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Abstract In this work, we discuss a robust simulation-driven methodology for
rapid and reliable design of complex microwave/RF circuits with enhanced func-
tionality. Our approach exploits nested space mapping (NSM) technology, which
is dedicated to expedite simulation-driven design optimization of computationally
demanding microwave structures with complex topologies. The enhanced func-
tionality of the developed circuits is achieved by means of slow-wave resonant
structures (SWRSs), used as replacement components for conventional transmission
lines. The NSM is a hierarchical, bottom-up methodology, in which the inner space
mapping layer is applied to improve generalization capabilities of the equivalent
circuit constructed on the SWRS level, whereas the outer layer is used to enhance
the surrogate model of the entire structure of interest. We demonstrate that the NSM
significantly improves the performance of traditional surrogate-based optimization
routines applied to the design problem of computationally expensive microwave/RF
structures with modular topology. The proposed technique is used to design three
exemplary microwave/RF circuits with enhanced functionality: two abbreviated
microstrip matching transformers and a miniaturized rat-race coupler with harmonic
suppression. We also provide a comprehensive comparison with other surrogate-
assisted methods, as well as supply the reader with basic design guidelines for the
state-of-the-art SWRS-based microwave/RF circuits.
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1 Introduction

Modern wireless communication systems impose stringent requirements upon
microwave and radio-frequency (RF) blocks, placing particular emphasis on passive
components. These commonly used circuits are required to satisfy strictly defined
system specifications, e.g., multiband [1–3], or wideband operation [4–6], attenua-
tion of harmonic frequencies [7–9], high isolation [10–12], etc. Moreover, physical
dimensions of passive components are also regulated by available, often limited
estate area [13–15]. In general, traditional theory-based design routines are inca-
pable of providing reliable design solutions when circuit size and its performance
are simultaneously taken into consideration [16, 17]. Among variety of techniques
dedicated to enhance the functionality of conventional passive components [18–22],
the modification of circuit’s geometry by means of intentional perturbations,
defects, or discontinuities—implemented in either metallization plane—has gained
increased attention as the most promising method to perform a cost-efficient
microwave/RF circuit refinement [23–25].

Although the implementation of various perturbations and discontinuities may
be extremely beneficial from the perspective of the functionality of microwave/RF
structures—both geometrical- and performance-wise—it simultaneously hinders
the design process due to the increased number of designable parameters that have
to be simultaneously adjusted to yield a proper operation of the circuit [26, 27].
A typical experience-based design approach using repetitive parameter sweeps is
suitable for tuning only one parameter at a time and, therefore, its utilization is
limited for multi-dimensional design spaces of microwave/RF circuits with complex
topologies. Consequently, the design of microwave/RF structures with enhanced
functionality is considered to be a multifaceted problem that may be addressed only
by means of numerical optimization.

Reliable design optimization of highly miniaturized microwave/RF components
is an extremely challenging issue of contemporary wireless communication engi-
neering. The main reason for it is the lack of computationally cheap and accurate
theoretical models representing the behavior of such unconventional structures.
Unfortunately, a reliable performance evaluation of complex microwave/RF
components, and—consequently—their design, can only be achieved through
CPU-intensive electromagnetic (EM) simulations. As opposed to conventional
microwave/RF circuits, EM models of sophisticated structures with enhanced
functionality are, in general, computationally expensive, which is another crucial
factor hindering the design process. Additionally, a large number of independent
designable parameters involved in structure optimization significantly increases
numerical complexity of the process, as well as the number of EM evaluations
necessary to complete the optimization task. Hence, direct EM-based optimization
using conventional gradient [28] or derivative-free [29] algorithms is normally
prohibitive. On the other hand, techniques such as adjoint sensitivity [30, 31] allow
for low-cost derivative evaluation, which may lead to substantial cost reduction
of gradient-based search procedures [32, 33]. However, this technology is not yet
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widely available in commercial computer-aided design (CAD) software. Another
important issue related to conventional optimization techniques is their local
convergence properties, i.e., the ability to find only a local optimum (usually
the one closest to the initial design). The aforementioned difficulty may be partially
addressed by global optimization methods. In practice, this means resorting to
population-based metaheuristics, which are even more expensive—computational-
wise—than local-search algorithms [34, 35]. For that reason, the utilization of
direct optimization techniques in the design and optimization of complex circuits is
usually impractical.

High-computational cost related to the design of compact microwave/RF struc-
tures may be partially alleviated by means of surrogate-based optimization (SBO)
techniques [36], including, among others, manifold mapping [37, 38], shape pre-
serving response prediction [39, 40], or space mapping [41, 42]. The attractiveness
of the SBO lies in its ability to iteratively correct/enhance a low-fidelity model using
a limited amount of data acquired from simulations of a high-fidelity model [43].
SBO methods gained a considerable attention in diverse engineering fields [44–46]
and proved to be very efficient design methodologies, capable of yielding desired
solutions at the cost of only a few simulations of respective high-fidelity models.
Space mapping—originated in the field of microwave technology—is particularly
interesting in the context of numerically complex circuit design, especially due
to its simple implementation [47, 48], high efficiency [43, 49], and successful
validation on a variety of microwave structures [27, 43, 49]. On the other hand, SBO
techniques, especially space mapping algorithms, are mostly used for the expedited
design and optimization of conventional microwave/RF circuits [47, 49]. Although
several methods regarding this concept have been proposed for optimization of
complex structures [27, 50] they require inconvenient manual setup of multiple
optimization problems and are problematic when large number of parameters is
involved [51].

In this chapter, we provide general guidelines for the development of unconven-
tional microwave/RF circuits with enhanced functionality. This is achieved through
the decomposition of a conventional circuit into its elementary building blocks,
more particularly uniform transmission lines (TLs) and their subsequent replace-
ment with unconventional (e.g., shortened, dual-band, etc.) slow-wave structures.
Moreover, challenges and benefits regarding the design of SWRS-based circuit are
presented. Next, we introduce a nested space mapping (NSM) technology aimed
at fast and accurate design of computationally expensive planar microwave/RF
components. NSM constructs a two-stage low-fidelity model, with the inner space
mapping layer applied at the level of the decomposed TL, and the outer space
mapping layer applied for the entire circuit. The proposed technique mitigates
the problem of surrogate model inaccuracy resulting from complex layouts of
unconventional circuits and enables its rapid optimization in a single run of the
algorithm.

The chapter is organized as follows. In Sect. 2, we discuss the concept of circuit
functionality enhancements based on its decomposition and a subsequent refinement
of its elementary building blocks using SWRSs. We also explain techniques for
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the construction of SWRSs and their influence on the behavior of the entire
microwave/RF circuit. Sect. 3 is devoted to the problem of complex microwave
circuits design using surrogate-based optimization. We briefly formulate a SBO
design task and introduce the concept of NSM, numerical methods used to construct
an accurate surrogate model, as well as generalization capabilities of the developed
surrogate models. Verification of the introduced methodology on the basis of several
illustrative examples is given is Sect. 4. Two shortened matching transformers and
a miniaturized rat-race coupler with harmonic suppression are considered for the
design and optimization using the NSM. Section 5 concludes the chapter with a
discussion and recommendations for the future research related to fast design and
optimization of complex structures with enhanced functionality.

