(j) is given by:

(2)

 

h( j)   B( j)

1 ( j )

(3)
f
and B(j) is an approach to the Jacobian matrix, which is updated
according to the Broyden formula:

B ( j 1)  B ( j ) 

f ( j 1) h ( j )T
h ( j )T h ( j )

(4)

In (4), f(j+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, f0f, FBWf,
LArf, and we have inferred the effects of such perturbations on
the coarse model parameters, f0c, FBWc, LArc). 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) = [f0f(3), FBWf(3), LArf(3)] = [2.4166 GHz,
65.33%, 0.278 dB] and xc(3) = [f0c(3), FBWc(3), LArc(3)] = [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 xf(3). The element
values of the resonators are Lp = 1.365 nH, Cp = 3.176 pF, and
the admittance of the quarter wavelength (at f0f(3)) transmission
line sections are J0,1 = J5,6 = 0.02 S, J1,2 = J4,5 = 0.0211 S, J2,3 =
J3,4 = 0.0168 S. To complete the schematic of Fig. 1(b), the
capacitances Czi must be set to a certain value. In this work, we
have opted for setting all the transmission zero frequencies to

the same value, i.e., fz =1.1f0. This gives a good common-mode
rejection ratio (CMRR) in the whole differential filter pass
band. With this value of fz the value of the central patch
capacitances is Cz = 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., xc = [Lpi, Cpi, Czi], 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, WCzi, as well as the
widths of the high- and low-impedance transmission line
sections of the SIRs, WLpi and WCpi, 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 /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, lCzi, and the lengths lLpi
and lCpi of the high- and low-impedance transmission line
sections, respectively, of the SIR (i.e., xf = [lLp, lLr, lCzi]). 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 Lpi and Cpi from the differential
mode response, and Czi 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 Cpi
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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V.
(a)

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.
VI.

CONCLUSION

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.

(b)
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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 synthesized 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 synthesis, microstrip technology, optimization, space mapping (SM),
stepped impedance resonators (SIRs).

I. INTRODUCTION

I

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 interference (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 expense 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 indeed the case of most of the reported wideband and UWB balanced ﬁlters. However, frequency selectivity and stopband rejection level and bandwidth for the differential mode are typically 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 suppression), small size, and simple fabrication process (two
metal levels and via free), and they can be accurately described 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 simultaneously 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 comparison 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 multisection 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) optimization [21]–[24] is reported here. Several efﬁcient methods have
been developed since ASM, such as response correction techniques [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 formulation 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 analysis 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 implemented by combining semi-lumped and distributed elements
[Fig. 1(a)]. The semi-lumped elements are transverse multisection mirrored SIRs, described by means of a combination of capacitances and inductances, as indicated in Fig. 1(b). The distributed elements are quarter-wavelength differential transmission 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
do not play an active role
for that mode since they are grounded. Thus, the equivalent
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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
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 transmission zeros does not affect the differential-mode response.
Similarly, the resonators
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 ﬁlters 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 fundamental 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 , fractional
bandwidth (FBW), and ripple
) can be satisﬁed is needed.
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Such a procedure was reported in [32], where it was successfully 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 ( , FWB, and
), 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 determined, 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:
i) the optimization space
, where the variables are linked to
a coarse model, which is simple and computationally efﬁcient,
although not accurate, and ii) the validation space
, 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. Such vectors are denoted as
and
for the ﬁne
and coarse model spaces, respectively, and their corresponding
responses are
and
. In a typical SM optimization 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 element model. The variables of the validation space are the set
of dimensions that deﬁne the circuit layout (the substrate parameters 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
where
(1)
and
is the coarse model solution that gives the target response,
, and
is a parameter transformation
mapping the ﬁne model parameter space to the coarse model
parameter space. In reference to the two spaces considered
above,
provides the coarse model parameters from
the ﬁne model parameters typically by means of a parameter
extraction procedure [34], [35].

Let us assume that
is the th approximation to the solution in the validation space, and
the error function cor. The next vector of the iterative process
responding to
is obtained by a quasi-Newton iteration according to
(2)
where

is given by
(3)

is an approach to the Jacobian matrix, which is updated
and
according to the Broyden formula [22]
(4)
In (4),
is obtained by evaluating (1), and the super-index
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
[Fig. 1(d)] do not have any inﬂuence on the differential-mode response. Indeed, the ﬁrst ASM applies only to the
schematic corresponding to the differential mode. Thus, the
capacitances
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
. 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
may be different, resulting in different lengths if the widths
are considered identical, as is the case (see Section IV-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 is set to a certain value
that sufﬁces to achieve the required ﬁlter selectivity, the ﬁlter
speciﬁcations (differential-mode) are the central frequency
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, the fractional bandwidth (FBW), and the in-band ripple
level
(or minimum return loss level). The transmission
zero frequencies provided by the resonators
are set to
, 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 ( ,
, and ), identical for all stages for the explained reasons,
can be easily inferred. The three conditions to unequivocally
determine
,
, and
are i) the ﬁlter central frequency,
given by
(5)
and ii) the transmission zero frequency
(6)
and iii) the susceptance slope at

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.

(7)
ChebyConsidering that the target is an order-5
shev response with
2.4 GHz, FBW = 40% (corresponding
to a 43.91% 3-dB fractional bandwidth) and
0.2 dB,
and setting the susceptance slope to
0.067 S, the element
values of the shunt resonators are found to be
0.4401 nH,
2.4983 pF, and
1.3202 nH, and the admittance of
the inverters
0.0200 S,
0.0200 S,
and
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 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 optimization process (to be described).
From now on, this 3-dB fractional bandwidth is designated
as FBW, rather than FBW
(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 inverters), depicted in Fig. 2, is similar to the ideal (target) Chebyshev response in the pass band region, and it progressively deviates from it as frequency approaches , as expected. The discrepancies are due to the fact that the shunt resonator is actually a combination of a grounded series resonator (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 transmission zero frequency), also
included in the ﬁgure. If the ideal admittance inverters are replaced 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 speciﬁcations. 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.

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, , FBW,
, 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 from the schematic of
Fig. 1(c), with element values calculated as speciﬁed above,
and quarter-wavelength transmission lines at , where
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
FBW
, and
FBW
,
respectively. The coarse model solution (target speciﬁcations)
is expressed as
FBW
. The transmission zero
frequency, set to
, as indicated before, is not a variable
in the optimization process.
As it was done in [32], the ﬁrst vector in the validation space is
. From
, the response of the ﬁne model space
set to
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.,
. Applying (1), we can thus obtain the ﬁrst error
function. The Jacobian matrix is initiated by slightly perturbing
the parameters of the ﬁne model,
, FBW , and
, and inferring the effects of such perturbations on the coarse model parameters,
, FBW , and
. Thus, the ﬁrst Jacobian matrix
is given by
(8)
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capacitances
need to be determined. As mentioned before,
such capacitances are determined by the position of the transmission zeros for the common mode according to
(10)

Fig. 3. Evolution of the error function of the ﬁrst ASM algorithm for the considered example.

