GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF ELECTRONICS, TELECOMMUNICATIONS
AND INFORMATICS

The author of the PhD dissertation: Piotr Kurgan
Scientific discipline: electronics

DOCTORAL DISSERTATION

Title of PhD dissertation: Expedited EM-Driven Design of Miniaturized Microwave
Hybrid Couplers Using Surrogate-Based Optimization

Title of PhD dissertation (in Polish): Szybkie projektowanie zminiaturyzowanych mikrofa-
lowych sprzegaczy hybrydowych przy uzyciu optymalizacji numerycznej, modeli zastep-
czych i symulacji elektromagnetycznych

Supervisor

signature
Dr. Stawomir Koziet, PhD

Gdansk, 2017



————

|d Azpaimisow wou
3 papeojumoa AZA
3dIM 1SOW


http://mostwiedzy.pl

To my beloved wife Joanna

|d"Azpaimisow wouy papeojumod AZAIIM LSOW AM..\\..A\‘


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF ELECTRONICS, TELECOMMUNICATIONS
AND INFORMATICS

STATEMENT

The author of the PhD dissertation: Piotr Kurgan

I, the undersigned, agree/de-netagree” that my PhD dissertation entitled:

Expedited EM-Driven Design of Miniaturized Microwave Hybrid Couplers Using Surro-
gate-Based Optimization

may be used for scientific or didactic purposes.

£ P 13 <
signature of the PhD candidate

Aware of criminal liability for violations of the Act of 4th February 1994 on Copyright and
Related Rights (Journal of Laws 2006, No. 90, item 631) and disciplinary actions set out in the
Law on Higher Education (Journal of Laws 2012, item 572 with later amendments),? as well as
civil liability, | declare, that the submitted PhD dissertation is my own work.

I declare, that the submitted PhD dissertation is my own work performed under and in coopera-
tion with the supervision of Stawomir Koziet.

This submitted PhD dissertation has never before been the basis of an official procedure associ-
ated with the awarding of a PhD degree.

All the information contained in the above thesis which is derived from written and electronic
sources is documented in a list of relevant literature in accordance with art. 34 of the Copyright
and Related Rights Act.

I confirm that this PhD dissertation is identical to the attached electronic version.

GAANSK, .evviiicceie e e
signature of the PhD candidate

I, the undersigned, agree/de-netagree” to include an electronic version of the above PhD disser-
tation in the open, institutional, digital repository of Gdansk University of Technology, Pomera-
nian Digital Library, and for it to be submitted to the processes of verification and protection
against misappropriation of authorship.

GAANSK, c.vvviiiiiiei e e
signature of the PhD candidate

*) strikethrough where appropriate.

! Decree of Rector of Gdansk University of Technology No. 34/2009 of 9th November 2009, TUG archive instruc-
tion addendum No. 8.

2 Act of 27th July 2005, Law on Higher Education: Chapter 7, Criminal responsibility of PhD students, Article 226.


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF ELECTRONICS, TELECOMMUNICATIONS
AND INFORMATICS

DESCRIPTION OF DOCTORAL DISSERTATION

The Author of the PhD dissertation: Piotr Kurgan

Title of PhD dissertation: Expedited EM-Driven Design of Miniaturized Microwave Hybrid
Couplers Using Surrogate-Based Optimization

Title of PhD dissertation in Polish: Szybkie projektowanie zminiaturyzowanych mikrofalo-
wych sprzegaczy hybrydowych przy uzyciu optymalizacji numerycznej, modeli zastepczych
i symulacji elektromagnetycznych

Language of PhD dissertation: English

Supervision: Stawomir Koziet

Keywords of PhD dissertation in Polish: dekompozycja, komputerowo wspomagane projek-
towanie, komodrki kompaktowe, miniaturyzacja, modele aproksymacyjne, modele wielopozio-
mowe, obwody zastgpcze, odwzorowanie przestrzeni, optymalizacja, optymalizacja wielokryte-
rialna, praca szerokopasmowa, sprz¢gacze hybrydowe, sprzegacze galeziowe, sprzegacze pier-
Scieniowe, sprzegacze zminiaturyzowane, strojenie, metody optymalizacji posredniej, symulacje
elektromagnetyczne, symulacyjne metody projektowania, wydajno$¢ obliczeniowa.

Keywords of PhD dissertation in English: branch-line couplers, compact cells, compact cou-
plers, computational efficiency, computer-aided design, data-driven models, decomposition, EM
simulations, equivalent circuits, fine-tuning, hybrid couplers, miniaturization, multi-objective
optimization, optimization, rat-race couplers, response surface approximation, simulation-driven
design, space mapping, surrogate-based optimization, wideband operation, variable-fidelity
models.

Summary of PhD dissertation in Polish: Miniaturyzacja mikrofalowych sprzegaczy hybrydo-
wych ma duze znaczenie dla wspotczesnej komunikacji bezprzewodowej. Projektowanie struk-
tur kompaktowych przy wykorzystaniu standardowych metod symulacyjnych stanowi niezwy-
kle trudny problem badawczy ze wzgledu na ogodlny brak wydajnych obliczeniowo i doktad-
nych modeli komputerowych. Niewielka doktadno$¢ dostepnych modeli obwodowych wynika
z pomijania efektow sprzezen pasozytniczych, istotnych z punktu widzenia poprawnego okre-
$lania parametréw elektrycznych struktur o zwartej konstrukcji. Z kolei symulacje elektroma-
gnetyczne mogg zapewnia¢ odpowiednig doktadno$¢, lecz sg bardzo kosztowne numerycznie.
Zawarte w rozprawie metody projektowania zminiaturyzowanych sprzggaczy hybrydowych
stanowig rozwigzanie tak postawionego problemu badawczego. Opracowane metody bazujg na
koncepcji optymalizacji posredniej i wykorzystuja szereg technik pozwalajacych na zbudowanie
doktadnych i wydajnych obliczeniowo modeli zastgpczych. Do technik tych nalezy zaliczy¢
dekompozycje, modelowanie obwodowe, elektromagnetyczne czy aproksymacyjne, oraz od-


http://mostwiedzy.pl

A\ MOST

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF ELECTRONICS, TELECOMMUNICATIONS
AND INFORMATICS

wzorowanie przestrzeni. Zaprezentowane wyniki numeryczne poparte badaniami eksperymen-
talnymi wskazujg na wysoka doktadno$¢ i wydajnos¢ obliczeniowa omawianych metod (Srednio
25-krotne przyspieszenie w poroéwnaniu z optymalizacja bezposrednia modeli elektromagne-
tycznych), przy czym uzyskane rozwigzania uktadowe cechuje bardzo duza skala miniaturyzacji
(pomiedzy 82% a 94%) przy zadanych parametrach pracy. Zgodnie z najlepsza wiedza autora,
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LIST OF SYMBOLS AND ACRONYMS

SYMBOLS

R; — fine model

R¢ — coarse model

Rs — surrogate model

X — vector of designable parameters

X — element of vector x

X — optimized parameter vector

x@  _ initial parameter vector

U — merit function

U(R) - objective function

p — vector of auxiliary SM parameters

I — lower bounds vector

u — upper bounds vector

< — relation of Pareto dominance

Xp — Pareto-optimal set

A — circuit area

ds — power split

s — penalty coefficient

q — input SM shift vector

B,c — input SM parameters

fo — operating frequency

o — vector of frequencies

ACRONYMS

SBO - surrogate-based optimization RSA
SM — space mapping PE
ISM  — implicit space mapping BLC
OSM - output space mapping RRC
NSM — nested space mapping

SSM  — sequential space mapping

EM — electromagnetic

BW - bandwidth

MO - multi-objective

response surface approximation
parameter extraction
branch-line coupler

rat-race coupler
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Expedited Surrogate-Assisted Design of Miniaturized Hybrid Couplers