2 Design of Complex Microwave Circuits: Methodology

Design of complex microwave/RF circuits with enhanced functionality is trou-
blesome, especially due to the lack of universal strategies for determination of
their topology. In general, three approaches for the design of unconventional
circuits are available, including: (1) manual, experience-based construction [52,
53] (2) structure decomposition and substitution of its sections with unconventional
structures [54, 55], and (3) automated design by means of metaheuristic algorithms
[56, 57].

While the first technique benefits from many degrees of freedom that allow for
the construction of novel structures with unusual properties (both geometry- and
performance-wise), possible results strongly depend on engineering experience. In
such a setup, the design process is conducted using cut and trial technique, often
in conjunction with repetitive parameter sweeps. Therefore, the method is laborious
and prone to failure, which restricts its applicability to designs with relatively simple
topologies with up to several independent parameters [58, 59].

Improved properties of the circuit may also be obtained through decomposition
of a conventional structure into a set of TL sections. Each TL may be subsequently
replaced with its discontinuous counterpart and modified sections may be utilized
for the construction of an unconventional structure. Despite the manual setup of
the aforementioned steps, the risk of design failure in such a scheme is alleviated
by using discontinuous TL components with simplified geometry that mimic the
behavior of their conventional TLs. Furthermore, a lot of perforations from the
literature may be directly utilized to substitute typical TL sections [60–63], which
makes the technique useful, even for less experienced engineers. One should note
that the method is restricted only to certain microwave/RF structures that may
be decomposed, however a variety of passive circuits fall into this category, e.g.,
matching transformers, hybrid couplers, Butler matrices, phase shifters, or planar
filters.

Although methods based on the manual design of circuits with unconventional
properties are most commonly used, some automated approaches for a construction
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of such structures are also available [56, 64–66]. Automated design is especially
attractive for inexperienced engineers as it reduces the interference into the design
process only to formulating the desired performance specifications. Design of a
microwave/RF structure in such a setup may be conducted using either EM model
generated from binary matrix [56, 64] or interconnected TL sections [65, 66]. While
the former technique allows for a construction of very compact circuits, it requires a
number of computationally expensive EM simulations for a metaheuristic algorithm
to complete. The latter method is considerably faster because it exploits circuit
simulator instead of EM one. On the other hand, it suffers from lack of support
for the reduction of the overall circuit size.

In this section, we give general guidelines for the construction of microwave/RF
circuits with enhanced functionality. Moreover, we instruct how to identify TL
sections of a conventional circuit that may be extracted from the design. Two main
approaches for the determination of sufficient perforations are discussed.

2.1 Construction of a Circuit with Enhanced Functionality

Modifications of a microwave/RF structure by a substitution of its TL sections with
their corresponding perforations may be utilized to obtain some unconventional
circuit behavior (e.g., attenuation of harmonic frequencies [50], high circuit selectiv-
ity [67], and/or broad operational band [68]) or advantageous physical dimensions
[69]. One should bear in mind that techniques mentioned in this section require the
preparation of a conventional circuit for its further modifications, however theory-
based design of microstrip structures is well described in the literature (e.g., in [17,
70, 71]) and, for the sake of brevity, we omit details of their formulation.

The general flow (see Fig. 1 for a detailed block diagram with conceptual
explanation of each step) of an unconventional structure design may be summarized
as follows:

1. Define design specification of a circuit with enhanced functionality;
2. Synthesize conventional circuit using theory-based approach;
3. Decompose circuit into k sections that may be substituted with respective

perforations;
4. Construct n abbreviated sections suitable for UTL replacement;
5. Perform surrogate-based design and optimization of the circuit.

In general, a conventional structure is composed of various building blocks,
including: conventional lines (TL and/or coupled line sections) as well as their
interconnections (e.g., bends, tees, crosses, etc.) [27]. This modular design allows
to perform a so-called circuit decomposition step, which is a procedure—guided by
engineering experience—aimed at identification of sections that may be important
for functionality enhancements of the structure. While interconnections between
consecutive sections are considered irrelevant, a total of k (where k D 1, : : : , K)
coupled lines and/or TLs may be distinguished and isolated from the circuit.
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Fig. 1 Construction of a circuit with enhanced functionality by substituting conventional TL
sections with perturbations—a design flow. In the first step, design specification is defined.
Subsequently, general circuit line theory is utilized for a synthesis of a reference microstrip
circuit. Next, the structure is decomposed into k conventional lines. In the fourth step, a set of n
perturbations is designed in order to substitute their conventional counterparts. Finally, surrogate-
based design driven by algorithm described in Sect. 3 is performed

Identification of respective sections is a crucial step for the determination of n
(where n D 1, : : : , N) different perturbations that are necessary to substitute their
conventional counterparts. Exemplary microwave/RF circuits realized in microstrip
technology with highlight of decomposition-ready sections are shown in Fig. 2.

A number of perturbations necessary to achieve desired functionality depend on
such global factors such as desired bandwidth and/or geometry of the structure [69,
72], as well as local properties regarding characteristic impedance ZC, electrical
length � (for TLs), and the coupling coefficient (for coupled lines). For that reason,
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Fig. 2 Exemplary conventional microstrip circuits with highlighted relevant section: (a) brachline
coupler —two TL sections with different characteristic impedance: (–––) and (– – –); (b)
rat-race coupler —one TL section: (–––); (c) band-pass filter —three coupled line sections:
(–––), (– – –) and (•••); (d) impedance matching transformer —four TL section: (–––), (–––),
(•••), (• – • –); (e) open-stub filter —five TL sections: (–––), (– – –), (•••) (• – • –),
(–– ––)

a number of necessary perturbations as well as their geometry should be care-
fully chosen for realization of specified design requirements. Although substantial
research effort has been devoted towards the determination of perturbations with
novel topologies over the years [60–63], only a few works attempted to address—
in a systematic manner—the issue of their applicability for various unconventional
designs [27, 50, 73]. However, in general, this problem may be solved only by means
of engineering expertise, aided by some guidelines pointed out below:

– Substitution of conventional section with a cascade connection of perturbations
allows for the bandwidth enhancement [24].

– Single perturbation is capable of realizing a range of ZC and � parameters and,
therefore, it may substitute variety of corresponding TL sections [27].

– Miniaturization of asymmetric conventional circuit enforces preparation of a set
of perturbations to mimic TL with equal electrical properties [69].