Once the ﬁrst Jacobian matrix is obtained, the process is iterfrom (2), using (3), and so on] until converated [obtaining
gence is obtained. At each iteration, the elements of the coarse
are compared with the target (ﬁlter speciﬁcaspace vector
tions), , and the error function is obtained according to

(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
FBW
2.4 GHz 43.91 0.2
, we
have found that the error function rapidly decreases, with the
error being smaller than 0.02% after
3 iterations. The
evolution of the error function is depicted in Fig. 3. The ﬁne
are
model parameters for the last iteration
FBW
2.4703 GHz 65.3 0.2786 dB , and
FBW
the coarse model parameters are
2.400 GHz 43.91 0.199987 dB . Note that is appreciably different than . 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 resonators for this optimum ﬁlter schematic are
0.5935 nH,
1.7486 pF, and
1.7804 nH, whereas the admittances of the inverters (quarter-wavelength transmission line
2.4703 GHz
are
0.02 S,
sections at
0.0211 S,
0.0168 S.
The response of the optimum schematic is compared with
the target response in Fig. 2. 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
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 fulﬁlls the target speciﬁcations for the differential mode. To complete the circuit schematic of Fig. 1(b), valid for both modes, the

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,
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
, 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,
i.e.,
, 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 resonator 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 validation space are the lengths of the narrow (inductive) and wide
(capacitive) sections of the multisection mirrored SIRs, i.e.,
. 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
635 m and
dielectric constant
. Concerning the ﬁxed dimensions, the values are set to
0.2 mm, and there
are two bounded values
(i.e., a square shaped
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geometry for the external patch capacitors is chosen), and
4 mm, where 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
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]:
(11a)
(11b)
(11c)
(11d)
where
and
are the phase velocities of the high- and lowimpedance transmission lines sections, respectively, and
and
the corresponding characteristic impedances.
) is determined, the four
Once the initial layout (i.e.,
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
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
, , and [expressions (5)–(7)] of the differential-mode
response, the element values
,
, and
are extracted,
whereas
is determined from the transmission zero (expression 10) corresponding to the common-mode response.
, and using (1), the ﬁrst error
This provides
function can be inferred. To iterate the process using (2), with
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
, and we have obtained the values of
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
) transmission
lines are determined through the one-variable ASM procedure
explained in [32], where the ﬁne model variable is the linewidth
, 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 differential- 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 cascaded in between the inverter halves (not necessarily of the same
width, or admittance). As it was pointed out in [32], optimization 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
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, 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 response 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 independent quasi-Newton iterative algorithms described, is very
similar to the one presented in [32], and, hence, it is not reproduced here.
Using the mirrored SIR element values and inverter admittances corresponding to the optimum ﬁlter schematic of the example reported in Section III, we have applied the developed
ASM algorithm to automatically generate the ﬁlter layout (depicted in Fig. 4). Resonator dimensions are
0.9075 mm,
2.4136 mm,
2.5262 mm and
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
0.6015 mm,
0.6704 mm, and
0.4087 mm [see Fig. 4(a)]
for inverters
,
, and
, respectively.
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 electromagnetic 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 electromagnetic simulations and reveal that ﬁlter speciﬁcations are
satisﬁed to a good approximation. Notice that effects such as
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Fig. 4. Layout of the (a) synthesized order-5 ﬁlter, (b) differential-mode response, and (c) common-mode response. In (b) and (c), the lossless electromagnetic simulations of the synthesized layout are compared to the circuit simulations of the optimum ﬁlter schematic. The relevant dimensions in (a) are
63 mm and
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

Fig. 5. (a) Photograph of the fabricated order-5 ﬁlter, (b) differential-mode response, and (c) 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 speciﬁcations (differential mode) are
3 GHz, FBW 60 (corresponding to 63.43% 3-dB fractional bandwidth) and
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

common-mode transmission zeros are considered does not affect the ﬁrst ASM algorithm. However, as many different capacitances
as transmission zeros must be calculated by means
of expression (10) to completely determine the elements of the
optimum ﬁlter schematic. Since the capacitances
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 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. Notice that
since the element values of the resonators are all identical (except
), 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 IV-B and IV-C)
are identical.
Application of the ﬁrst ASM algorithm (optimum ﬁlter
schematic) has provided the following element and admittance
values:
0.8836 nH,
2.6507 nH,
0.7114 pF,
and
0.02 S,
0.0199 S,
0.0154 S,
0.0148 S with
3.1739 GHz. Convergence has been achieved after
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 corresponding patch capacitances take the values given in Table I.
Application of the second ASM algorithm, considering the
substrate used for the seventh-order ﬁlter (Rogers RO3010 with
thickness
635 m and dielectric constant
), provides the ﬁlter geometry indicated in Table II (where all dimensions are given in mm). Note that the lengths and widths
of the inverters (
and
) 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:
3.58 mm,
1.2 mm and
2.92 mm. On the
other hand,
. 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

Fig. 6 shows the layout of the designed ﬁlter and the
lossless electromagnetic simulation, compared to the optimum 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 differential 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 synthesis 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). Nevertheless, 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 performance 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 commonmode rejection ratio (CMRR) is the ratio between
for the
common mode and the differential mode at , expressed in
decibels,
and
are the lower and upper differentialmode cutoff frequencies, respectively, and
and
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
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 automatically in [16]. Thus, Table III reveals that our ﬁlters are
competitive in terms of CMRR and out-of-band rejection level
(speciﬁcally at
) for the differential mode. Despite the fact
that the CMRR at is a ﬁgure of merit, it is interesting to compare the ﬁlters proposed in this work with other ﬁlters with regard to the worst CMRR within the differential ﬁlter passband.
This makes sense if the differential-mode passbands are comparable. Thus, the comparison is made between the ﬁlters reported

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 fractional 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
), 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, respectively. In our approach, the measurement shows a CMRR better
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TABLE III
COMPARISON OF VARIOUS DIFFERENTIAL WIDEBAND BANDPASS FILTERS

Fig. 8. Comparison between the order-7 Chebyshev response with fractional
bandwidth, ripple level, and central frequency indicated in the text, and the response of the resulting optimum schematic, after applying the ﬁrst ASM algorithm.

than 30 dB in the differential ﬁlter passband. Moreover, the ﬁlter
of Fig. 7 has better differential out-of-band rejection (63 dB at
) 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
). 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 speciﬁcations, as demonstrated by the guide example (order-5 differential ﬁlter) and by the example reported in Section V, corresponding 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 approach, 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 combination 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
0.45 dB (corresponding to a very reasonable
10-dB in-band return loss level), central frequency
3 GHz,
and order
, 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

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 optimum schematic is somehow better than the one of the Chebyshev response at the upper transition band (due to the transmission 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 optimum 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 contrast 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 capacitors and narrow inductive strips is not necessarily valid over
the whole differential band, and more complex models are required for an accurate description of the structures [45]. Thus,
with the present approach, bandwidth is limited by layout generation, 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 algorithm, 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 implemented 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 speciﬁcations 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 approaches, 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 completely 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) optimization. The approach can be applied to bandpass filters based on semi-lumped element resonators (e.g., stepped impedance resonators, ring resonators, etc.) coupled through admittance inverters (implemented with quarter-wavelength
transmission lines). It will be explained how the filter layout is automatically generated from filter specifications, i.e., central frequency, fractional bandwidth, inband 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 specifications 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 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.

2

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, f0,
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 achieved1. However, deviations
from the ideal responses are caused by the limited functionality of the inverters
(implemented by means of quarter-wavelength transmission lines at f0) 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 (90o) 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 narrower than the required one (nominal bandwidth), unless such bandwidth degradation is compensated at the design stage. One possibility to compensate for this narrowing 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 reported 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 schematic consists in the generalized network of Fig. 1 with the admittance inverters replaced with quarter-wavelength transmission lines (not necessarily at f0) 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.

Fig. 1. Generalized bandpass filter network based on shunt LC resonators coupled through admittance inverters. From [5]; reprinted with permission.
1

There are available expressions that provide the element values of the resonators from the filter
order, central frequency, bandwidth, and response type (see [3]).
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Both design steps (optimum schematic and layout generation) are based on the
Aggressive Space Mapping (ASM) methodology [6], a technique that uses quasiNewton 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 impedance resonators (SIRs), and combinations of inductive/capacitive stubs and capacitive 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 determination of the optimum filter schematic. Thus, the first ASM iterative algorithm 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 application of the two-step ASM algorithm will be applied to the design of wideband balanced filters.