1 INTRODUCTION

1.1 State of the Knowledge

1.1.1 General Overview

Nowadays, size reduction is an important prerequisite for the development of modern micro-
wave circuits and components. This topic has gained much attention in recent years due to the
rapid expansion of commercial, industrial, and military markets aimed at low-cost, small-size,
and high-performance microwave devices [1-4]. The diversity of their applications includes—
but is not limited to—mobile communication, telemedicine, remote sensing, defense electronics,
and portable measurement equipment [5-9]. Miniaturization has been a prevailing trend in the
electronics industry for several decades now and a catalyst for persistent technological innova-
tion worldwide [10]. Unfortunately, the Moore’s Law that describes the tremendous integration
capabilities of semiconductor devices [11] does not apply to many areas of microwave engineer-
ing. The reason is that a proper operation of a system, which heavily relies on wave phenomena,
cannot be achieved when its distributed components are replaced by lumped elements [12]. This
is pertinent to microwave structures that feature a modular architecture primarily based on uni-
form transmission lines (UTLs) whose longitudinal dimensions are comparable to the guided
wavelength and require a certain (and fixed) relation with respect to it to ensure that the entire
device works as defined by system specifications [13]. With the downshifting of operating fre-
guency spectrum, e.g., as in case of Long Term Evolution or Radio Frequency Identification
standards [14], handling large layouts of conventional microwave structures becomes increas-
ingly challenging. For the above reasons, the development of efficient miniaturization schemes
is one of important research directions with the potential of contributing to the progress in ap-
plied microwave technologies. This is a pressing issue for a variety of microwave components,
but perhaps most notably for hybrid couplers, such as branch-lines or rat-races. These are con-
structed from multiple quarter-wavelength UTLs in such a way that a considerable substrate
area inside the structure is left unoccupied [15]. Thus, in this work we almost exclusively con-
sider hybrid couplers as subjects of the miniaturization process.

The excessive size of standard microwave components can be mitigated to some extent by ex-
ploiting a slow-wave phenomenon to construct transmission lines with an increased electrical
length to physical length ratio [16]. To date, four main size reduction methods have been sug-
gested in the scientific literature to capitalize on this concept: (i) application of lumped or
lumped-distributed elements instead of UTLs [17-19], (ii) utilization of high-permittivity dielec-
tric substrates [13], [20], [21], (iii) exploitation of artificially engineered materials with recur-
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rent patterns etched in the ground plane metallization [22-24] or periodic inclusions/cavities
located in the dielectric substrate [25-27] and (iv) spatially separated storage of electric and
magnetic energy by means of short (typically smaller than half-quarter wavelength) transmis-
sion line sections of low and high characteristic impedances, respectively [28-35]. The last
method is often alternatively described as an implementation of intentional disturbances in the
signal line metallization layer of transmission lines [36]. The first technique offers substantial
miniaturization capabilities (even a threefold length diminution in comparison to conventional
lines [15], [37], but also suffers from common unavailability of suitable lumped elements with
high quality factors, narrowband operation, and hindered assembly of lumped capacitors in mi-
crostrip technology, requiring the use of via-holes [15], [38]. The second technique permits
a linear reduction of physical dimensions of the circuit, proportional to the square root of the
relative dielectric permittivity [39], but—at the same time—it poses serious obstacles, such as
high material cost, difficulty in realizing high-impedance UTLs, and high sensitivity to small
variations in physical dimensions [13]. The third approach creates a viable chance of shortening
ordinary transmission lines (roughly up to one third of their initial length) [40], however, due to
the half-wavelength period of material perturbation placement, the artificially engineered trans-
mission medium itself is hard to be confined to a small area [21], [23]. None of the above meth-
ods is suitable for low-budget miniaturization, mostly due to the increased complexity of the
fabrication process or the cost of the materials themselves. On the other hand, the fourth tech-
nique is fully compatible with a standard printed circuit board fabrication process and is free
from limitations inherent to the other methods. It is probably for this reason that the discussed
size reduction concept has gained so far the most recognition in microwave community, result-
ing in numerous examples of miniaturized structures composed of slow-wave transmission lines
with singular or quasi-periodic perforations located in the signal line metallization [28], [30],
[34], [41-45]. Despite the prevalence of this topic in the leading literature, little research has
been reported to date on reliable design of compact microwave components. The present work
focuses exclusively on circuit miniaturization based on transmission lines with disturbed signal
line metallization, and aims at providing relevant methodological tools to address pressing de-
sign-related issues covered in the following paragraphs.

Practical application of the selected size reduction technique allows for the construction of
structures with compact, yet intricate layouts comprising arrangements of high-impedance lines
and low-impedance stubs. Several examples of microwave devices miniaturized this way are
illustrated in Figure 1.1. A fundamental problem that arises from the geometric complexity of
the discussed circuits and components is an unavoidable trade-off between the accuracy and the
computational cost of standard modeling techniques used in the relevant design process [46].
High-fidelity electromagnetic (EM) simulations may be very accurate, but at the same time ex-
tremely CPU-expensive. A precise evaluation of compact microwave structures using full-wave
EM models may vary from about half an hour to as much as dozens of hours per design [47]. In
case of circuits that comprise a large number of miniaturized components—such as a Butler
matrix of Figure 1.1(d)—an accurate EM analysis may exceed available computational re-
sources of standard personal computers [48]. Furthermore, EM modeling is an effective tool for
handling customized designs as well as accounting for the proximity of periphery elements,
such as SMA connectors, housing fixtures, shields etc. that may alter system response [49].
However, its practical use in trial-and-error design procedures (e.g., parameter sweeps or opti-
mization routines that involve multiple evaluations of a given EM model) is severely limited or
even prohibitive [50]. On the other end of the spectrum are computationally cheap equivalent
circuit models of rather limited accuracy. From the perspective of design reliability, simplified
theoretical models of compact structures, neglecting numerous parasitic effects that affect the
operation of the circuit, can merely be used to obtain a crude estimate of the desired solution
[46]. For this reason, a consequent EM-driven fine-tuning (preferably realized as an optimiza-
tion task) is indispensable to meet the predefined performance requirements. At the same time,
such a precise design closure faces the same challenges as outlined above, which makes its use
impractical in many real-world design problems.

Introduction 13


http://mostwiedzy.pl

Expedited Surrogate-Assisted Design of Miniaturized Hybrid Couplers

(b) (©
Figure 1.1: Examples of miniaturized hybrid couplers and an antenna feeding network: (a) branch-line
couplers of [51] and [52]; (b) rat-race couplers reported in [53] and [54]; (c) 4 x 4 Butler matrix proposed
in [48] as an application of a compact branch-line coupler. The presented structures are described by
a large number of parameters ranging between 8 and 25.

In addition to the discussed shortcomings, miniaturized microwave circuits and components are
parameterized by many variables (often a dozen or more, cf. Figure 1.1), which have to be sim-
ultaneously adjusted in the search for a design solution that satisfies system specifications. In
this context, obtaining acceptable designs by manual, experienced-based parameter tuning pro-
cedures is extremely laborious or may be even futile due to (i) complex and ambiguous interre-
lation between design variables [55], (ii) counter-intuitive parameter setups of target design
solutions [46], and (iii) excessively large parameter ranges assuring that the goal design is locat-
ed within the prescribed lower and upper bounds [56]. On the other hand, satisfactory (or even
optimal) designs may be found without a constant human supervision, by means of numerical
optimization algorithms [57]. Unfortunately, this approach is computationally expensive, espe-
cially in case of high dimensionality of the corresponding design problem, and—as mentioned
before—when high-fidelity EM simulation models are exclusively used for evaluating system
performance.