Several classes of perturbations, including: defected ground structures (DGS)
[24], fractal space filing curves [67], or slow-wave resonant structures (SWRS)
[50] may be exploited to mimic the behavior of conventional microwave/RF circuit
components in a restricted frequency range. On the other hand, implementation of
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perforations not only increases the complexity of the structure, but also introduces
multiple independent design parameters that highly influence its performance.
Design and optimization of such circuits is considered to be a computationally
expensive problem that may be partially addressed using SBO algorithms [27].
Perturbations in the form of SWRS are particularly attractive for SBO setup
because—in contrary to fractal curves and DGSs—they may be designed using a cir-
cuit simulator. Moreover, SWRS introduces slow-wave phenomenon that allows for
decreasing the phase velocity, and consequently such perforations are shorter than
conventional transmission lines. Nonetheless, a large number of variables associated
with such circuits introduce serious problems with convergence of conventional
SBO algorithms [51]. Techniques for the design of SWRS are described in Sects. 2.2
and 2.3, whereas SBO-based design and optimization of unconventional circuits
with multiple perturbations are addressed in Sect. 3.

2.2 Design of Slow-Wave Resonant Structures:
Database Approach

The choice of proper SWRS for a construction of a microwave/RF circuit with
enhanced functionality is troublesome. The design of SWRS that may be considered
to be a sufficient replacement of its corresponding UTL (or coupled line) is mostly
conducted using cut and trial technique guided by engineering experience, which is
a time consuming process involving numerous EM simulations. On the other hand,
determination of appropriate SWRS may be conducted by gathering EM models of
various predefined components. Such a database comprises an extensive description
of each SWRS, including a number and range of design variables, as well as electric
properties. Moreover, it provides tools for the identification of structures being most
appropriate for realization of desired circuit behavior [73]. Several approaches that
exploit database for the construction of unconventional circuits are available in
literature [27, 50, 73]. Figure 3 depicts a set of exemplary SWRSs that may be
utilized for the construction of a database.

Fig. 3 An exemplary database containing 12 EM models of SWRSs [73]
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The most appropriate SWRS is selected from the database by means of cell
assessment with respect to defined efficiency coefficients, which may refer to local
properties (e.g., range of ZC and � realizations, or transverse dimension of the
SWRS) as well as global properties (e.g., bandwidth, or overall size) of the circuit
(cf. Sect. 2.1). Each SWRS is evaluated with respect to all of its coefficients
by computation of their weighted mean and a component with the best value is
considered as sufficient to substitute respective conventional section. This technique
may be also utilized for the selection of the most versatile SWRS to work as a
substitute component of conventional sections with varied electrical parameters (c.f.
Sect. 2.1). More detailed explanation of SWRS determination technique by means of
a database utilization is presented in [73]. One should emphasize that a construction
of a database comprising a number of EM models of SWRS requires considerable
computational effort, however, once prepared, it may be reused multiple times with
no extra computational cost.

2.3 Design of Slow-Wave Resonant Structures:
Knowledge-Based Approach

Although design of unconventional circuit constituted by SWRS obtained from
a predefined database is considerably easier in comparison to knowledge-based
approach, it suffers from a smaller number of degrees of freedom in the process
of forming a component into the desired shape. SWRSs gathered in database
exhibit similarities that prevent their utilization for the design of structures with
very unusual properties (e.g., very compact circuit [69], or wide range of electrical
properties [27]). Therefore, SWRS designed exclusively for a specific circuit may
provide the best results regarding desired specification. Additionally, a knowledge-
based approach allows for a construction of complementary SWRSs (i.e., cells that
geometrically supplement each other [69]), which is especially useful in the design
of very compact circuits (e.g., [69, 73, 74]).

Despite the manual nature of the described SWRS design technique, some
mathematical models aimed at the determination of its initial dimensions may be
provided. In the lossless case, the response RU of TL section may be described in
the form of ABCD matrix:

RU D
"

cos .�/ jZC sin .�/
j

ZC
sin .�/ cos .�/

#
(1)

The performance of a distributed TL section may be mirrored at the given operating
frequency by its corresponding SWRS section in the form of T-type distributed-
element circuit, which is composed of interconnected high-impedance ZH and
stepped-impedance sections with low-impedance ZL stub. Realization of SWRS in
such a configuration is particularly attractive due to its considerable slow-wave
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Fig. 4 Various models of a component: (a) distributed-element model of TL; (b) distributed model
of T-type SWRS structure; (c) microstrip model of T-type SWRS—parameters w1, w2, and l2 are
set based on technology limitations

properties, as well as great usefulness for circuit miniaturization [69, 74, 75].
A conceptual illustration of a TL section and its interchangeable SWRS (both the
composite and microstrip realizations) is shown in Fig. 4.

The response of T-type SWRS may be described by the following set of
equations:

RT D
"

cos .�1/ jZH sin .�1/
j

ZH
sin .�1/ cos .�1/

# "
1 0
j

Z1
1

# "
cos .�1/ jZH sin .�1/

j

ZH
sin .�1/ cos .�1/

#
(2)

Z1 D ZH

Z2 C jZH tan .�2/

ZH C jZ2tan .�2/
(3)

Z2 D ZH

ZL

jtan .�3/
(4)

where �1 stands for the electrical length of a high-impedance section, �2 and
�3 denote electrical length of a high-impedance interconnection between the ZH

line and the low-impedance stub, respectively. One should note that parameters
ZH , ZL and �2 may be determined a priori based on technology limitations of
microstrip line circuits (minimal/maximal values of line length/width allowed for
fabrication) [69]. Parameters �1 and �3 may be found numerically by solving
RU D RT for the given operational frequency (parameters ZC and � of UTL section
are known). Subsequently, geometrical dimensions of SWRS are calculated using
general microstrip equations [17].
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Although the designed SWRS may be directly utilized for a construction of
an unconventional circuit, its shape may not be optimal for some applications.
Therefore, ZH and ZL sections of the cell may be manually formed—assuming
preservation of their electrical properties—to fulfill the specified requirements
regarding circuit functionality (e.g., compact size of hybrid couplers [74] or Butler
matrices [76]). A more detailed explanation of the knowledge-based construction of
SWRS can be found in [72].

3 Surrogate-Based Design and Optimization
of Complex Circuits

Design and optimization of unconventional circuits with enhanced functionality
is clearly a complex process that involves not only engineering knowledge, but
also considerable computational resources. The cost-related issues may be partially
alleviated by means of surrogate-based optimization. Here, we discuss a NSM
methodology, which is suitable for the design of complex microstrip circuits
with SWRS perturbations. We also demonstrate the performance of the NSM
technique as well as its advantages over conventional space mapping modeling and
optimization.

3.1 Surrogate-Based Optimization

The design of microwave/RF circuit driven by surrogate-based optimization algo-
rithm requires two representations of the same microwave structure at different
levels of fidelity. Let Rf (x) be a response vector of a high-fidelity EM model of
a complex microwave/RF structure with enhanced functionality, whereas the vector
x denotes independent design parameters of the respective circuit. Unfortunately,
Rf model is computationally too expensive to be directly used in the numerical
optimization process [77]. Instead, a physics-based low-fidelity model Rs in the
form of equivalent circuit representation of the respective structure may be—
upon suitable correction—utilized to reduce the computational cost of structure
optimization. For the sake of brevity, we omit details regarding construction of
surrogate model using circuit representation. A comprehensive explanation of this
process is available in literature (e.g., [48, 78, 79]).