2 General formulation of ASM
Among the considered techniques for microwave circuit synthesis and optimization, space mapping (SM), first proposed by Bandler et al. in 1994 [7], has revealed 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 problem, as mentioned before. ASM uses two simulation spaces [6,7], [13]: (i) the optimization space, Xc, where the variables are linked to a coarse model, which is
simple and computationally efficient, although not accurate, and (ii) the validation
space, Xf, 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 xf and
xc for the fine and coarse model spaces, respectively, and let us designate by Rf(xf)
and Rc(xc) their corresponding responses. The goal in ASM is to minimize the following error function:

f (x f )  P(x f )  x*c

(1)
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where xc* is a vector containing the target parameters in the coarse model (so that
Rc(xc*) is the target response), and P(xf) is a mapping function that gives (via a parameter extraction procedure) the corresponding coarse model parameters that
provide the same response of the fine model parameters.
Let us assume that xf(j) is the j-th approximation to the solution in the validation
space, and f(j) the corresponding error function to this solution. The next vector of
the iterative process xf(j+1) is obtained by a quasi-Newton iteration according to

xf( j 1)  xf( j )  h ( j )

(2)

where h(j) is given by:



h( j)   B( j)



1

f ( j)

(3)

and B(j) is an approach to the Jacobian matrix, which is updated according to the
Broyden formula [6]:

B ( j 1)  B ( j ) 

f ( j 1) h ( j )T
h ( j )T h ( j )

(4)

In (4), f(j+1) 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 (optimization 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 validation space is also given by the S-parameters, typically inferred from electromagnetic simulation by means of commercial solvers. Note that the substrate parameters, 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 example of the present paragraph (despite the fact that the considered filters are described by a combination of lumped and distributed components). Namely, the filter 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 determined from the nominal specifications [5]. In the next two sections, these two
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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 coupled 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 objective 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 one2. Let us thus first present the considered wideband bandpass filters, 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 impedance resonators (SIRs) and grounded stubs. The SIRs provide transmission zeros (at frequencies designated as fz) above the central filter frequency, f0, 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, resulting in broad fractional bandwidths [14]. In the filter schematic, the resonators
Lri-Cri describe the SIRs, the inductances Lpi account for the grounded stubs (i denotes the filter stage), and the quarter-wavelength transmission line sections correspond to the admittance inverters in the canonical prototype network (Fig. 1).
As mentioned before, at the schematic level, deviations from the target response (given by the network of Fig. 1 that results from specifications and transformation 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 fil2

Nevertheless, the reported ASM algorithm can be easily adapted to different type of filters (i.e.,
considering different semi-lumped resonators).
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ter schematic satisfying the target specifications [5]. This schematic is obtained by
replacing the ideal admittance inverters of the canonical network with quarterwavelength (not necessarily at f0) transmission line sections, and the LC parallel
resonators with the resonators Lri-Cri connected in parallel to the inductances Lpi,
with the reactance values necessary to obtain the reactance slope and central frequency of the given specifications (different from the target)3. This means that it is
necessary to tailor the parameters of the circuit schematic of Fig. 2(b), that is, the
reactive parameters (Lri, Cri and Lpi) and the electrical lengths (at f0) of the transmission line sections. Let us now present an ASM-based algorithm that automatically re-calculates these parameters in order to satisfy the filter specifications, thus
providing the optimum filter schematic.

(a)

(b)
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 permission.

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 somehow 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 selectivity requirements below the pass band. Nevertheless, the ASM algorithm to
determine the optimum filter schematic is very fast, and hence a new optimum filter schematic with a higher order (and hence higher selectivity) can be easily inferred.
By considering a quasi-Chebyshev response4, the filter specifications are the
central frequency, f0, 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 responses.
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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 fz = 2f0, 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 elements of the shunt resonators of the network of Fig. 2 (Lri, Cri, and Lpi) can be
easily inferred. The three conditions to unequivocally determine Lr, Cr, and Lp are:
(i) the filter central frequency, given by

f0 

1
2 ( L ri  L pi )C ri

(5)

(ii) the transmission zero frequency

fz 

1
2 Lri C ri

(6)

and (iii) the susceptance slope at f0 (dependent on the filter stage):

bi  2  f 0

C ri ( L ri  L pi ) 2
L2pi

(7)

In (5) and (7), the right hand side terms are the resonance frequency and susceptance slope, respectively, of the LC resonant tanks in the circuit of Fig. 1 corresponding to the required Chebyshev response. Without loss of generality, the
admittance of the inverters is set to J = 0.02 S 5.
Let us consider for the case example an order-5 (n = 5) Chebyshev response
with f0 = 2.4 GHz, FBW = 40% (corresponding to a 43.96% 3-dB fractional
bandwidth6) and LAr = 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. However, 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 level 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 bandwidth is designated as FBW, rather than FBW3dB (as usual), for simplicity, and to avoid an excess of subscripts in the formulation.
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Table 1 Element Values of the Shunt Resonators [5].

Stage

Lp (nH)

Lr (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 deviates from it as frequency approaches fz, as expected. The discrepancies are due to
the fact that the shunt resonator is actually a combination of a grounded series resonator (providing the transmission zero) and a grounded inductor. The quasiChebyshev response satisfies the specifications to a rough approximation. Hence
the target is considered to be the ideal Chebyshev response, except for the transmission zero frequency.

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 replacing 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 threeelement resonators and the limited functionality of the quarter-wavelength transmission lines (acting as admittance inverters) degrade the filter bandwidth, as anticipated before, and point out the need to recalculate the element values and electrical lengths of the line sections of the filter schematic of Fig. 2(b), in order to
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satisfy the specifications. To this end, a new ASM concept that carries out the optimization 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 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. 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 specifications, f0, FBW, LAr, being its response the ideal Chebyshev response -target response- depicted 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
f0, where f0 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 xc = [f0c, FBWc, LArc] and xf = [f0f, FBWf, LArf], respectively.
The optimum coarse model solution (target specifications) is expressed as xc* =
[f0c*, FBWc*, LArc*]. Notice that the transmission zero frequency, necessary to unequivocally determine the element values of the shunt resonators, is set to fz = 2f0,
as indicated before. Hence fz is not a variable in the optimization process.
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 validation space,
xf(1). Since the variables in both spaces are the same ones, the most canonical (and
simplest) procedure is to consider xf(1) = xc*. From xf(1), the response of the fine
model space is obtained (using the schematic with quarter wavelength transmission lines), and from it, the parameters of the coarse model can directly be extracted by direct inspection of that response, i.e., xc(1) = P(xf(1)). Applying (1), the first
error function can be obtained. To iterate the process (obtaining xf(2) from (2), using (3)), the Jacobian matrix must be initiated. To this end, the parameters of the
fine model, f0f, FBWf, LArf, are slightly perturbed, and the effects of such perturbations on the coarse model parameters, f0c, FBWc, LArc, are inferred. Thus, the first
Jacobian matrix is given by:

  f 0c

  f 0f
  FBWc
B
  f 0f
 L
Arc


f
0f


 f 0c

 FBWf
 FBWc
 FBWf
 LArc
 FBWf

 f 0c 

 LArf 
 FBWc 

 LArf 
 LArc 

 LArf 

(8)
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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 vector, xc(j), are compared to the target (filter specifications), xc*, and the error function is calculated according to:
2

f norm

2


f   FBWc   LArc 
 1  0c*   1 
  1 

f 0c   FBWc*   L*Arc 


2

(9)