Difficulties related to the excessive CPU cost of EM-driven optimization can be partially allevi-
ated by resorting to the concept of surrogate-based optimization (SBO) [57-59]. In principle,
SBO benefits from exploiting a much cheaper (yet well-aligned) representation of an expensive
high-fidelity model, utilized in the design process as a prediction tool, which—upon iterative
refinement—produces ever more accurate approximations of the high-fidelity model optimum
[60]. In such a scheme, the high-fidelity model is evaluated only for the purpose of design veri-
fication and surrogate model refinement [60]. Probably the most recognized SBO technique is
microwave engineering is space mapping (SM) [61]. Unfortunately, a straightforward applica-
tion of an SM algorithm (or similar ones [62]) to design of miniaturized microwave structures
may encounter several serious obstacles. First, a general lack of a fairly accurate low-fidelity
models (e.g., equivalent circuits) that account for the cross-coupling effects between closely
packed building blocks of the structure under consideration may lead to convergence problems
[63], [64]. Second, the use of a multi-element equivalent circuit model with a large number of
independent variables contributes to the numerical complexity of optimization as well as extrac-
tion of auxiliary parameters with issues such as poor generalization [65] or non-uniqueness [66],
respectively. Third, SM-like algorithms require the high-fidelity model of the miniaturized
structure to be evaluated from the very first iteration, which is a major contributor to the elevat-
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ed cost of the entire design process [46]. Other potentially useful SBO techniques are also avail-
able, including a design strategy that employs multiple coarse-discretization EM models of vari-
able fidelity [67] or global data-driven models [68]. In the former approach, the selection of
adequate variable-fidelity models is not straightforward and requires elaborated preliminary
studies on model trade-offs between accuracy and computational cost [69]. On the other hand,
the latter technique is still reserved for design problems with only a few independent variables
as the CPU cost of acquiring training data samples for ensuring a usable model accuracy grows
exponentially with the dimensionality of the design space [70]. To the best of author’s
knowledge, the application of SBO techniques to design of miniaturized microwave structures
has not been tested and reported prior to author’s research, leaving the aforementioned issues
unresolved.

1.1.2 Main Design Concepts of Miniaturized Microwave Hybrid Couplers

Miniaturization of microwave hybrid couplers has been the focus of continuous research for
more than a decade now [71-73]. The prevailing approach to hybrid coupler size reduction is
based on the decomposition of a conventional circuit, followed by replacement of its building
blocks (i.e., UTLs) with slow-wave transmission lines (more precisely, combinations of high-
impedance strips and low-impedance stubs of different quantity and complexity) that are intend-
ed to mimic electrical parameters of their conventional counterparts, while offering advanta-
geous physical properties, such as an increased electrical length to physical length ratio [74].
The slow-wave transmission lines (also referred to as CMRCs, i.e., compact microstrip resonant
cells or, in short, compact cells) presented in the literature exhibit a diversity of geometries,
ranging from simple T-shaped or n-shaped topologies [75] up to sophisticated layouts devised
arbitrarily by the designer [76]. A common feature of prior works on circuit miniaturization is
that the final size reduction ratio is merely a byproduct of adjusting geometry parameters of the
slow-wave transmission line to satisfy certain electrical performance requirements [43], [72],
[77-80]. Thus, this practice should be altered to ensure that the novel circuit realizations reach
the limits of miniaturization without compromising performance requirements imposed on the
system.

Another essential characteristic of the previous miniaturization-related research is that the de-
sign problem of compact hybrid couplers is almost entirely narrowed down to the problem of
finding a convenient replacement for UTLs that constitute the original circuit. For a number of
publications presenting small-size structures with low to moderate miniaturization ratios [81-
83], this strategy introduces only a minor misalignment between the desired circuit perfor-
mance, most probably attributed to T-junction phase shifts [84]. In case of highly compressed
layouts with adjacent slow-wave transmission lines closely fit to each other, the end result typi-
cally exhibits a major degradation of device performance [75], [80]. The reason for this con-
junction is the lack of reliable design closure procedures, which are imperative for addressing
the effects of strong cross-couplings between the adjacent compact cells that assemble a densely
arranged microwave structure. However, employing high-fidelity EM models to an exhaustive
enumeration or local optimization routines to compensate for strong parasitic phenomena within
a miniaturized circuit is almost just as CPU expensive as executing the respective procedures
from an initial design.

The largest body of works on finding abbreviated substitutes for original coupler building
blocks utilizes the transmission line theory and simple compact cell topologies (mainly based on
stepped-impedance line sections and T- or m-networks) to supply the designers with closed-form
expressions of key electrical parameters pertaining to the most elementary cell components [53],
[85], [86]. This is usually done in one of two ways, either by choosing a lumped-element equiv-
alent circuit of a conventional transmission line and subsequently using short line sections or
stubs to approximate constitutive elements of the lumped-element model, or by deriving a chain
matrix of the composite compact cell and comparing it to the ABCD matrix of the reference
UTL. Furthermore, the even- and odd-mode analysis is often used to derive explicit design for-
mulas for the synthesis of compact cells [2], [40], [87]. It is noteworthy that the equivalence
conditions for a conventional line and its T- or n-like counterparts are obtained only for a single
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frequency (typically the operating frequency), in the vicinity of which they are merely approxi-
mated. Another obstacle is related to the translation of an electrically-described circuit to its
corresponding EM model. This group of techniques is suitable only for basic compact cell to-
pologies and is otherwise useless, especially for design aiming at efficient miniaturization of
hybrid couplers.

Slow-wave structures with complex geometries (e.g., [36], [45], [88]) that cannot be conven-
iently analyzed by means of the transmission line theory, are realized as parameterized EM
models and handled either by repetitive parameter sweeps guided by engineering experience
(which most commonly provide inferior design solutions) or local optimization algorithms. It
should be reiterated that these conventional EM-driven design approaches are extremely labo-
rious and time-consuming and cannot guarantee the desired circuit performance once the in-
dividual compact cell design solutions are merged together in a complete miniaturized struc-
ture.

Apart from the EM-simulation-related challenges discussed in the previous paragraphs, ap-
proaching the compact coupler design problem from the perspective of numerical optimization
generates some additional methodological issues. First, the proper formulation of the design
task should involve several objectives related to size, bandwidth, phase response, power divi-
sion, as well as isolation and matching levels of the coupler under development [3]. Considering
multiple design goals (often conflicting) at the same time, without the predetermined knowledge
of possible outcomes or priorities defined in advance, requires multi-objective optimization
[56]. Such a process aims at identifying a so-called Pareto front that represents the best possible
trade-offs between conflicting objectives [89]. The most popular solution approach to this prob-
lem are population-based metaheuristics (e.g., genetic algorithms [90] or particle swarm opti-
mizers [91]) that are capable of generating the entire Pareto front is a single algorithm run by
evaluating large populations of candidate solutions (also referred to as agents or individuals).
Unfortunately, performing numerous objective function evaluations (typically ranging from
thousands to tens of thousands [91]) can be realized in a reasonable timeframe only when
lumped-element models or data-driven models are employed for system performance evalua-
tion. As already mentioned, these are not generally available for miniaturized hybrid couplers.
On the other hand, translating the multi-objective design problem into a single-objective one
limits the amount of information about the system that can be obtained (including information
about available trade-off designs), but is more beneficial in terms of computational expenditure.
A standard strategy for single-objective optimization involves focusing on the primary goal and
controlling the remaining goals through explicit constraints [92]. Other problem definitions
exploit implicit constraints (e.g., a penalty function approach [93]) or aggregation of multiple
goals using a weighted sum approach [94]. Formulating the design problem in the former man-
ner allows for establishing certain objective thresholds, whose violation triggers contribution of
the respective penalty terms to the objective function. The latter way leads to a solution that is
a compromise between the user-defined weighted (typically intuitively) objectives. Unfortunate-
ly, numerical optimization has been a niche approach to designing miniaturized hybrid couplers
so far, as indicated by the number of research articles on this topic. On the other hand, conven-
tional optimization routines with basic functionalities such as weighted sum or minimax objec-
tive function formulations are available in commercial EM software [95], [96].