The design process of microwave/RF circuits may be formulated as a nonlinear
minimization problem of the following form:

x� D arg min
x

U
�
Rf .x/

�
(5)
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where U is a scalar merit function (e.g., a minimax function with upper and lower
specifications) that implements given design specifications. Vector x* is the optimal
design to be determined. A high-computational cost of a single EM simulation
makes the utilization of conventional optimization to handle (5) impractical, because
both gradient-based (e.g., Quasi-Newton [28]) and derivative-free (pattern search
[80], genetic algorithms [81]) methods usually require a substantial number of
objective function (and thus, high-fidelity model) evaluations. In order to reduce
the CPU expense, a direct optimization of a computationally expensive model may
be replaced by the following iterative procedure [24, 82]:

x.iC1/ D arg min
x

U
�
R.i/

s .x/
�

(6)

that generates a sequence of approximate solutions x(i) (i D 0, 1, : : : ) to the original
design problem of (5). The surrogate model at iteration i, Rs

(i), is constructed from
the low-fidelity model so that the misalignment between Rs

(i) and the fine model
is reduced using so-called parameter extraction process. The latter is a nonlinear
minimization problem by itself [36]. A conceptual flow of SBO is shown in Fig. 5.

For a well working SBO algorithm, only a few iterations of (6) are necessary
to find a satisfactory solution. Also, the fine model is typically evaluated only

Initial Design

Final Design

Evaluate Fine Model

Update Surrogate Model
(Parameter Extraction)

Optimize Surrogate Model

i = 0

i = i + 1Termination
Condition?

Surrogate Model

Surrogate-Based
Optimization
Algorithm

x(i)

x(i)

x(i+1)

Yes

No

EM Solver

x(0)

x(i), Rf (x(i))

Rs
(i)

Fig. 5 A conceptual flow of surrogate-based optimization: the optimization burden is shifted to
the computationally cheap surrogate model which is updated and re-optimized at each iteration of
the main optimization loop. High-fidelity EM simulation is only performed once per iteration to
verify the design produced by the surrogate model and to update the surrogate itself. The number
of iterations for a well-performing SBO algorithm is substantially smaller than for conventional
techniques
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once per iteration [83]. However, conventional SBO algorithms—particularly space
mapping—suffer from convergence problems or relatively large number of EM
model evaluations necessary to conclude the process, if complex microwave/RF
designs are considered. These difficulties are alleviated here using a NSM approach.

3.2 NSM Modeling

The NSM technique [51] is a two-level modeling methodology, with the first (inner)
space mapping layer applied at the level of component (a so-called local model), and
the second (outer) layer applied at the level of the entire structure (so-called global
model). The purpose of NSM is to improve the generalization capability of the
surrogate model and facilitate the parameter extraction process. Consequently the
cost of the design optimization process using NSM can be greatly reduced compared
to conventional space mapping applied only at the level of the entire structure [51].

Let Rf.cell(y) and Rc.cell(y) be responses (here, S-parameters) of the high-fidelity
(i.e., EM-simulated) and low-fidelity—circuit-simulated—models of the local com-
ponent (here, SWRS cell). The vector y represents geometry parameters of the
cell, whereas Rf (x) and Rs(x) denote high- and low-fidelity response of the
entire microwave/RF structure with x being a corresponding vector of geometrical
parameters. In NSM approach the surrogate model of the entire circuit is constructed
starting from the component level, i.e., each SWRS surrogate being relevant
for circuit functionality enhancements. A surrogate of inner generic component
denoted as Rs.g.cell(y,p*) stands for a composition of Rc.cell and suitable space
mapping transformations; the vector p* denotes the set of extractable space mapping
parameters of the model. The space mapping surrogate Rs.cell of a SWRS component
is obtained as

Rs:cel l .y/ D Rs:g:cel l

�
y; p��

(7)

The parameter vector p* is obtained by solving the following nonlinear parameter
extraction process

p� D arg min
p

XNcel l

kD1

ˇ̌ˇ̌
Rs:g:cel l

�
y.k/; p

� � Rf

�
y.k/

�ˇ̌ˇ̌
(8)

where vectors y(k), (k D 1, : : : , Ncell) denote the training (or base) solutions
obtained using a so-called star-distribution scheme [36]. A base obtained using
star-distribution method is composed of Ncell D 2d C 1, where d is design space
dimensionality (i.e., a number of independent design variables). Although local
generic surrogate of each SWRS depends on much smaller number of parameters
than the structure optimized using conventional space mapping technique (usually
up to a few independent variables rather than a few dozen [51]), it exploits a
combination of various space mapping methods (c.f. Sect. 3.3) [41]. Therefore,
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a local surrogate model Rs.cell implemented within a global model of the whole
microwave/RF circuit should be valid for the entire range of parameters y.

A generic space mapping surrogate of the entire unconventional circuit denoted
by Rs.g(x,P) is composed of the local models of individual SWRS cells:

Rs:g.x; P /DRs:g

��
y1I : : : I yp

�
; P

� DF
�
Rs:g:cel l

�
y1; p�� ; : : : ; Rs:g:cel l

�
yp;p��

; P
�

(9)

where F realizes a sufficient connection between respective sections of a structure
with enhanced functionality. Vector x represents a concatenation of component
parameter vectors yk, while vector P stands for space mapping parameters at the
outer level. One should note that P is usually defined as perturbations (with respect
to p*) of selected space mapping parameters of individual components.

The outer space mapping level is applied to the global model Rs.g(x,P), so that
the final surrogate Rs

(i) utilized in the ith iteration of the SBO scheme (6) is defined
as follows

R.i/
s .x/ D Rs:g

�
x.i/; P.i/

�
(10)

where

P.i/ D arg min
P

jj Rs:g

�
x.i/; P

� � Rf

�
x.i/

� jj (11)

It should be emphasized that the number of parameters in P is much smaller than
the combined number of space mapping parameters of SWRS components (i.e.,
multiple copies of a vector p*). This is normally sufficient because the inner space
mapping layer already provides good alignment between the Rs.cell and Rf.cell so that
the role of (10), (11) is mainly to account for possible interactions between SWRS
components that are considered by the composing function F. The algorithm may
be summarized as follows (see Fig. 6 for conceptual illustration):

1. Construct circuit model Rc.cell of the nth SWRS component;
2. Obtain inner space mapping surrogate Rs.cell of nth SWRS by performing

multipoint extraction of p* parameters;
3. If n < N go to 1;
4. Utilize N Rs.cell components to construct a generic space mapping surrogate

Rs.g(x,P) of an unconventional microwave/RF circuit;
5. Utilize SBO scheme for the determination of desired functionality at the output

space mapping level.