The scheme of the proposed ASM algorithm is depicted in Fig. 4.
x*c  [ f 0*c , FBWc* , L*Arc ]

j 1

x (f j )  x*c

Y0

Y0 , 90º

Lr1
Cr1 Lp1

Y0 , 90º

Lr2
Cr2 Lp2

Y0 , 90º

Lrn
Crn Lpn

Y0 , 90º

Yn+1

B ( j ) h ( j )  f ( j )
h( j )

x (f j 1)  x (f j )  h ( j )
j  j 1
x c( j )  P(x (f j ) )

B ( j 1)

x (c j )  P (x (f j ) )

f ( j)

f ( j 1)

B( j )

f ( j 1)  

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

Applying the first ASM algorithm to the considered example (xc* = [f0c*,
FBWc*, LArc*] = [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 error function is depicted in Fig. 5. The fine model parameters for N = 13 are xf(13) =
[f0f(13), FBWf(13), LArf(13)] = [2.4690 GHz, 65.53%, 0.4413 dB], and the coarse model parameters are xc(13) = [f0c(13), FBWc(13), LArc(13)] = [2.3999 GHz, 43.75%, 0.1978
dB]. Note that xf(13) is appreciably different than xc*. The optimum filter schematic 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- line sections are quarterwavelength transmission lines at f0f(13)  f0* = 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

Lp (nH)

Lr (nH)

Cr (pF)

1,5

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 resonators of the schematic of Fig. 2(b). Nevertheless the synthesized circuit fulfills
the target specifications, and hence it is the optimum filter schematic. This schematic 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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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 values of the shunt resonator and the characteristic impedance of the cascaded /4 (at
f0f(13)) 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 connected in parallel to the grounded stubs, a specific ASM iterative process is applied. The variables in the optimization space are the resonator elements, i.e., xc =
[Lp, Lr, Cr], 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, WLp, as well as the widths of the low- and high-impedance
transmission line sections of the SIRs, WCr and WLr, respectively, are set to fixed
values. Specifically, the values of WCr and WLr = WLp 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 fz) [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 accuracy). Thus, the variables in the validation space are the remaining dimensions of
the shunt resonators, that is, the length of the grounded stub, lLp, and the lengths lLr
and lCr of the high- and low-impedance transmission line sections, respectively, of
the SIR (i.e., xf = [lLp, lLr, lCr]). The fine model response is obtained through electromagnetic 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 m and dielectric constant r = 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 formulas providing the inductance and capacitance of a narrow and wide, respectively, electrically small transmission line section [16]. Isolating the lengths, the following results are obtained:

lLr 

Lr v ph
Zh

lCr  Cr v pl Z l

lLp 

L p v ph
Zh

(10a)

(10b)

(10c)

where vph and vpl are the phase velocities of the high- and low-impedance transmission lines sections, respectively, and Zh and Zl the corresponding characteristic
impedances. Once the initial layout (i.e., xf(1)) is determined, the circuit elements
can be extracted from the electromagnetic response using (5)-(7). This provides
xc(1) = P(xf(1)), and using (1), the first error function can be inferred. To iterate the
process using (2), with h(1) 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 lLp, lLr, lCr are slightly perturbed, and the values of Lp, Lr and Cr resulting after each perturbation are obtained from parameter extraction. The first
Jacobian matrix can thus be expressed as:
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 r
 l Lr
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 l Lr
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 Lr

Lr
lCr
C r
lCr
L p
lCr

Lr 
l Lp 
C r 
l Lp 
L p 

l Lp 

(11)

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 microwave textbooks (for instance [17]). Once the initial 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
one element) is inferred by perturbing the line width and obtaining 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).

4.3 Optimization of the Line Length (Filter Cell Synthesis)
As previously mentioned, the length of the lines cascaded to the resonant elements is optimized by considering the whole filter cell. Let us define lcell as the
length of the cell excluding the width of the grounded stubs, WLp, (roughly corresponding to /4 at f0f(13)). To determine lcell, a single parameter ASM optimization
is applied to the filter cell (filter cell synthesis), where the initial value of lcell is inferred from the well-known formula [15] that gives the line length as a function of
the required phase (90o) and frequency (f0f(13)). At this stage, the ASM optimization consists of varying the length of the lines cascaded to the resonator until the
required phase at f0f(13) (i.e., 90o) 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 iterative algorithms, is depicted in Fig. 7. Using the element values of Table 2, corresponding to the optimum filter schematic of the example reported in section III,
where the lines present between adjacent resonators exhibit a characteristic impedance of Zo= 50  and an electrical length of 90o at f0f(13) = 2.4690 GHz, the second 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 variation 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).
x*c   Z 0* 

x f  W 
B ( j ) h ( j )  f ( j )
h( j )

x*c
j 1

i 1

x (f j 1)  x (f j )  h( j )

Determine x(f j )

x*c  Cri* , L*ri , L*pi 

x (f j )

i  i 1

R f (x (f j 1) )

R f (x (f j ) )

x (f j 1)

j  j 1
B ( j 1)

x c( j 1)  P (x (f j 1) )

x c( j )  P (x(f j ) )

x f  lCri , lLri , lLpi 

f ( j 1)

f ( j)

x  [cell @ f
*
c

(N )
0f

B

]

( j)

f ( j 1)  

x f  lCri , lLri , lLpi , lcelli , W 

i  (n  1) 2

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 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 odd), since for odd Chebyshev response
the cells i and n+1i 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

lLr (mm)

lCr (mm)

lLp (mm)

lcell (mm)

WCr (mm)

WLp (mm)

1,5

0.7062

3.6710

2.5955

11.4003

2

0.3

2,4

1.9438

2.1037

4.2334

11.2583

2

0.5

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 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 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 electromagnetic 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 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 is to automatically obtain the filter layout providing a lossless electromagnetic simulation able to satisfy the specifications.

Fig.8. Lossless electromagnetic simulation of the synthesized order-5 filter, compared to the response 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 required in the first step, to provide the filter specifications, which are the input variables of the proposed two-step ASM algorithm.
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(a)

(b)

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 specifications: order n = 7, central frequency f0 = 3.0 GHz, fractional bandwidth FBW =
37.2 % (3-dB fractional bandwidth) and ripple level LAr = 0.12 dB. Application
of the first ASM algorithm gives the schematic with element values indicated in
Table 4 and 90o (at f0f(8) = 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 m and
dielectric constant r = 10.2), provides the filter geometry indicated in Table 5.
Figure 10 shows the layout of the filter and the lossless electromagnetic simulation, 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 responses can be appreciated, and the filter response satisfies the considered specifications.
Table 4. Element Values of the Shunt Resonators for the Optimum Filter Schematic of the 7th
Order Filter
Stage

Lp (nH)

Lr (nH)

Cr (pF)

1,7

1.6280

0.5427

1.2431

2,6

1.1377

0.3792

1.7788

3,5

0.8442

0.2814

2.3974

4

1.0073

0.3358

2.0092

(a)

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

(b)

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

lLr (mm)

lCr (mm)

lLp (mm)

lcell (mm)

WCr (mm)