1.1.3 Summary

The state of the knowledge presented in the preceding subsections indicates that current para-
digms for designing miniaturized hybrid couplers have to be redefined to provide higher minia-
turization rates and to ensure improved reliability, automation, and—most importantly—
computational efficiency. The list below highlights the core problems that need to be addressed:

1. Currently available methods for design of miniaturized hybrid couplers fail to include
size minimization as an explicit design objective. Size reduction ratios reported as a re-
sult of using these methods are just a byproduct of finding a suitable set of geometry pa-
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rameters of a slow-wave transmission line, for which certain performance specifications
are met.

2. State-of-the-art techniques simplify the design problem of miniaturized hybrid couplers
to the design task of slow-wave transmission lines that mimic electrical parameters of
original coupler building blocks. In doing so, they neglect cross-coupling effects that
occur in a miniaturized coupler assembled from the designed compact components. As
a direct consequence, a severe deterioration of system performance can be observed, es-
pecially for densely packed structures.

3. Vast majority of techniques dedicated to design of miniaturized hybrid couplers are
based on the transmission line theory and involve equivalent circuit models. The latter
cannot account for all internal EM couplings that affect the operation of a compact cell
at hand, which leads to poor reliability of the discussed techniques. In addition to the
above, this approach is limited exclusively to simple compact cell topologies that do not
allow for high miniaturization rates.

4. The use of full-wave EM simulations—although necessary to precisely evaluate the per-
formance of miniaturized hybrid couplers—is severely limited for routine simulation-
driven design procedures due to a high computational cost and time consumption.

5. Development of accurate data-driven models for multi-dimensional and wide-ranged
design spaces of miniaturized hybrid couplers is too CPU intensive to be used in prac-
tice.

6. Conventional optimization techniques are largely unsuitable for handling reliable simu-
lation-driven design of miniaturized hybrid couplers due to a large number of high-
fidelity EM model evaluations involved in the process. Also, weighting factors or min-
imal/maximal levels pertaining to performance goals in standard objective function
formulations available in commercial EM software are hard to be precisely determined
without the knowledge of possible outcomes or extensive preliminary studies.

7. General-purpose SBO techniques offer poor reliability and computational efficiency
when applied to complex design problems of miniaturized hybrid couplers. The funda-
mental problem lies in obtaining a fast low-fidelity model of a compact coupler that is
also well-aligned with its high-fidelity EM model.

1.2 Goals and Theses of the Work

This work aims at addressing the design problems summarized in Section 1.1.3 by developing
methodologies tailored for design of miniaturized hybrid couplers with emphasis on computa-
tional efficiency and improved reliability (both compared to the relevant state-of-the-art design
techniques). The complementary goals to be accomplished in the present dissertation are as
follows:

1. Adaptation of general-purpose SBO techniques to design of miniaturized hybrid cou-
plers.

2. Development of a customized SBO technique with built-in procedures for the construc-
tion of miniaturized hybrid coupler models that combine the advantages of equivalent
circuits and EM simulations.

3. Development of a surrogate-assisted design closure technique for miniaturized hybrid
couplers.

4. Adaptation of a single-objective SBO technique for explicit size reduction of hybrid
couplers.

5. Development of a multi-objective SBO technique for an expedite identification of de-
sign objective trade-offs for miniaturized hybrid couplers.

The aforementioned goals have been accomplished by positively verifying the following theses:

1. SBO methods can be successfully used for computationally-efficient design of miniatur-
ized hybrid couplers.

2. Low-cost design optimization of miniaturized hybrid couplers can be realized with the
accuracy of EM-simulation models.
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3. ltis possible to develop SBO techniques that allow for explicit coupler size reduction,
while ensuring a required circuit operation.

1.3 Scope of the Work

In general, the present thesis is concerned with the design problem of miniaturized microwave
circuits and components. The state of the knowledge presented in Section 1.1 is therefore lim-
ited to the description of the fundamental design challenges as well as the state-of-the-art design
concepts relevant to the miniaturization of microwave structures.

Although valid for a wide range of microwave circuits that feature a modular architecture (as
demonstrated, e.g., in [97-100]), the majority of findings presented in this work have been spe-
cifically tailored for hybrid couplers. These are important microwave components, extensively
utilized in antenna feeding networks [48] or balanced-type circuits (e.g., mixers [101] or ampli-
fiers [102]) as devices offering an equal power division between the output ports with a certain
phase shift. Conventional hybrid couplers, owing to their circuit topology primarily based on
guarter-wavelength transmission lines, consume large real estate areas, which makes them prob-
ably the most represented microwave components in the scientific literature on miniaturization.

The main contribution of this work is related to new design methodologies for hybrid couplers
with compact cells utilized as their fundamental building blocks. The assumption made here is
that parameterized layouts of compact cells are given at the start of the design process. Howev-
er, to make the content of this dissertation more intelligible, a brief introduction to compact cells
is provided in Section 2.

An introduction to numerical optimization as the main methodological tool utilized in this work
is given in Section 3. This includes an outline of both direct optimization techniques as well
SBO ones that find application in the further part of this dissertation. An exhaustive description
of all SBO techniques reported to this date in the scientific literature has been omitted. An inter-
ested reader is referred to [60], [103] for in-depth treatment of SBO techniques in contemporary
engineering.

The considerations provided in this work are limited to hybrid couplers that do not require via-
holes or bonding wires in planar implementations, which includes branch-line and rat-race cou-
plers and excludes structures such as Lange or tandem couplers [15]. This has been done to
lower the cost and complexity of experimental verification. Also, we exclusively use microstrip
technology for circuit implementation throughout the work. Not only does it offer cheap and
convenient fabrication, but it is also well characterized in leading computer-aided design (CAD)
software [104].

Numerical case studies illustrated in this work cover a lower part of the microwave spectrum.
For the sake of convenience, most devices under consideration are designated for a 1-GHz oper-
ating frequency.

1.4 Contributions

This thesis describes several original design methodologies that contribute to the state of the art
of microwave coupler miniaturization in terms of extended applicability, improved reliability
and—most importantly—computational efficiency. This study is based on a consistent series of
six peer-reviewed articles that are a part of author’s research on miniaturized microwave circuits
and components, counting 37 Web of Science (WoS) entries by May 2017.

A list of publications included in this thesis (according to the order of appearance) is presented be-
low. These have been arranged to be in line with the consecutive goals enumerated in Section 1.2.

1. A. Bekasiewicz, P. Kurgan, and M. Kitlinski, “New approach to a fast and accurate de-
sign of microwave circuits with complex topologies,” IET Microwaves, Antennas &
Propagation, vol. 6, no. 14, pp. 1616-1622, Nov. 2012.
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S. Koziel, A. Bekasiewicz, and P. Kurgan, “Rapid EM-driven design of compact RF
circuits by means of nested space mapping,” IEEE Microwave and Wireless Compo-
nents Letters, vol. 24, no. 6, pp. 364-366, Jun. 2014.

P. Kurgan and S. Koziel, “Fast surrogate-assisted simulation-driven optimization of
compact microwave hybrid couplers,” Engineering Optimization, vol. 48, no. 7, pp.
1109-1120, Nov. 2015.

P. Kurgan and S. Koziel, “Design of high-performance hybrid branch-line couplers for
wideband and space-limited applications,” IET Microwaves, Antennas & Propagation,
vol. 10, no. 12, pp. 1339-1344, Sept. 2016.

S. Koziel, A. Bekasiewicz, and P. Kurgan, “Rapid design and size reduction of micro-
wave couplers using variable-fidelity EM-driven optimization,” International Journal
of RF and Microwave Computer-Aided Engineering, vol. 26, no. 1, pp. 27-35, Aug.
2015.

P. Kurgan and S. Koziel, “Surrogate-assisted multi-objective optimization of compact
microwave couplers,” Journal of Electromagnetic Waves and Applications, vol. 30, no.
15, pp. 2067-2075, Sept. 2016.