3.3 Surrogate Model Construction

Multipoint parameter extraction utilized for a construction of a reliable local model
of SWRS component requires a combination of various space mapping techniques to
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x P*
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Fig. 6 The concept of nested space mapping (NSM): (a) local space mapping model of SWRS
component. Extractable parameters p* are optimized to match the circuit Rs.cell(y) and Rf.cell(y)
within solution space; (b) global space mapping model composed of two SWRS components. Once
extractable parameters p*

(1,2) are set they are reused in global model. Vector of design parameters
x is optimized to obtain desired specification

achieve desired generalization. The inner space mapping layer is constructed using
the following relation:

Rs:g:cel l .y; p/ D Rc:F .B � x C c; pI / (12)

where B and c are input space mapping parameters (a diagonal matrix B is
utilized), pI are implicit space mapping (ISM) parameters (a substrate parameters
of individual microstrip subsection of SWRS component, specifically, dielectric
permittivity and the substrate heights). Additionally, a frequency scaling Rc.F of
low-fidelity model aimed at evaluation of the Rc model across the frequency band
of interest, is performed. The frequency-scaled model Rc.F(y) corresponding to
Rc(y) D [Rc(y,!1) Rc(y,!2) : : : Rc(y,!m)]T is defined as flows:

Rc:F .y; p/ DŒRc .y; f0C!1 � f1/ Rc .y; f0C!2 � f1/ : : : Rc .y; f0 C !m � f1/�T

(13)

where f0, f1 are extractable scaling parameters. Technique is especially useful for
correction of frequency misalignment between low- and high-fidelity models of
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the SWRS component [51]. An exemplary inner space mapping layer of SWRS
component Rs.cell(y, p) and its corresponding high-fidelity model Rf.cell(y) are shown
in Fig. 7.

3.4 Generalization Capability of NSM

The most notable advantage of NSM technique lies in good generalization capability
of the global NSM surrogate Rs.g, which is achieved by global accuracy of each local
SWRS model Rs.cell utilized for a construction of unconventional microwave/RF
circuit. A typical modeling accuracy of an exemplary SWRS cell (see Fig. 7)
after multipoint parameter extraction is illustrated in Fig. 8. A comparison of
global NSM surrogate for an exemplary structure—in the form of unconventional

Rs.cell( )y

y p *

Rc.cell( )y

a b

Fig. 7 An exemplary SWRS component: (a) coarse model Rc.cell(y) within inner space mapping
layer Rs.cell(y); (b) high-fidelity EM model Rf.cell(y)
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Fig. 8 NSM modeling of SWRS component. Responses at the selected test designs: coarse model
(dotted line), fine model (solid line), NSM surrogate after multipoint parameter extraction (open
circle). The plots indicate very good approximation capability of the surrogate



Nested Space Mapping Technique for Design and Optimization of Complex. . . 69

Fig. 9 Geometry of an exemplary matching transformer composed by cascading three SWRS
sections of Fig. 7
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Fig. 10 NSM modeling of a matching transformer of Fig. 9: (a) high-fidelity model response
(solid line), NSM surrogate before parameter extraction (dotted line) and NSM surrogate after
parameter extraction (open circle); (b) visualization of excellent generalization of NSM surrogate
(open circle) extracted at random designs. Corresponding high-fidelity model responses (solid line)
are also provided

matching transformer of Fig. 9—before and after parameter extraction step (10) is
shown in Fig. 10. One should emphasize that Rs.g model matches its high-fidelity
counterpart even before parameter extraction step. Therefore, parameter extraction
is aimed only at addressing the interactions (i.e., couplings) between respective
SWRS components that are not accounted by the Rs.cell models.

For a comparison purpose, an exemplary transformer of Fig. 9 is also designed
using conventional space mapping modeling (i.e., correction of its low-fidelity
model Rc). The process of circuit design in such a setup is considerably more com-
plex because (1) the low-fidelity model of the entire unconventional microwave/RF
circuit is much less accurate than Rs.g (cf. Fig. 11a), (2) a large number of
space mapping parameters with considerable range of variation is required, (3)
the parameter extraction process is more challenging and time consuming, and (4)
generalization capability of the model is poor (cf. Fig. 11b).

Sufficient accuracy of the underlying low-fidelity model and good generalization
capability of the surrogate are essential for fast convergence of the SBO optimiza-
tion process (6) [51]. The NSM model exhibits both aforementioned features (here,
the global model Rs.g is formally a low-fidelity model for (6)), which results in
not only rapid, but also accurate design of complex microwave/RF circuits with
enhanced functionality.
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Fig. 11 Conventional space mapping modeling of a matching transformer of Fig. 9: (a) high-
fidelity model response (solid line), SM surrogate before (dotted line) and after parameter
extraction (open circle); (b) visualization of poor generalization capability of a surrogate (open
circle) extracted at random designs. Corresponding high-fidelity model responses (solid line) are
also provided

4 Case Studies

In this section, we present verification examples for the design of complex
microwave/RF circuits using NSM methodology of Sect. 3. The technique is
validated using a four-section ultra-wideband matching transformer with 16
independent design variables, a 15-variable broadband three section matching
transformer, and a miniaturized rat-race coupler with a total of ten designable
parameters. Unconventional properties of illustrative circuits are obtained by
implementation of SWRS components using both the database approach of Sect. 2.2
and knowledge-based design of complementary SWRS explained in Sect. 2.3. A
comparison of the NSM technique with sequential space mapping (SSM) and
implicit space mapping (ISM) methods is also provided.

4.1 Design of Ultra-Wideband Four-Section
Matching Transformer

Consider a four-section microstrip matching transformer (MT). The structure is
aimed to mimic the functionality of a conventional MT, i.e., (1) match a 50 �

line to a 130 � load, and (2) provide a reflection coefficient jS11j � �15 dB
within 3.1–10.6 GHz frequency band of interest (ultra-wideband structure).
A circuit is considered to operate on Taconic RF-35 dielectric substrate ("r D 3.5,
tanı D 0.0018, h D 0.762).

A prototype circuit satisfying design specifications regarding reflection and
matching properties is constructed using binomial design expressions [17] resulting
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Fig. 12 Geometry of a conventional four-section MT

in a cascade of four quarter-wavelength (� D 90ı at f0 D 6.65 GHz) TL sections
described by the following vector of characteristic impedances ZC D [53.1 67.4
96.4 122.5]T �. Subsequently, physical dimensions of the MT: xr D [wr1 wr2 wr3

wr4 lr1 lr2 lr3 lr4]T are calculated using general equations for microstrip lines and
slightly tuned. The design parameters of the reference structure (see Fig. 12) are
xr D [1.2 0.9 0.5 0.3 6.6 6.8 6.7 7.0]T . Moreover, variables lr0 D 10, wri0 D 1.7, and
wro0 D 0.18 denote size of 50 and 130 � lines (all dimensions in mm).