WLp(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 order 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 considered 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 admittance 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 quarterwavelength admittance inverters suffers from the same limitations than the singleended 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 admittance inverters [24]. The typical layout is depicted in Fig. 12(a). 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 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 symmetry plane is an electric wall for the differential-mode, and hence the capacitances Czi 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 commonmode is a magnetic wall (open circuit) and the equivalent circuit schematic is the
one depicted in Fig. 12(d). The resonators Lpi-Czi 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. 12(c)-(d), the position of the transmission zeros does not affect the differential-mode response.
For the synthesis of the filter, the two-step process described above, conveniently modified, can be applied. Notice that for the determination of the circuit
schematic for the differential mode, the capacitances Czi do not play a role. Moreover, 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 Lpi = Lp and Cpi = Cp 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,
f0 = 2.4 GHz, FBW = 40% (corresponding to a 52.98% 3dB fractional bandwidth,
considered in the optimization) and LAr = 0.15 dB. The ideal Chebyshev response
is depicted in Fig. 13. Such response is achieved by considering Lp = 1.1637 nH,
Cp = 3.7779 pF and ideal admittance inverters with J0,1 = J3,4 = 0.02 S,
J1,2 = J2,3 = 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 xf(4) = [f0f(4), FBWf(4), LArf(4)] =
[2.423 GHz, 65.78%, 0.332 dB] and xc(4) = [f0c(4), FBWc(4), LArc(4)] = [2.3999 GHz,
0.5344%, 0.1546 dB], and the resulting response is depicted in Fig. 13. The element values of the resonators are Lp = 2.8195 nH, Cp = 1.5302 pF, and the admittance of the quarter wavelength (at f0f(4)) transmission line sections are
J0,1 = J3,4 = 0.02 S, J1,2 = J2,3 = 0.0223 S. To complete the schematic of Fig. 12(b),
the capacitances Czi must be set to a certain value. In this example, all the transmission zero frequencies have been set to the same value, i.e., fz =1.1f0. This gives
a good common-mode rejection ratio (CMRR) in the whole differential filter pass
band. With this value of fz the value of the central patch capacitances is
Cz = 2.3302 pF.

Fig.13. 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.

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 synthesis 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.

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

(a)

(b

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 resonators 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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capacitors
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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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I.

INTRODUCTION

The design of differential-mode (or balanced) wideband bandpass ﬁlters with common-mode noise suppression is a very
active research topic today [1–18]. These ﬁlters are fundamental 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 crosstalk. 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 (differential ﬁlter pass band), are the warhorses of the researchers
working on this topic. In this regard, we have recently proposed 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
1
Departament d’Enginyeria Electrònica, Universitat Autònoma de Barcelona,
CIMITEC, 08193 Bellaterra, Spain. Phone: +34 93 581 35 24
2
Departamento de Comunicaciones-iTEAM, Universitat Politècnica de València,
46022 Valencia, Spain
Corresponding author:
J. Selga
Email: jordi.selga@uab.cat

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 speciﬁcations 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 signiﬁcantly 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 satisfying the speciﬁcations. This ﬁlter schematic is different than the
one directly inferred from the required ﬁlter response, provided 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 inverters 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
731
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ASM algorithm is avoided since the resulting ﬁlter is composed 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 determine the ﬁlter layout once the elements of the equivalent
circuit of the ﬁlter are known (directly inferred from the speciﬁcations), 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.

II. 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 mirrored SIRs are described by a combination of capacitances
(Cpi, Czi) and inductances (Lpi, Lpar). The parasitic inductance
Lpar was neglected in previous works [10, 11], but it is necessary to be included for an accurate description of the mirrored
SIR. The interdigital capacitors are modeled by a p-model
with series resonators Lsi, Csi, and shunt parasitic capacitors,
Cpar. Note that in previous works, where the inductance Lpar

is ignored, the capacitance Cpar is connected in parallel with
the capacitance Cpi (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 Czi 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 Lpar
prevent from that canonicity, but since Lpar is small, the resulting 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 Lpi–Czi 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 considered the mirrored SIRs and the interdigital capacitors. The
simulated (using Keysight Momentum) response (differentialand 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 Yp ¼ 0) and the susceptance slope at this frequency.
On the other hand, since the series impedance is purely
inductive, the value of Lpar can be directly extracted at any
arbitrary point from the differential-mode response.
Concerning the capacitance Czi, 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

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).

small balanced wideband bandpass filters based on mirrored sirs and interdigital capacitors

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 ¼ 254 mm and dielectric constant 1r ¼ 10.2. Dimensions are (in mm): lCp ¼ 2.414, lLp ¼ 5.767,
lCz ¼ 1.763, WLs ¼ 1.200, and WCz ¼ 5.927. The element values are: Lp ¼ 1.1639 nH, Cp ¼ 3.5075 pF, Lpar ¼ 0.1819 nH, and Cz ¼ 3.1225 pF.

agreement with the electromagnetic simulation can be appreciated. 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 electromagnetic simulation depicted in Fig. 3(b). Notice, that, in

this case, the window in the ground plane, necessary to
enhance the inductance Ls 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 h ¼ 254 mm and dielectric constant 1r ¼ 10.2. Dimensions are (in mm): Rw ¼ 4.382, wf ¼ 0.160, lLs ¼ 4.015, and lf ¼ 0.7143. The element values
are: Ls ¼ 9.5496 nH, Cs ¼ 0.4586 pF, and Cpar ¼ 0.2728 pF.

of the series branch (where Zs ¼ 0), the reactance slope at this
frequency, and the parasitic capacitance Cpar 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.

III. FILTER DESIGN BY MEANS OF
ASM

Space mapping [22] is a technique that makes use of two
simulation spaces: the optimization space, Xc, where the variables are linked to a coarse model, which is simple and computationally efﬁcient, although not accurate; and the
validation space, Xf, 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 xf and xc for the ﬁne and coarse model parameters, respectively, and their responses are denoted as Rf(xf) and Rc(xc). In
this paper, an improved version of space mapping, i.e. 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 (Lsi, Csi) and shunt (Cpi,
Lpi) resonators. The parasitic elements are not design variables,
but they can be extracted and taken into account in the synthesis procedure. Finally, the capacitances Czi, 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 corresponding response is obtained through electromagnetic simulation
(in this paper using the Keysight Momentum commercial software); the variables in the optimization space are the elements
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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 separately, 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(1)
f . From
,
the
response
of
the
ﬁne
model
space
is
obtained,
and
from
x(1)
f
it we extract the parameters of the coarse model. This allows
us to obtain
the ﬁrst error function (by comparing to the
∗
target, xc), i.e.
f(xf ) = P(xf ) − x∗c ,

(1)

where P(xf) is the vector corresponding to the coarse model
parameters extracted from the response of the ﬁne model.
To iterate the process following the standard quasiNewton-type ASM approach, the new ﬁne model vector is
obtained according to
( j+1)

( j)

= xf + h( j) ,

(2)

h( j) = −(B( j) )−1 f ( j)

(3)

xf
where h( j) is given by:

and B( j) is an approach to the Jacobian matrix, which is
updated according to the Broyden formula:
B( j+1) = B( j) +

f ( j+1) h( j)T
.
h( j)T h( j)

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

⎜ dlLs
B=⎜
⎝ dCs
dlLs

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 determination of the layout giving such elements is necessary. In
this ASM algorithm, the variables in the optimization space
are xc ¼ (Lsi, Csi), whereas the variables in the validation
space are the length of the inductive line, lLs, and the length
of the ﬁngers, lf, i.e. xf ¼ (lLs, lf). The other geometrical parameters are set to 0.16 mm. The ﬁrst vector of the validation
space, x(1)
f , 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

d Ls ⎞
dlf ⎟
⎟.
dCs ⎠
dlf

(5)