The original developments presented in this thesis correspond to the publications itemized
above. The list of author’s individual contributions is the following:

Ad1

Ad 2.

Ad 3.

Ad 4.

Ad 5.

Ad 6.

. Conceptual development of a simulation-driven design framework for modular mi-
crowave circuits, based on sequential reconstruction and optimization of circuit com-
ponents. Computational efficiency of this approach results from using a truncated vec-
tor of optimization variables (updated after each iteration) with the remaining vector
elements fixed. This generic concept enables accounting for cross-coupling effects be-
tween adjacent circuit components, which is one of the fundamental obstacles perti-
nent to decomposition-based miniaturization methods.

(i) Conceptual development and implementation of a generic compact cell surrogate
model with improved accuracy for nested space mapping (NSM) algorithm. The im-
proved accuracy of a component-level model is attributed to a combination of several
space mapping techniques adapted by the author. (ii) Conceptual development and
implementation of a fast coarse model of a complete miniaturized circuit using an
ABCD matrix representation.

Conceptual development of EM-driven techniques for low-cost determination of
a near-optimized solution to miniaturized hybrid coupler design problem. This in-
volves (i) sequential optimization of detached compact cells (with upper bound update
scheme) and (ii) concurrent optimization of detached compact cells with the emphasis
on a framework for determining geometric dependence of optimization variables (to
ensure physical consistency of the coupler layout). (iii) Conceptual development and
implementation of a fast coarse model of a complete coupler for the purpose of a sur-
rogate-assisted fine-tuning procedure. The model involves using ABCD matrix repre-
sentation and local response surface approximations set up in the vicinity of compact
cell optimized solutions.

(i) Development of an optimization scheme for obtaining a family of wideband cou-
pler reference solutions with a 3-dB power split and maximized bandwidth using itera-
tively adjusted electrical parameters of the model. (ii) Conceptual development and
implementation of a technique for determination of a repetition factor of a recurrent
slow-wave structure for specified design requirements. (iii) Conceptual development
and implementation of a cascaded response surface approximation model of a recur-
rent slow-wave structure for the purpose of fast SBO of a wideband hybrid coupler.

(i) Development and implementation of techniques for setting up a family of simpli-
fied EM models for multi-fidelity coupler design. (ii) Development of a new single-
objective design problem formulation for miniaturized hybrid couplers that aims at
explicit size reduction with sufficient performance indicators ensured with a penalty
function approach.

(i) Development and implementation of a surrogate model for rapid multi-objective
coupler design optimization. The surrogate model involves implicit and frequency
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space mapping applied to an underlying equivalent circuit model of the miniaturized
coupler for improved accuracy. (ii) Adaptation of a point-by-point multi-objective op-
timization scheme. (iii) Defining objectives for explicit coupler size reduction and
bandwidth maximization (other performance goals are ensured through penalty func-
tion objective formulation).

The specific journal metric data for the above-listed publications as well as author’s percentage
contribution to these works have been shown in Table 1.1.

1.5 Dissertation Outline

This dissertation is organized as follows. Chapter 2 presents a short introduction to compact
cells, focusing on currently prevailing engineering approaches to cell selection and develop-
ment. Basic modeling strategies of compact cells are included. Chapter 3 is an exposition of
numerical optimization methods (both direct and surrogate-based ones) considered in the con-
text of simulation-driven design of microwave circuits. A list of relevant references to the de-
scriptive part of this thesis is provided after Chapter 3. This is followed by a body of publica-
tions that include original methodological developments of this work, numerical case studies,
experimental verifications, and benchmarking with state-of-the-art structures or methods. Chap-
ters 4 and 5 present methods for rapid design of compact microwave circuits using equivalent
circuits and space mapping technology. Application examples for the proposed methods include
both multi-section matching transformers and hybrid couplers. Supplementary data on numeri-
cal validation of the method presented in Chapter 5 are collected in Appendix A. Chapter 6 con-
tains an original methodology for expedited EM-driven design optimization of miniaturized
hybrid couplers based on EM models, response surface approximations and space mapping
technology. An extension to the last method is provided in Chapter 7 that aims at design of min-
iaturized hybrid couplers with wideband operation. Methods of Chapters 4 through 7 introduce
different means allowing for compensation of deteriorating EM cross-coupling effects that oc-
cur in miniaturized layouts. Chapters 8 and 9 present original formulations of the relevant de-
sign problem that enable an explicit miniaturization of hybrid couplers, with single-objective
approach given in Chapter 8 and a multi-objective one presented in Chapter 9. Chapter 10 con-
cludes the dissertation and discusses directions for the future work.

TABLE 1.1: JOURNAL METRIC DATA AND AUTHOR’S PERCENTAGE CONTRIBUTIONS

Ref. Abbreviated Journal Title Year of Publication Journal Impact Factor Contribution

1 IET Microw. Ant. Propag. 2012 0.836 50%

2 IEEE Microw. Wireless Comp. Lett. 2014 1.703 33%

3 Eng. Opt. 2015 1.380 50%

4 IET Microw. Ant. Propag. 2016 0.817 50%

5 J. RF Microw. Comp. Aided Eng. 2015 0.524 33%

6 J. Electromag. Waves Appl. 2016 0.772 50%
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2 DEVELOPMENT AND
MODELING OF COMPACT
CELLS

In this chapter, a short introduction to compact cells is presented. Compact cells are utilized in
the further part of this dissertation as the key components of microwave hybrid couplers that
enable their size reduction. It is to be noted that—in the design methods proposed in this
work—specific parameterized compact cell realizations are assumed to be given. The aim of
this chapter is therefore to give the reader a basic insight into the transmission properties of
compact cells as well as to outline the prevalent engineering approaches to the their develop-
ment. In addition, the main simulation models of compact cells are briefly discussed.

2.1 Theoretical Model of Slow-Wave Transmission Lines

The use of compact-cell-based slow-wave transmission lines as fundamental building blocks of
miniaturized microwave components, including hybrid couplers (in highest numbers) [77], [79],
[86], power dividers [35], [105], matching transformers [106], [107] or filters [108], [109], has
begun at the turn of the twentieth century (e.g., [30]). Prior to these works, much effort has been
directed towards theoretical analysis of recurrent slow-wave structures such as transmission
lines with coil loadings [39]. Historically, slow-wave transmission lines as utilized today in
research on miniaturization, descend from a long lineage of intertwined scientific findings in
transmission line theory [110], circuit theory of periodic structures [39], early elements of mi-
crowave filter theory [111], and the theory of non-uniform transmission lines [112].

The fundamental properties of slow-wave structures can be determined using transmission line
theory [113]. To this end, consider an incremental unit cell model shown in Figure 2.1. It is
constituted by a per-unit-length series impedance Z’ [©/m] composed of a per-unit-length in-
ductance L’ [H/m] in parallel with a times-unit-length capacitance C’, [F-m], resonating at the
wse [rad/s] angular frequency, and a per-unit-length shunt admittance Y’ [S/m] comprising
a times-unit-length inductance L’y, [H-m] in series with a per-unit-length capacitance C’g, [F/m],
resonating at the ws, [rad/s] angular frequency. The equivalent circuit model proposed here is
a combination of low-pass and high-pass configurations of a uniform transmission line (the
former being valid for electrical lengths ranging from O to = and the latter one for electrical
lengths between m and 27 [114]). The selection of this particular cell model is also justified by
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Figure 2.1: Incremental (Az — 0) model of a slow-wave transmission line. Primes denote per-unit-length
or times-unit-length parameters. Z,* and Z¢’ represent impedances of series inductance and capacitance,
whereas Y,.” and Y¢’ are admittances of shunt inductance and capacitance, respectively.

a number of preliminary studies conducted by the author [36, 41, 44, 45, 76, 115], indicating
that a variety of different compact cell realizations can be adequately described by the model
under discussion. For comparison, an analogous theoretical analysis of slow-wave transmission
lines is given in [116].