The reference MT is characterized by a very simple geometry that allows for
its decomposition into four TL sections (cf. Sect. 2.1). Furthermore, similarities
between consecutive cells indicate that they might be substituted with one ver-
satile SWRS component. An appropriate structure may be found using database
approach described in Sect. 2.2. A desired SWRS is intended to mimic a range
of characteristic impedances ZC with preservation of electrical length around 90ı. A
double-T-type SWRS constituted by a vector of four independent design parameters:
y D [l1 l2 w1 w2]T (dimensions l3 D 0.2 and w3 D 0.2 are fixed) is sufficient to fulfill
our needs [73]. One should emphasize that due to technology limitations (i.e.,
minimum feasible width of the SWRS lines and the gaps between them equal to
0.1 mm), acceptable structure dimensions are defined by the following lower/upper
l/u bounds: l D [0.1 1 0.1 0.1]T and u D [1 5 1 1]T . The high-fidelity model Rf.cell

of the double-T-type SWRS (�200,000 mesh cells and evaluation time of 60 s) is
implemented in CST Microwave Studio [84], whereas its low-fidelity model Rc.cell

is constructed in Agilent ADS circuit simulator [85].
The inner layer model Rs.cell of the chosen double-T-type SWRS component is

constituted by 16 space mapping parameters, including: eight input space mapping
(four B D diag([B1 B2 B3 B4]T ) and four c D [c1 c2 c3 c4]T parameters), six ISM
(three various substrate heights and permittivity parameters pI D [h1 h2 h3 "1 "2

"3]T ), and two frequency scaling (f0 and f1) ones. A multipoint parameter extraction
based on star-distribution scheme (c.f. Sect. 3.2) has been conducted to achieve
Rs.cell model generalization within predefined lower/upper bounds. A comparison
of the component characteristics before and after multipoint parameter extraction
is shown in Fig. 8, whereas a double-T-type structure with highlighted geometrical
and space mapping parameters is shown in Fig. 13.

A global model Rs.g of the unconventional MT has been constructed using a
cascade connection of Rs.cell models of the double-T-type component. Subsequently,
the high-fidelity model of the structure has been prepared in CST Microwave
Studio (�1,060,000 mesh cells and average simulation time 10 min). The initial
set of parameters is x D [0.55 3.75 0.65 0.35 0.55 3.75 0.65 0.35 0.55 3.75 0.65
0.35 0.55 3.75 0.65 0.35]T . Subsequently, the circuit has been optimized using
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Fig. 13 A double-T-type SWRS component: (a) low-fidelity Rc.cell model; (b) conceptual visu-
alization of the inner layer model Rs.cell with highlighted extractable parameters; (c) topology of
Rf.cell model with highlighted geometrical parameters
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p1 p2* *p1 * y3 p3 ** y4 p4 **

Fig. 14 An unconventional MT composed of cascade connection of double-T-type SWRS
components [51]: (a) geometry of an optimized structure; (b) schematic diagram of SWRS
interconnections

the NSM technique of Sect. 3. The final design of complex MT is denoted by
vector x D [1.0 3.52 0.85 0.2 0.8 4.1 0.58 0.1 0.8 3.09 0.1 0.25 1 2.32 0.13 0.1]T .
Figure 14 illustrates geometry of the structure as well as schematic diagram of Rs.cell

interconnections.
The final design of the unconventional MT is obtained after three iterations of

the NSM algorithm. The structure fulfills all assumed design specifications: (1) it
provides 50–130 � matching as well as (2) jS11j � �16.2 dB within band of interest.
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Fig. 15 Reflection response of the optimized unconventional MT

Moreover, the operational bandwidth of the circuit for reflection below �15 dB
is 2.7–10.8 GHz, which is 15 % broader than assumed one. Figure 15 presents
simulated characteristics of the unconventional MT. One should emphasize that the
number of the outer layer SM parameters P is much smaller than the combined set
of SM parameters for the inner layer (14 vs. 64 for the considered structure) as only
frequency scaling and selected implicit SM parameters are used. Reduction of the
number of parameters (introduced by excellent generalization capability of NSM)
considerably speeds up the design process.

The cost of inner space mapping model preparation corresponds to nine Rf.cell

model evaluations for multi parameter extraction step, while determination of the
final design required only three evaluations of the Rf model. The accumulated
cost of Rs.cell and Rs.g models evaluations corresponds to about 0.2 Rf evaluations,
thus the total aggregated cost of the unconventional MT design using the NSM
technique is about 40 min. For the sake of comparison, the design process of MT
has been also conducted by means of ISM [47] and SSM [27] techniques resulting
in considerably higher computational cost or failure of algorithms. Additionally, a
direct optimization of the transformer using pattern search method [80] was carried
out. The algorithm failed at seeking for desired circuit dimensions and has been
terminated after 500 iterations. A detailed comparison of the computational costs of
mentioned optimization techniques is provided in Table 1.

4.2 Design of a Broadband Three Section
Matching Transformer

Consider a microstrip MT composed of three sections. The structure is aimed to
mimic the functionality of a conventional TL-based MT, i.e., (1) match a 50 �
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Table 1 Four-section unconventional MT: design and optimization
cost

Optimization algorithm
Model evaluations NSM ISM SSM Direct search

SWRS Rs.cell 0.1 � Rf N/A N/A N/A
SWRS Rf.cell 0.6 � Rf N/A N/A N/A
MT low-fidelity Rs 0.1 � Rf 5.1 � Rf 1.7 � Rf N/A
MT high-fidelity Rf 3 7 10a 500b

Total cost 3.8 � Rf 12.1 � Rf 11.7 � Rf 500b � Rf

Total cost [min] 38 121 N/A 5,000
aThe algorithm started diverging and was terminated after ten
iterations
bThe algorithm failed to find a geometry satisfying performance
specifications

line to 130 � load and (2) obtain reflection jS11j � �15 dB within 1–3.5 GHz
frequency band of interest. Additionally, circuit is intended to offer at least 50 %
length diminution in comparison to the conventional one. A structure is considered
to work on Taconic RF-35 dielectric substrate ("r D 3.5, tanı D 0.0018, h D 0.762).

A binomial design expressions are utilized for a construction of a sufficient
prototype circuit in the form of a cascade connection of three TL sections with
� D 90ı for the given operating frequency of f0 D 2.25 GHz. The characteristic
impedances of the prototype circuit are represented by vector ZC D [56.3 80.6
115.4]T �, while physical dimensions: xr D [wr1 wr2 wr3 lr1 lr2 lr3]T of the MT
are calculated using general microstrip equations. Subsequently, the circuit is tuned
to match the design requirements resulting in the following variables: xr D [1.09
0.64 0.34 20 21.7 23.6]T . Moreover, lr0 D 10, wri0 D 1.7, and wro0 D 0.18 denote
dimensions of 50 and 130 � lines (all dimensions in mm).