With this ASM scheme, the layout providing the target elements of the series branch is determined, and from this
layout, the parasitic capacitance Cpar is also inferred. The
value of Cpar is relevant since it must be subtracted to the capacitance Cpi 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 optimization space are the elements of the shunt resonator from the
circuit schematic for the common mode depicted in
Fig. 1(d), i.e. xc ¼ (Lpi, Cpi, Czi). 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, WCzi, as well as the
widths of the high- and low-impedance transmission line sections of the SIRs, WLpi, and WCpi, 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, lCzi, and the lengths lLpi
and lCpi of the high- and low-impedance transmission line sections, respectively, of the SIR (i.e. xf ¼ (lLpi, lCpi, lCzi)). The speciﬁc procedure to determine the layout is similar to the one
detailed in [20]. The ﬁrst vector of the validation space, x(1)
f ,
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:

(4)

In (4), f( j+1) is obtained by evaluating (1), and the super-index
T stands for transpose. To initiate the Jacobian matrix, the elements 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).

s

lLp =

Lp vh
,
Zh

(6a)

lCp = Cp vlp Zlp ,

(6b)

lCz = Cz vlz Zlz ,

(6c)

where vh and vlp,z are the phase velocities of the high- and lowimpedance transmission lines sections, respectively, and Zh and
Zlp,z the corresponding characteristic impedances (note that the
sub-indices p, z in the phase velocity, and characteristic impedance of the low-impedance transmission line sections are used
to differentiate the central, Cz, and external, Cp, 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:
⎛

d Lp
⎜ dlLp
⎜
⎜ dC
⎜ p
B=⎜
⎜ dlLp
⎜
⎝ dCz
dlLp

d Lp
dlCp
dCp
dlCp
dCz
dlCp

⎞
d Lp
dlCz ⎟
⎟
dCp ⎟
⎟
⎟.
dlCz ⎟
⎟
dCz ⎠
dlCz

(7)
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With this ASM scheme, the layout providing the target elements of the shunt branch is determined, and from this
layout, the parasitic capacitance Lpar 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 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 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 inductance Lpar is small, as it has been veriﬁed, one expects that by
subtracting the parasitic capacitance Cpar to the capacitance
of the mirrored SIR, Cp, 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 Ls 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.

IV.

ILLUSTRATIVE EXAMPLE

As an example, let us consider the synthesis of an order-3
Chebyshev ﬁlter with fractional bandwidth FBW ¼ 40%,
ripple LAr ¼ 0.15 dB, and central frequency f0 ¼ 2.4 GHz. The
element values of the canonic circuit are: Ls ¼ 9.57087 nH,
Cs ¼ 0.495948 pF, Lp ¼ 1.1637 nH, and Cp ¼ 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 Cpar from Cp, 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 Ls at the circuit level in order to
recalculate the schematic, including parasitic that satisﬁes the
speciﬁcations. The value of Ls has been found to be: Ls ¼
9.06 nH. Figure 4 shows a comparison between the ideal
Chebyshev response, and the one of the optimized circuit schematic. As can be seen, the responses are very similar, thus validating the approach based on the tuning of Ls only. Once the new
value of Ls 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 Ls ¼ 9.0644 nH,
Cs ¼ 0.4599 pF, Cpar ¼ 0.2706 pF, and the error is smaller
than 0.1%. Note that the parasitic capacitance Cpar has
changed only slightly, as anticipated.

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 photograph of the fabricated prototype is depicted in Fig. 6(b). The
LPKF H-100 drilling machine has been used for the fabrication of the prototype. The frequency response of the ﬁlter,
including the simulation of the optimum schematic, electromagnetic 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 tolerances. The maximum measured insertion loss for the differential mode is 0.8 dB between 1.90 and 2.85 GHz (FBW ¼ 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 × 17.5 mm2, that is 0.48 × 0.35l2 (excluding
the tapered access lines), l 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, f0), and
ﬁlter performance, including the 23 dB fractional bandwidth,
common-mode rejection ratio at f0, and differential-mode
insertion loss at 2f0, 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 description of the ﬁlter response for both the differential- and
common-modes. As compared with previous wideband

small balanced wideband bandpass filters based on mirrored sirs and interdigital capacitors

Fig. 5. Final layout of the interdigital capacitors (a) and frequency response (b). Dimensions are (in mm): Rw ¼ 4.189, wf ¼ 0.160, lLs ¼ 3.820, and lf ¼ 0.718. The
element values are: Ls ¼ 9.0644 nH, Cs ¼ 0.4599 pF, and Cpar ¼ 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

previous implementations (e.g. [19]) with interdigital capacitors, a clear improvement in terms of ﬁlter size is achieved.
But also in terms of circuit design, since the ASM-based synthesis 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

Fig. 6. Final layout of the ﬁlter (a) and photograph of the fabricated prototype (b). The dimensions are (in mm): WT ¼ 24 and LT ¼ 17.5.
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Fig. 7. Frequency response of the ﬁlter. Differential mode (a) and common mode (b). The measured unloaded quality factor is Qu(v0) ¼ 79.84 [21].

[2] Lim, T.B.; Zhu, L.: Differential-mode ultra-wideband bandpass ﬁlter
on microstrip line. Electron. Lett., 45 (2009), 1124–1125.

Table 1. Comparison of various differential ﬁlters.
Ref.

FBW (23 dB)
(%)

CMRR
@ f0 (dB)

S21dd (2f0)
(dB)

Effective
area (l2)

[1]
[3]
[7]
[8]
[9]
[10]
[11]
[16]
This work

65
50
70
79
66
43
45
59.5
56

29
48
15
35
10
63
53
47
40

46
23
35
32
20
38
35
54
35

0.25
0.25
0.28
0.19
0.023
0.60
0.045
0.39
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 iterative 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 IntelwCoreTM 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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[11] Vélez, P. et al.: Differential bandpass ﬁlter with common mode suppression based on open split ring resonators and open complementary split ring resonators. IEEE Microw. Wireless Compon. Lett., 23
(2013), 22–24.
[12] Horestani, A.K.; Durán-Sindreu, M.; Naqui, J.; Fumeaux, C.; Martı́n,
F.: S-shaped complementary split ring resonators and their application to compact differential bandpass ﬁlters with common-mode
suppression. IEEE Microw. Wireless Compon. Lett., 24 (2014),
150–152.
[13] Wang, X.-H., Zhang, H.; Wang, B.-Z.: A novel ultra-wideband differential ﬁlter based on microstrip line structures. IEEE Microw.
Wireless Compon. Lett., 23 (2013), 128–130.
[14] Shi, J.; Shao, C.; Chen, J.-X.; Lu, Q.-Y.; Peng, Y.; Bao, Z.-H: Compact
low-loss wideband differential bandpass ﬁlter with high commonmode suppression. IEEE Microw. Wireless Compon. Lett., 23
(2013), 480–482.

small balanced wideband bandpass filters based on mirrored sirs and interdigital capacitors
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Abstract— This paper presents optimized balanced microstrip
filters, in terms of size and design simplicity, by combining multisection 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.

I.

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

978-1-5090-4837-3/17/$31.00 ©2017 IEEE

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 -circuits
with series resonators Cs,i-Ls,i and parallel (parasitic)
capacitances Cpar,i (the subindex i is used to differentiate the
filter stages). The mirrored SIRs are described by the
inductances Le,i (narrow strips of the external sections) and Lc,i
(narrow strips of the central sections), and by the capacitances
Ce,i (external patches) and 2Cc,i (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 Cc,i are short
circuited and do not play an active role. Conversely, such
capacitances and the inductances Lc,i 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 Cc,i). The external resonators (Le,iCe,i) 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 Cpar,i is known (it is
inferred from the synthesis of the interdigital capacitors, to be

 3C par Le Ce Lc   (Ce Lc  Ce Le  C par Lc )

and it depends on three unknowns Le,i, Ce,i and Lc,i [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 Lc,i 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 (Ls,i,Cs,i) 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.
III.