Note that the equivalent circuit model of Figure 2.1 is characterized by an infinitesimal length.
This is an important assumption made in transmission line theory that enables (among others)
derivation of the telegrapher’s equations describing the behavior of a transmission medium [12],
[117]. For discontinuous transmission lines (e.g., composite right/left-handed ones), however,
this assumption (also referred to as a perfect-homogeneity condition [113]) does not hold in
practice and thus it is reserved exclusively for theoretical speculations. This is evident consider-
ing that physical implementations of slow-wave transmission lines realize specified electrical
lengths and are based on a finite number of unit cells. To address that, Caloz and Itoh formulate
an effective-homogeneity condition (Az << ), whose satisfaction allows for obtaining physi-
cally-realizable slow-wave structures that mimic ideal UTLs in a restricted frequency range
[113]. The model of Figure 2.1 is still applicable to such realistic problems, provided that
Lee=L’Az, Csc=C’s/Az, Ly=L"4/Az, and Cq,=C’s,Az. The rule of thumb is that the above re-
quirement is met for the cell lengths smaller than one quarter of the guided wavelength [113]. In
the limit case of Az = /4/4, a compact cell can be equivalent to a UTL only at a single frequency,
in the vicinity of which characteristics of the homogeneous line are merely approximated [53].

Explicit formulas for Z’ and Y’ are given by

, joL', joL',
l-o Llseclse 1 [ (21)
a)SE
' Ja)C ISh — Ja)C 'sh
1-o’L', C, [e i (2.2)
a)sh
where ws., wg, are defined as:
o - 1
se —L C. (2.3)
1

a)s =T .
SR 9

The asymptotic behavior of an ideal slow-wave transmission line can be inferred from the anal-
ysis of the unit cell model of Figure 2.1 in two limit cases: (i) @ — 0, and (ii) @ — . In the
first case, for the angular frequency approaching zero, it follows that 2’ — 0, Z’¢c — oo,
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Y’L — o, Y’c — 0, so that the compact cell operates as a series inductance and shunt capaci-
tance circuit (a so-called right-handed structure), exhibiting low-pass filtering characteristics. In
the second case, as w approaches infinity, Z’, — o, Z’c — 0, Y’ — 0, Y’c — oo, hence, the unit
cell behaves as a series capacitance and shunt inductance circuit (a so-called left-handed struc-
ture), illustrating a high-pass filtering performance. At other frequencies, all lumped elements of
the compact cell model contribute to its characteristics, however, at low frequencies right-
handed elements (L’s, C’s,) dominate over the left-handed ones (L', C’s) and at high frequen-
cies these relations are inverted.

The detailed theoretical behavior of the considered class of slow-wave structures is obtained by
deriving explicit formulas for the key transmission line parameters, that is, complex propagation
constant y and characteristic impedance Z,. This is accomplished by substituting (2.1) and (2.2)
into general expressions for y and Z, [12]

y=a+]B=tJZ'Y' (2.5)
Z, = \Z(— (2.6)

yielding

@.7)

(2.8)

where s(w) is a sign function that returns +1 for @ < min(ws, wgy) and —1 for @ > mMin(wsge, wgh).
An inspection of (2.7) reveals that, in general, the propagation constant is purely imaginary
(y = jp) when the denominator is positive, and purely real (y = o) when the denominator is nega-
tive. The first case occurs for two frequency ranges: (i) o < min(ws,mg) and (ii)
@ > min(ws, wsn). These frequencies define passbands, in which EM waves propagate without
attenuation (a = 0). The second case determines a bandgap, in which EM wave propagation is
prohibited (8 = 0), and happens for w ranging between min(wse, wsn) and max(wse, wsy). At the
resonant frequencies ws and wsg, the propagation constant tends to +oo, depending on the sign
function s(w). For the angular frequency limit cases, ® — 0 and @ — o, the propagation con-
stant approaches zero.

A detailed attenuation and dispersion diagram for ideal slow-wave transmission lines is depicted
in Figure 2.2. One can identify three different regions of operation: (i) the low (right-handed)
passband, (ii) the bandgap, and (iii) the high (left-handed) passband. The low passband is locat-
ed below the first resonant frequency and demonstrates a slow-wav behavior due to the denomi-
nator of (2.7) smaller than 1 and approaching 0 at the resonant frequency. It is worth noting that
the propagation constant of the slow-wave TL increases in a linear fashion approximately up to
the half of the first resonant frequency, above which a rapid change in the phase coefficient can
be observed. In the bandgap region located between distinct resonant frequencies, the angular
frequency of minimum attenuation is the root of the derivative of the complex propagation con-
stant. The high passband that occurs above the second resonant frequency is a composition of
sub-regions supporting a slow-wave and fast-wave propagation.

Figure 2.3 presents real and imaginary parts of the characteristic impedance of slow-wave trans-
mission lines. Here, two different operation cases are considered: (i) ws < wg, and (i) wse > wgh.
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This is due to the fact that, based on (2.8), the characteristic impedance has a zero at ws, and
a pole at ws. Examining Figure 2.3 confirms the existence of three separate regions of interest.
Regions | and Il may support EM wave propagation, because the characteristic impedance is
purely real and the absolute reflection coefficient ranges between 0 and 1. Conversely, the abso-
lute reflection coefficient for the second region is equal to unity, which is due to purely imagi-
nary characteristic impedance in the range currently discussed.

The theoretical model of compact cells proposed here offers an insight into the frequency phe-
nomena that take place in compact-cell-based slow-wave transmission lines, which is valuable
from the epistemic point of view. It can also be used as an approximate prediction tool for the
operation of a given compact cell upon the variation of the values of its constitutive elements,
leading to formulation of general design guidelines for compact cells [36], [76]. On the other
hand, the accuracy of the model is poor (especially when Az becomes comparable to 4).

For an exhaustive theoretical treatment of the slow-wave structures, an interested reader is re-
ferred to the literature (e.g., [40], [87] or [116]).

III
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» -
>»>

0 a,:[)’
Figure 2.2: Attenuation/dispersion characteristics of ideal slow-wave lines in a general (unbalanced) case
wse # wg. Labels 1, 11, and 111 denote the low (right-handed) passband, bandgap, and high (left-handed)

passband, respectively. The phase constant of a UTL has been included for comparison purposes. Here,
superscript NUTL refers to geometrically non-uniform transmission lines.
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Figure 2.3: Characteristic impedance of slow-wave lines in a general (unbalanced) case ws, # wgh (Wse < W4k
for inset on the left and we > wg, for the one on the right). Resistance R and reactance X are plotted with
solid and dashed lines, respectively. Z*" and Z*"' denote characteristic impedances of purely right-handed
and purely left-handed transmission lines, respectively, Z® = (Ly,’/C¢,)*® and 2" = (Ly,"/Cee)*°.
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2.2 Development of Compact Cells

Broadly speaking, slow-wave TLs are periodic structures with a compact cell inserted as a re-
current element. As already mentioned, their practical implementations follow the concept of
spatially separated storage of magnetic and electric energy, which is typically realized by means
of intricate combinations of short (with respect to the guided wavelength) high-impedance strips
and low-impedance stubs [118]. From the perspective of transmission characteristics exhibited
by slow-wave lines, only a restricted frequency range of the low passband region (cf. Figures
2.2, 2.3) is most commonly utilized for guided-wave applications. Filtering properties may also
be used for harmonic rejection [119].

The selection of a suitable repetition factor of recurrent slow-wave transmission line in an im-
portant aspect pertaining to the development of compact-cell-based structures. In practice, it is
established based on engineering insight with consideration of the target operational bandwidth
[36]. The rule of thumb is that the repetition factor of one or two is used for narrowband appli-
cations [76]; in case of a wideband operation, the repetition factor above three is more prefera-
ble [84]. The reason is the location of the cut-off frequency, which is usually restrictively low
for small values of the repetition factor, thus limiting the width of the usable passband [76].