The reference structure has been decomposed into three TL sections (cf.
Sect. 2.1). Moreover, a database approach of Sect. 2.2 has been utilized for the
determination of SWRS component that is versatile enough to substitute all TL
sections. Therefore, a desired SWRS is intended to mimic their ZC parameters for
electrical length � being around 90ı. A SWRS in the form of C-type component is
suitable to fulfill the specification [73]. The structure is represented by the following
vector of geometrical parameters: y D [w1 w2 w3 l1 l2]T . The lower/upper bounds
imposed by technology limitations of circuit realization in microstrip technology
(i.e., minimal feasible width of SWRS lines and gaps between them equal to 0.1)
are set to: l D [0.1 0.1 0.1 5 0.1]T and u D [2 2 0.5 10 0.5]T . The high-fidelity model
Rf.cell of C-type SWRS component is implemented in CST Microwave Studio. An
average evaluation time of the model is 60 s (�330,000 mesh cells). The low-fidelity
model Rc.cell of the structure is prepared in Agilent ADS circuit simulator.

Eighteen space mapping parameters of the inner layer model Rs.cell include: ten
input space mapping (five B D diag([B1 B2 B3 B4 B5]T ) and five c D [c1 c2 c3 c4

c5]T parameters), six ISM (three various substrate heights and three permittivity
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Fig. 16 A C-type SWRS component: (a) low-fidelity Rc.cell model; (b) conceptual visualization
of inner layer model Rs.cell with highlighted 16 extractable parameters (except frequency scaling);
(c) topology of Rf.cell model with highlighted five geometrical parameters

parameters pI D [h1 h2 h3 "1 "2 "3]T ), and two frequency scaling (f0 and f1) ones.
A star-distribution scheme of Sect. 3.2 has been utilized for multipoint parameter
extraction of the Rs.cell model. Figure 16 illustrates the structure with the emphasis
on its geometrical and extractable parameters.

A cascade connection of three Rs.cell models of the C-type SWRS component
has been utilized for a construction of a global Rs.g model of unconventional MT.
A high-fidelity model Rf of the entire structure has been implemented in CST
Microwave Studio (�1,400,000 mesh cells and average simulation time 18 min).
The initial set of parameters is: x D [0.2 1 0.2 4 0.2 0.2 1 0.2 4 0.2 0.2 1 0.2 4 0.2]T .
Subsequently, NSM methodology of Sect. 3 has been utilized for optimization of the
structure resulting in the following vector of design parameters: x D [1.21 0.18 10
0.3 0.5 1.5 0.2 8.98 0.3 0.19 0.97 0.15 10 0.3 0.15]T . Geometry of unconventional
structure and a schematic diagram of Rs.cell interconnections are shown in Fig. 17.

The unconventional MT that offers over 51 % length reduction (length of
31.9 mm) in comparison to conventional structure (length of 65.3 mm) and reflection
jS11j � �17 within band of interest is obtained using only three iterations of NSM
algorithm. Furthermore, jS11j � �15 dB of an abbreviated circuit is obtained within
0.9–3.6 GHz frequency band. Similarly to the results of Sect. 4.1, the width of
an unconventional MT is slightly greater than of conventional one. Figure 18
shows comparison of the reflection characteristics of the conventional and the
abbreviated MT.

A total design and optimization cost of the structure, including eleven Rf.cell

model evaluations during generation of the inner space mapping layer, three Rf

model simulations for optimization of unconventional MT circuit, and evaluations
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Fig. 17 An abbreviated MT composed of four C-type SWRS components: (a) geometry of an
optimized structure; (b) schematic diagram of SWRS cascade connection
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Fig. 18 Reflection characteristics of the conventional (dashed line) and abbreviated (solid line)
MT

of surrogate models (Rs.g and Rs.cell) corresponds to about 0.5 Rf model simulations
(�1.2 h). Alternative techniques including ISM and SSM as well as direct optimiza-
tion driven by pattern search algorithm have been also utilized for the design and
optimization of abbreviated MT. SSM and ISM requires twice as many iterations as
NSM approach, while direct optimization required 520 iterations to complete, which
turns the method virtually impractical for such circuits. A detailed comparison of the
methods in terms of iterations is collected in Table 2.



Nested Space Mapping Technique for Design and Optimization of Complex. . . 77

Table 2 An abbreviated three section MT: design and optimiza-
tion cost

Optimization algorithm
Model evaluations NSM ISM SSM Direct search

SWRS Rs.cell 0.2 � Rf N/A N/A N/A
SWRS Rf.cell 0.6 � Rf N/A N/A N/A
MT low-fidelity Rs 0.3 � Rf 3 � Rf 1.3 � Rf N/A
MT high-fidelity Rf 3 7 6 520
Total cost 4.1 � Rf 10 � Rf 7.3 � Rf 520 � Rf

Total cost [h] 1.2 3.2 2.3 149.8

4.3 Design of a Compact Rat-Race Coupler

Our last example is an unconventional rat-race coupler (RRC). The structure is
desired to fulfill the following design specifications: (1) at least 20 % bandwidth
defined for both isolation jS41j and reflection coefficients jS11j below �20 dB and
(2) �3 dB coupling. Both goals are considered for the given operating frequency
f0 D 1 GHz. Moreover, the design is intended to achieve at least 80 % of footprint
reduction in comparison with conventional rectangle-based RRC. The circuit is
desired to operate on Taconic RF-35 dielectric substrate ("r D 3.5, tanı D 0.0018,
h D 0.762).

A conventional, equal-split RRC may be constructed using well-known even-
odd mode analysis [70]. The reference circuit is composed of six TL sections of
characteristic impedance ZC D p

2 Z0 � and electrical length � D 90ı, where
Z0 D 50 � is the characteristic impedance of feed lines. Moreover, TL sections are
interconnected through tee junctions and microstrip bends (see Fig. 2b). Physical
dimensions of the conventional structure are represented by a vector: xr D [wr1

lr1]T . The dimensions of reference design are: xr D [0.87 45.8]T , while parameters
l0 D 10, w0 D 1.7 are fixed to ensure 50 � feed (all dimensions in mm). One
should emphasize that the design is characterized by a considerable footprint of
�4,536 mm2 (47.5 � 95.5 mm2).