Ls2

Ce1

P1

lLs2

P2'

WCe1
P1

lf

P2

described later). The reactance of the shunt branches for the
differential mode is given by
(1)
( 2 Le Ce  1) Lc

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
[7],[9] for the synthesis of mirrored SIRs and resonators based
on interdigital capacitors). Since the parasitic capacitance Cpar,i
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 Ls,i and Cs,i whereas the variables in the
validation space are the length of the inductive line, lLs, and
the length of the fingers, lf. 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
Cpar,i is also inferred. However, as long as Cpar 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 Le, Lc, Ce, and Cc. 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., lLe, lLc, lCe, and lCc. Concerning the fixed
dimensions, the values are set to WLe = WLc = 0.2 mm, and
there are two bounded values, WCe = lCe and WCc = lCc (i.e., a
square shaped geometry for the patch capacitors is chosen).
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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 (Cpar = 0.92 pF),
the element values are found to be those indicated as follows:
Le1 = 2.74 nH, Lc1 = 3.06 nH, Ce1 = 1.67 pF, Cc1 = 3.83 pF, Cs2
= 0.79 pF, Ls2 = 14.25 nH, Le3 = 0.68 nH, Lc3 = 2.38 nH, Ce3 =
3.13 pF, and Cc3 = 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 r = 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 N5221A 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 f0) are 0.309
 0.409, 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.
0
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-30
-40
-50

CC
DD

IV.

DD

For the second SIR, the variables in the validation space are
lLe, lCe, WCc and WLc (the lengths lCc and lLc are those of the
first SIR, WCe = lCe and WLe = 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.
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Frequency (GHz)

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 WCe1 = 2.05, lLe1 = 5.98,
lLc1 = 3.78, WCc1 = lCc1 = 7.12, lls2 = 7.80, lf = 1.11, WCe3 = 3.42, lLe3 = 2.07,
lLc3 = 3.78, WCc1 =5.19, lCc1 = 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 resonators and interdigital capacitors are presented in this paper.
The considered ﬁlter topology is useful to achieve wide bandwidths 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 operation 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 f0 = 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 0.48λ g ×0.51λ g , where λ g 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. I NTRODUCTION
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 differential 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 performance 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, narrowband [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 steppedimpendence resonators (SIRs) and interdigital capacitors. The
proposed topology is useful for the implementation of wideband responses for the differential mode. Due to the presence
of multiple (controllable) transmission zeros for the differential 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, including 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 suppressed 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, specifically 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. F ILTER T OPOLOGY, L UMPED E LEMENT
E QUIVALENT C IRCUIT, AND A NALYSIS
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 mirrored 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 cascaded between inductive (narrow) strips. The elliptical windows 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 mention that the presence of series connected interdigital capacitors 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 e,i and Ce,i account for the external inductive strips (with
length l Le,i ) and capacitive patches (with width WCe,i ), respectively, of the mirrored SIRs, whereas L c,i and Cc,i describe the
central inductive strips (with length l Lc,i ) and central patches
(with width WCc,i ), respectively. The interdigital capacitances
are called Cs,i , whereas L s,i corresponds to the inductive strips
cascaded to the interdigital capacitors. The capacitance Cpar is
a parasitic capacitance, necessary to adequately describe the
interdigital capacitors and narrow inductive strips adjacent to
them. Note, however, that Cpar 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 commonmode circuits is the absence of the capacitance Cc,i 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 c,i , provide transmission
zeros for the common mode, useful for the suppression of this
mode. It is interesting to mention that the external resonators,
L e,i –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 differentialmode 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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(a) Lumped element equivalent circuit model of the ﬁlter of Fig. 1(a), and equivalent circuits for the (b) differential and (c) common modes.

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 Cpar are
the single parasitic elements. Such capacitances are due to
the series stages (interdigital capacitors and narrow inductive strips), but, as mentioned before, they are part of the
shunt stages. The capacitances Cpar 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 s,i and Cs,i , and then synthesize the layouts of the interdigital
capacitors and inductive strips. From such layouts, the values
of capacitances Cpar can be derived. The element values L s,i
and Cs,i 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

where the subindex i has been omitted for simplicity. The
three unknowns that appear in (1), L c , L e , and Ce , are given
by the position of the transmission zeros for the differential
mode
1
f z,dd =
√
(2)
2π L e Ce
by the ﬁlter central frequency, where the shunt reactance for
the differential mode, χs,diff , opens

1 Ce L c + Ce L e + Cpar L c
f0 =
(3)
2π
Cpar L e Ce L c

(ω2 L e Ce − 1)L c
(1)
ω3 Cpar L e Ce L c − ω(Ce L c + Ce L e + Cpar L c )

Thus, from the solution of (2)–(5), the reactive element values
of the shunt branches of the ﬁlter are inferred.

χs,diff =

and by the susceptance slope



Ce ω0 1 + L e Ce ω02
ω0 Cpar
ω0 d B 
1
b=
+
=
+ 
2
2 dω ω0
2
2L c ω0
2 1 − L e Ce ω02
(4)
where ω0 = 2π f 0 is the central angular frequency. The
capacitances of the central patches, Cc,i , are determined from
the positions of the common-mode transmission zeros, i.e.,
f z,cc =

1
√
.
2π L c Cc

(5)
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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 differentialmode transmission zeros are also common-mode transmission 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. O PTIMIZATION OF THE T RANSMISSION -Z ERO
F REQUENCIES
In this paper, rather than a single (degenerated) commonmode 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 transmission 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 speciﬁcations) 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
f 0 = 1.8 GHz, fractional bandwidth FBW = 48% (or 55.4%
−3-dB fractional bandwidth), and ripple level L ar = 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 f 0 . From ﬁlter speciﬁcations, we can infer the value of L s and Cs , 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 e , L c , Ce ,
and Cc 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 f 0 (2.7 GHz). The differential-mode transmission
zeros are kept unaltered in this second step. Thus, the transmission zeros are: f z,cc = 1.942 GHz, 1.5 f 0 , 2.047 GHz and
f z,dd = 2.5 f 0 , 2.5 f0 , 2.5 f 0 . 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 f z,cc = 1.829 GHz,1.5 f 0 , 1.915 GHz and f z,dd =
3.103 GHz, 2.5 f 0 , 2.5 f 0 . 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 iterative 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 f z,cc = 1.811 GHz, 1.5 f0 , 1.895 GHz and f z,dd =
3.103 GHz, 2.5 f 0 , 2.5 f 0 . 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 z,cc = 1.808 GHz, 1.5 f 0 , 1.892 GHz
and f z,dd = 3.103 GHz, 2.5 f 0 , 2.5 f 0 . With these transmission
zeros, the ﬁlter response [Fig. 3(e)] exhibits CMR above 25 dB
up to at least 2.5 f 0 . Therefore, the algorithm stops at this
ﬁfth iteration, and the common-mode and differential-mode
transmission zeros are located at f z,cc = 1.808 GHz, 2.7 GHz,
1.892 GHz and f z,dd = 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. F ILTER S YNTHESIS T HROUGH 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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Fig. 3. 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 s,i and Cs,i , whereas the variables in the validation
space are the length of the inductive strip, l Ls , and the
length of the ﬁngers, l f . 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 l Ls and l f 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 s,i and Cs,i are obtained through
parameter extraction, and the ﬁrst estimation of the Jacobian
matrix B is obtained using a ﬁnite difference scheme [51].
Speciﬁcally, l Ls and l f are perturbed, and the effects of these
perturbations on the variation of L s,i and Cs,i are expressed as
derivatives in matrix form. From the extracted values of L s,i
and Cs,i , the ﬁrst error function is obtained
f(xf ) = P(xf ) − x∗c