As already stated, in a large number of articles on size reduction of microwave components, the
dominant approach to the selection of a particular compact cell geometry is to choose (typically
in an arbitrary manner) from a wide catalogue of previously reported cells (e.g. [76]). Depend-
ing on the specific application, such a compact cell undergoes adjustment of designable parame-
ters (for devices operating in the vicinity of the central frequency) or is cascaded and then sub-
jected to parameter tuning (for wideband applications). A large collection of example compact
cells is shown in Figure 2.4.

An alternative approach is to devise a new compact cell geometry. Most commonly, this follows
the concept based on using semi-lumped elements to approximate a lumped representation of
a UTL section [53]. Conceptual illustration of this method is shown in Figure 2.5. More infor-
mation on manual development of a compact cell or its selection from available library can be
found in [76].

mm=me & e=—a [N00_ .00,

e e, B, e ——

Figure 2.4: A catalogue of previously published compact cells [76].
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2.3 Modeling of Compact Cells

Reliable modeling of compact cells is a necessary part of decomposition-based simulation-
driven design of miniaturized hybrid couplers. In this work, much attention is directed towards
physics-based low-fidelity models that are a simplified representation of the considered engi-
neering problem. The main advantage of physics-based low-fidelity models is that they incorpo-
rate some knowledge about the problem at hand and, for that reason, exhibit decent generaliza-
tion capabilities while being significantly cheaper (in the computational sense) than their high-
fidelity EM-simulated counterparts. Such features are highly desired from the perspective of
reliable and computationally efficient design methods. Here, equivalent circuits are primarily
used as low-fidelity models of compact cells. In some cases, coarse-discretization EM models
are employed in the design process. To perform a fine-tuning procedure for an approximate
design solution produced by a low-fidelity model, local data-driven models may become handy.
These typically require a rather small number of high-fidelity EM training samples associated
with model development. Figure 2.6 shows several computational models of compact cells that
are repeatedly utilized in this dissertation.

=C 0.C.

Figure 2.5: Conceptual evolution (from left to right) of a uniform transmission line through T- or z-
networks into increasingly complex combinations of high- , low- or mixed-impedance lines (marked by
dark grey, white, and light grey colors, respectively).

1EE 182 351 =t i ) i

) (b) (©) (d)
Figure 2.6: Computational models of example compact cell: (a) fine-discretization EM model, (b) coarse-
discretization EM model, (c) equivalent circuit, (d) local data-driven model.
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3 SIMULATION-DRIVEN
DESIGN OF MICROWAVE
CIRCUITS

This chapter introduces fundamental concepts of microwave circuit design using computer sim-
ulations. The microwave circuit design task is formulated as a nonlinear minimization problem
with constraints. Typical objectives, constraints, and merit function definitions inherent to mi-
crowave engineering are discussed. A brief outline of conventional (direct) optimization rou-
tines is provided, including deterministic trajectory-based methods (both gradient-based and
derivative-free) as well as stochastic population-based techniques. Selected design methods,
utilized in the body of the dissertation, are covered in more detail. This includes the concept of
surrogate-based optimization as well as model and/or response corrections based on space map-
ping technology.

3.1 Problem Formulation

Simulation-driven design of microwave circuits involves (i) developing a computer model of
the structure under consideration, and (ii) adjusting its designable parameters to satisfy given
design specifications. Stage (i) is typically realized with advanced design and simulation tools,
which can be broadly categorized into circuit simulators (e.g., Agilent ADS [104]) and electro-
magnetic simulators (e.g, Sonnet em [95] or CST Microwave Studio [96]). The former are used
to construct equivalent circuit models that, for a variety of complex design problems, are merely
capable of yielding a rough estimate of the desired solution. The latter offer an ultimate model-
ing accuracy (particularly when using fine discretization of the structure at hand) and are widely
utilized in both academia and industry for a reliable evaluation of the system performance [120].
Stage (ii) of the microwave circuit design process is normally accomplished either by repetitive
parameter sweeps (usually with each parameter treated separately), supervised by an experi-
enced designer, or by an automated procedure of numerical optimization. The first option is
laborious, time-consuming, and practically limited to low-dimensional design problems. It also
does not guarantee optimal solutions as they are often counter-intuitive in terms of parameter
setups. This issue is addressed by the second strategy, which shifts the effort of searching for
a satisfactory circuit solution from a designer to a computer-assisted optimization procedure.
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It is assumed here that—for the sake of design reliability—conventional (or direct) optimization
methods, outlined in Section 3.2, employ only high-fidelity EM simulation models for evaluat-
ing each candidate solution suggested by the optimizer. Thus, precise design optimization of
microwave circuits can be stated as follows. Let Ry denote a function that accurately models the
behavior of the structure under consideration. In other words, R; is a so-called fine model of the
device in question. Additionally, consider a vector x = [x; X, ... X,]" that represents design vari-
ables to be adjusted in the design process (most commonly these refer to geometry parameters
of the given microwave structure). The value of the function R; for a specified vector X is given
by R«(x). This represents a response of the fine model at a design X, for instance, scattering pa-
rameters acquired by means of full-wave EM analysis. Normally, simulation models in micro-
wave engineering are evaluated at a discrete set of frequency points, so in a general case, R¢(X)
is a vector of responses of the fine model. The simulation-driven microwave circuit design task
can be formulated as a nonlinear minimization problem of the following form [57]

x*=argrxn€anU(Rf (x)) (3.1)

where X" is the optimum design solution to be determined by the optimization process, X is the
n-dimensional search space (the objective function domain), and U is a scalar merit function
that encodes design specifications (typically expressed in terms of the model response). The
composition of U and Ry is referred to as an objective function, whereas U(R¢(x)) is a value of
the objective function at a design x. For the notation of (3.1), the merit function is implemented
in such a way that a given design x—for which the model response better satisfies design speci-
fications—corresponds to a smaller value of the objective function. In microwave engineering,
the typical design objectives include minimizing |S;| over a frequency band of interest or main-
taining |S,;| above a certain level for a given frequency range. In general, minimizing the select-
ed scattering parameters can be implemented in the merit function in a straightforward manner,
whereas keeping them below/above certain thresholds can be easily translated into U by means
of the minimax function that returns the maximum violation of the specification vector by the
model response [121]. Alternatively, U can be defined by the Euclidean norm that measures the
distance between R¢(x) and the target (specification) vector [121].

In many practical instances, a proper formulation of U becomes far more challenging due to
multiple design goals that are to be handled at the same time. A popular approach to this prob-
lem is the weighted sum method, which converts a multi-objective task into a single-objective
one by constructing a linear aggregation of particular objectives prefixed with appropriate
weighting factors [121]. Another possibility is to handle one design criterion directly and in-
clude auxiliary objectives through penalty functions that contribute to the aggregated objective
function when certain specification thresholds are violated [121]. It should be mentioned—for
the sake of completeness—that a comprehensive solution to the aforementioned issue is attained
by means of genuine multi-objective optimization [89].

For the majority of realistic design cases, the process (3.1) takes the form of an optimization
problem with constraints. These determine the feasibility or infeasibility of a given design with
respect to design specifications. One example is obtaining a required phase shift, arg(S,,), at the
given operating frequency. Another one is keeping the layout size smaller or equal to the maxi-
mum real estate area available for the microwave structure under consideration. Formally, the
optimization procedure (3.1) is subject to equality and/or inequality constraints, that is, Ceqi(X) =0
and Cineqi(X) < 0, respectively, where | = 1, 2, ..., N, where N equals to the number of equality
constraints, Neg, Or inequality constraints, Ninq, depending on the particular case. In practice, the
domain of problem (3.1) is also determined by the lower and upper bounds for design variables
(e.g., expressing limitations of the selected fabrication technology).