A conventional RRC may be decomposed into six TL sections characterized by
the same electrical parameters. Unfortunately, determination of SWRS component
for TL replacement by means of database approach prevents sufficient circuit
miniaturization. For that reason, we perform a knowledge-based construction of
SWRSs (cf. Sect. 2.3) aimed at manual forming of components to maximally utilize
interior of the coupler. To satisfy miniaturization requirements, n D 2 complemen-
tary SWRS components based on T-type topology have been constructed. Both cells
are represented by the following vectors of design parameters: y(1) D [w11 l11 l21 l31

l41]T and y(2) D [w12 l12 l22 l32 l42]T . Technology limitations impose the lower/upper
bounds of each structure dimensions: l(1) D [0.2 0.2 0.2 0.2 0.2]T , u(1) D [0.5 0.5 4
0.5 4]T , and l(2) D [0.2 0.2 0.2 0.2 0.2]T , u(2) D [0.5 1 7 0.5 7]T . The high-fidelity
models Rf.cell

(n) of SWRS are both prepared in CST Microwave Studio (�340,000
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Fig. 19 A T-type SWRS components designed by means of knowledge-based approach: (a)
general visualization of low-fidelity Rc.cell

(1) and Rc.cell
(2) models; (b) topology of Rf.cell

(1) model
with highlighted six geometrical parameters (w21 D 18l11 C 21w11); (c) topology of Rf.cell

(2) model
6 geometrical parameters are highlighted (w22 D 6l12 C 7w12)

and �400,000 mesh cells, as well as 4 and 4.5 min evaluation time for Rf.cell
(1)

and Rf.cell
(2) respectively). The low-fidelity models Rc.cell

(n) of both structures are
constructed in Agilent ADS circuit simulator. Designs of both components with
highlighted geometrical parameters as well as visualization of their circuit models
are illustrated in Fig. 19.

A star-distribution design of experiments scheme for training data allocation
(cf. Sect. 3.2) has been utilized for a multipoint parameter extraction. Inner space
mapping layers of Rs.cell

(1) and Rs.cell
(2) models have been both composed of 18

parameters. The surrogate model responses of both SWRS components before and
after multipoint parameter extraction are shown in Fig. 20.

A global model Rs.g of compact RRC has been constructed using two Rs.cell
(1)

and four Rs.cell
(2) models that substitute TL sections of a conventional circuit.

The coupler dimensions are represented by the following vector: x D [w11 l11 l21

l31 l41 w12 l12 l22 l32 l42]T , whereas w10 D 0.75, l10 D 4.3, l20 D 0.4 remain fixed.
Moreover, w21 D 18l11 C 21w11 and w22 D 6l12 C 7w12. A high-fidelity model Rf of
the structure has been prepared in CST Microwave Studio (�800,000 mesh cells
and average simulation time 75 min per design). The initial design parameters are:
x D [0.2 0.2 2.5 0.2 2.5 0.2 0.2 5.0 0.2 5.0]T . A NSM methodology of Sect. 3
has been utilized for optimization of the structure resulting in the following vector
of design parameters: x D [0.24 0.26 3.35 0.28 2.04 0.25 0.29 6.52 0.29 5.63]T .
Geometry of the unconventional structure and a schematic diagram of Rs.g are shown
in Fig. 21.
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Fig. 20 NSM modeling of T-type SWRS components. Responses at the selected test designs—
coarse model (dotted line), fine model (solid line), NSM surrogate after multipoint parameter
extraction (open circle): (a) Rs.cell

(1); (b) Rs.cell
(2)

The final design of compact RRC has been obtained after four iterations
of the NSM algorithm. The footprint of the miniaturized structure is only
17 � 27.3 D 464 mm2 and thus it offers a considerable miniaturization of almost
90 % with respect to the conventional circuit (4,536 mm2).

The actual obtained �20 dB bandwidth is 23.5 %, which is broader than the one
assumed in the specifications. The lower and upper operating frequencies are 0.915
and 1.150 GHz, respectively. A very slight shift of the operational frequency may
be observed. What is also important, low-pass properties of SWRS components
[73] introduced attenuation of harmonic frequencies up to 4 GHz. Narrow-band
transmission characteristics of miniaturized RRC as well as a comparison of
broadband responses of compact and conventional RRC is shown in Fig. 22.

A total design and optimization cost of the structure (�8.6 h), including 11
Rf.cell

(1) and 11 Rf.cell
(2) model evaluations during generation of the inner space

mapping layers, four Rf model simulations for RRC optimization, and evaluations of
surrogate models (Rs.g, Rs.cell

(1) and Rs.cell
(2)) corresponds to about 1.2 simulations

of Rf model. Additionally, the circuit has been optimized using alternative SBO
techniques and direct optimization driven by pattern search algorithm. The NSM
algorithm clearly outperforms the benchmark techniques. A detailed comparison of
the methods in terms of iterations is provided in Table 3.

5 Conclusions

In this chapter, a technique for fast design and optimization of computationally
expensive microwave/RF circuits with enhanced functionality has been discussed.
The design procedure is based on a decomposition of conventional passive structure
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Fig. 21 A compact rat-race coupler composed of four Rs.cell
(1) and two Rs.cell

(2) T-type
SWRS components: (a) geometry of an optimized structure; (b) schematic diagram of SWRS
interconnections
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Fig. 22 A compact rat-race coupler: (a) transmission characteristics—(asterisk) reflection, (open
circle) transmission, (cross) coupling, (open square) isolation; (b) attenuation of harmonic
frequencies of compact RRC (black line) in comparison with conventional one (gray line)

Table 3 A compact rat-race coupler: design and optimization cost

Optimization algorithm
Model evaluations NSM ISM SSM Direct search

SWRS Rs.cell 0.9 � Rf N/A N/A N/A
SWRS Rf.cell 1.3 � Rf N/A N/A N/A
MT low-fidelity Rs 0.3 � Rf 3.9 � Rf 3.2 � Rf N/A
MT high-fidelity Rf 4 16 12 286
Total cost 6.5 � Rf 18.9 � Rf 15.2 � Rf 286 � Rf

Total cost [h] 8.6 26.5 18.7 363.6
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into a set of transmission line sections and their substitution with respective
slow-wave resonant structures. Two distinct approaches for a determination of
SWRS for transmission line replacement based on selection of a proper component
from a predefined database and knowledge-based construction of the cell have been
described.

Direct design of unconventional microwave/RF circuits constituted by SWRS
components is a computationally expensive problem that may be efficiently handled
only by means of surrogate-based optimization. Here, we discuss a NSM method-
ology, which is a two-stage design and optimization approach utilizing inner space
mapping layer prepared at the level of each SWRS component, and the outer layer
constructed at the level of the entire unconventional circuit. Representing of the
design in such a way allows for a construction of a SWRS component model that
exhibits good generalization capability and may be reused for the design various
unconventional circuits.

The introduced technique allows for a fast and reliable design of computationally
expensive circuits constituted of SWRS components. It is illustrated using three
exemplary planar structures: a 16-variable four-section UWB matching transformer,
a 15-variable three section broadband matching transformer, and a 10-variable
rat-race coupler. All structures are successfully designed in a timeframe being
only a fraction in comparison conventional design based on direct optimization
scheme. Despite promising results, the discussed technique requires a considerable
engineering knowledge to perform circuit decomposition and determine sufficient
SWRS components. This is somehow problematic from the point of view of full
automation of the design process. Expanding of the presented methods with the aim
of design automation will be the subject of the future research.
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