(6)
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Fig. 5. Generated layout of the series resonator for the designed ﬁlter.
Dimensions are (in millimeter): w = 0.4, l Ls = 7.868, g = 0.2, l f = 2.176,
and w f = 0.4.
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, L s = 12.622 nH and
Cs = 0.619 pF and Cpar = 0.445 pF. For the shunt branches, the circuit
elements are L e,1 = 1.938 nH, L c,1 = 3.139 nH, Ce,1 = 1.358 pF,
and Cc,1 = 2.468 pF (ﬁrst stage), L e,3 = 0.311 nH, L c,3 = 1.378 nH,
Ce,3 = 4.020 pF, and Cc,3 = 2.522 pF (third stage), and L e,5 = 0.575 nH,
L c,5 = 2.576 nH, Ce,5 = 2.176 pF, and Cc,5 = 2.747 pF (ﬁfth stage).

where x∗c is the vector in the optimization space containing
the objective (target) values, xf is the vector in the validation
space, with the seeding values for l Ls and l f in the ﬁrst
iteration, and P(xf ) is the vector in the optimization space
( j)
resulting from parameter extraction from xf . If we call xf ,
the j th approximation to the solution in the validation space,
and f ( j ) the corresponding error function, the next vector of
the validation space is obtained according to
( j +1)

( j)

= xf + h ( j )

(7)

h( j ) = −(B( j ) )−1 f( j )

(8)

xf

where h( j ) is given by
and B( j ) is an approach to the Jacobian matrix, updated
according to the Broyden formula [51]
B( j +1) = B( j ) +

f( j +1)h( j )T

.
(9)
h( j )T h( j )
Convergence is considered to be achieved once the norm of
the error function, deﬁned as follows:




Ls 2
Cs 2
 f norm  =
1− ∗
+ 1− ∗
(10)
Ls
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 Cpar for each
series stage are easily obtained.
As an illustrative example, let us consider the synthesis of
series resonators with x∗c = L ∗s , Cs∗ = 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 x(1)
f = l Ls ,
l f = 9.399 mm, 4.112 mm, and the reactive element values

Fig. 6.

Series and shunt reactance for the structure depicted in Fig. 5.

inferred through parameter extraction are found to be x(1)
c =
(1)
P(xf ) = 15.547 nH, 1.026 pF. The considered substrate is
Rogers RO4003C with dielectric constant εr = 3.55, thickness
h = 0.813 mm, and loss tangent tan δ = 0.0021. The speciﬁc
parameter extraction is as simple as obtaining the series and
shunt reactance of the equivalent π-circuit from the electromagnetic simulation of the layout (the Keysight momentum
is used). The series elements, L s and Cs , are obtained from
the resonance frequency and from the reactance slope. The
shunt reactance provides the capacitance Cpar (it can be merely
obtained from the slope of the susceptance). However, note
that Cpar 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
(2)
(2)
are xc = 12.587 nH, 0.629 pF, and xf = 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∗c ) and the reactance of Cpar are also shown
in Fig. 6. As can be seen, the agreement is good in the
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W IDTHS OF THE I NDUCTIVE S TRIPS OF THE M IRRORED SIR S

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 differential 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 e , L c , Ce , and Cc .
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 W Lc and W Le 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,
l Lc and l Le , and the lengths of the capacitive patches, lCc and
lCe (the widths of such patches are chosen to be identical to
the lengths, i.e., WCc = lCc and WCe = lCe , 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 wellknown 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 e , L c , Ce , and Cc , are extracted. The
ﬁrst Jacobian (4 × 4) matrix is obtained by perturbing the
geometrical variables, and the ﬁrst error function is obtained
according to (6), where x∗c and xf are the ASM variables of
the ﬁrst mirrored SIR. The iterative process is then carried out
using (7)–(9) until convergence is achieved.

Fig. 7.
Dimensions are (in millimeters): WCe = 3.543, l Le = 6.404,
WCc = lCc = 10.785, and l Lc = 5.668.

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 e = 1.938 nH, L c = 3.139
nH, Ce = 1.358 pF, and Cc = 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
(6)
be xc = L e , L c , Ce , Cc = 1.935 nH, 3.157 nH, 1.354 pF,
(6)
2.452 pF, and xf = l Le , l Lc , lCe , 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., lCc,i = lCc,1 and
l Lc,i = l Lc,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: l Le,i (the
width of this inductance set using Table I), W Lc,i , WCc,i ,
and lCe,i (considering WCe,i = lCe,i in order to obtain a square
geometry for the external patches).
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TABLE II
G EOMETRIC PARAMETERS OF THE M IRRORED SIRs

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 transmission 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. P ROTOTYPE D EVICE E XAMPLE
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) allocated at the indicated positions is reported in this section. With
such speciﬁcations, the series elements L s 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 frequencies) 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 simulation (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

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 L s , Cs , 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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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 simulation 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). Nevertheless, 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 commonmode response is clearly satisﬁed with the synthesized ﬁlter
layout.

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 common 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 f 0 ), 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 × 48.2 mm, corresponding to
0.51λg ×0.48λg in terms of the wavelength at the ﬁlter central
frequency f 0 . This combination of size and ﬁlter performance
is competitive, as will be discussed in the next section.
VI. C OMPARISON TO OTHER W IDEBAND
BALANCED F ILTERS
The reported ﬁlter is compared to other wideband balanced bandpass ﬁlters in Table V. Such table includes the
differential-mode fractional bandwidth (DM-FBW), the central frequency ( f 0 ), 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 0 ). 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

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 f 0 with such CMR (|S21,cc | < −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 commonmode suppression performance, since the CMR is better than
−27 dB from dc up to 2.8 f 0 . In some of the ﬁlters,
e.g., those of [34], the maximum CMR at f 0 is very high
(i.e., |S21,cc | = −65 dB and |S21,cc | = −50 dB for ﬁlters
designated as [34]a and [34]b 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 combination 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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a differential-mode rejection level better than −55 dB at
2.9 GHz (1.61 f 0 ), and better than −38 dB up to 5.6 GHz
(3.11 f 0 ), 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 signiﬁcant 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 e,i , 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 considered 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 postoptimization algorithms, necessary to optimize the position of
the transmission zeros. (A fundamental aspect to achieve the
reported differential- and common-mode stop bands.)
VII. C ONCLUSION
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 commonmode 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 optimization algorithm, where the geometry of the different mirrored (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 determined 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. Nevertheless, due to the high sensitivity of common-mode suppression 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 considered 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 (3.6 f 0 ), with more than 22-dB rejection (and the
rejection level is better than 38 dB up to 5.6 GHz, or 3.11 f 0).
Finally, the common mode is rejected with more than 28 dB
from dc up to at least 6.5 GHz (3.6 f 0 ). 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 transmissionzero optimization algorithms), few iterations sufﬁce to achieve
convergence in all cases. This avoids excessive computing
times, despite the fact that the latter transmission-zero optimization scheme uses the ASM algorithm at each iteration.
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Acronyms
ASM

Aggressive Space Mapping

CAD

Computer-Aided Design

CMRR

Common-mode Rejection Ratio

CSRR

Complementary Split Ring Resonator

DGS

Defected Ground Structure

EM

Electromagnetic

EMI

Electromagnetic Interference

FBW

Fractional Band-Width

FBW-3dB

FBW defined by the cut-off frequencies at -3dB of the pass band response

LAr

Chebyshev response passband ripple

OCSRR

Open Complementary Split Ring Resonators

OSRR

Open Split Ring Resonators

SIR

Stepped Impedance Resonator

SIW

Substrate Integrated Waveguide

SM

Space Mapping

SNR

Signal-to-Noise Ratio

UWB

Ultra-Wide Band
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