In the series of articles presented in this dissertation, geometry constraints—such as those men-
tioned above, but also the ones that prevent certain parts of the circuit layout from overlap-
ping—are handled explicitly as they are calculated directly from x and do not require an expen-
sive evaluation of a model response. Conversely, performance-related constraints are controlled
implicitly through penalty terms added to the primary objective function. Such constraints often
emerge when a multi-objective design problem is converted into a single-objective one. It
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should be emphasized that the discussed strategy of constraint handling results from the condi-
tion of computational efficiency, imperative for design procedures developed in the course of
this work. However, it should also be mentioned that the literature provides efficient approaches
to explicitly manage expensive constraints (e.g., [122], [123], which discuss design optimization
problems in mechanical and aerospace engineering, respectively).

A general flowchart of EM-driven optimization-based design of microwave circuits is shown in
Figure 3.1. The first stage of the design process is a manual problem setup involving model
construction, definition of design specifications, etc. The second stage is an iterative optimiza-
tion scheme that aims at finding the best candidate solution to satisfy design requirements. As
already mentioned, each design produced by the optimizer is verified using a high-fidelity EM
simulation. Depending on the type of the applied algorithm, the optimization process may be
realized by a single agent or multiple agents. Likewise, the procedure may use only the model
response or both the response and its gradient to produce an improved candidate solution.
A short overview of conventional optimization routines is provided in Section 3.2.

3.2 Direct Optimization

Although the main focus of this dissertation is given to surrogate-based optimization partially
relying on space mapping technology, some basic information on conventional optimization
strategies are included here primarily for the comparison purposes. In addition, the selected
conventional techniques (particularly local ones) are applied in the course of this work to solve
low-cost optimization subproblems within the proposed surrogate-assisted design frameworks.
A short overview of direct optimization techniques provided in this section includes gradient-
based and derivative-free methods, as well as population-based metaheuristics. It should be
noted that metaheuristics are also categorized as derivative-free methods; however, they are
outlined here separately as majority of them operate on the principle of multiple agents as op-
posed to the previous techniques that use a single agent in the search for the optimum design.
For a detailed exposition of conventional optimization algorithms, the interested reader is re-
ferred to the literature (e.g., [57], [121], [124]). To simplify notation, the symbol f(x) is used
throughout Section 3.2 as a scalar objective function instead of U(R¢(X)).

Problem setup

o Design Model W
o || Specifications Construction J

Initial Design

Optimizer

Stage 2

Merit Function . EM
] Simulator

Objective Function

UR(.)

Termination
Condition?

_ Yes|x'=x"

Final Design

Figure 3.1: Simulation-driven design of microwave circuits based on numerical optimization and fine
EM simulation models [125].
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3.2.1 Gradient-Based Optimization Methods

Gradient-based algorithms belong to the most widespread and well-established optimization
techniques today [121]. The search for a better design is directed by the gradient Vf(x) of the
objective function f(x) defined as

Vi (X) = %(x) %(x) %(x) (3.2)

Assuming that the objective function f(x) is sufficiently smooth, that is, at least continuously
differentiable, the gradient (3.2) provides information about the local behavior of f(x) in the
vicinity of a design at which it is calculated. In more detail, for a sufficiently small vector h,
provided that Vf(x)-h < 0, the following relation occurs

F(x+h)= f(x)+Vi(x)-h< f(x) 3.3)

Here, h = —Vf(x) determines the direction of the locally steepest descent. In general, gradient
information can be utilized in the search process either by moving along the descent direction
(e.g., the steepest descent) [121] or by exploiting a local approximation model of the objective
function developed using Vf [126]. A general flowchart embodying the concept of gradient-
based descent methods is illustrated in Figure 3.2. From the practical perspective, using the
steepest descent to navigate the search process leads to a poor performance of an optimization
algorithm when in the close proximity to optimum [121], [127]. Algorithm performance can be
improved by using a so-called conjugate-gradient method where the search direction h is estab-
lished based on the current gradient as well as the previous direction hy, as follows [127]

h=-Vf (x®)+rh,,, (3.4)

The most popular schemes for determining the value of coefficient y of (3.4) are Fleecher-
Reeves and Polak-Ribiére methods with the respective formulas given below

_VE(XO)TVE (x©)
vi (x0T Vi (xD)

Initial Design
Optimizer

s X A
i=0

X(I)
Evaluate Gradient

Vi(x®)
[Obtain Search Directionj

h
Find Step Length
o

Update Design
xO=x"+ah

(3.5)

Gradient-based optimization

Termination
Condition?

\ Yes|x=x" y.

Final Design

Figure 3.2: Generic gradient-based descent algorithm [121].
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_ (VE(x®) - VE (x))T v (x?)

vf (X(i—l))T Vf (X(i—l)) (36)

Having obtained the search direction h, the design is updated by adding ah term, where a step
size a > 0 is found by performing a line search, so that f(x") < f(x(™") [121]. Note that the
choice of a specific algorithm for identifying « is critical for the overall performance of the op-
timization algorithm.

A variety of conditions are used for terminating gradient-based optimization algorithms availa-
ble in the literature. These include |[x*® — x| < & (convergence in the argument), |[V(x")|| < &
(vanishing of the gradient), f(x") — f(x"*") < & (convergence in the function value), or
a combination of the above.

The optimization process may also involve second-order derivatives, which is a characteristic
feature of so-called Newton methods. Assuming that the objective function is at least twice con-
tinuously differentiable, one can consider a local representation of f in the form of its second-
order Taylor expansion

f(x+h);f(x)+Vf(x)-h+%h-H(x)-h (3.7)
where H(X) is the Hessian of f at a design x, defined as
BGA ot ]
p (x) - (x)
X,0%, OX,0X,
H(x)= : : (3.8)
o f o f
(x) - (x)
| OX,0%, oX,0%, |

This infers, assuming that the current design x® is sufficiently close to the minimum of f, that
the consecutive approximation of the optimum can be determined as

X0 = xO _[H(X)]'VF () (3.9)

The algorithm (3.9) converges at a very fast rate to the locally optimal design, provided that the
starting point is sufficiently close to the optimum and the Hessian is positive definite [127]. In
engineering practice, none of the aforementioned requirements is typically satisfied, so that
different types of damped Newton techniques have to be used, e.g., the Levenberg-Marquardt
method [121]. Another obstacle is that the Hessian of the objective function f is generally not
available, which indicates the necessity of using Quasi-Newton methods, with Hessian approx-
imation schemes based on various updating formulas [121].

The availability of some of the above outlined gradient-based optimization methods in commer-
cial EM software (e.g., conjugate gradient method is implemented in Sonnet em [95], whereas
interpolated Quasi-Newton is provided in CST Microwave Studio [96]) offers a chance of their
practical application to current design problems of microwave engineering. However, this en-
deavor is hindered by several serious obstacles. The fundamental problem is the high computa-
tional cost of an accurate EM analysis, complemented by a large number of objective function
evaluations required for convergence. Another issue is related to poor analytical properties of
the EM-simulated objective function, which is normally noisy and discontinuous due to adap-
tive meshing techniques embedded in most of modern EM solvers. Additional problem pertinent
to direct gradient-based optimization is a general lack of sensitivity information (or its high
computational cost). Yet another drawback is the complexity of the objective function, which
may feature multiple local optima. A possible solution to some of the above challenges are ad-
joint sensitivity techniques, available for example in CST Microwave Studio [96]). These ena-
ble calculation of sensitivities with little or no additional cost.
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3.2.2 Derivative-Free Optimization Methods

Derivative-free techniques belong to a category of optimization methods that do not require
derivative information in the search for the optimum design solution [128]. In many practical
situations of EM-based CAD of microwave circuits, derivatives of the objective function are not
available or are too expensive to compute (e.g., using finite differentiation of CPU-heavy objec-
tive function). Apart from that, gradient-based optimization methods exhibit poor performance
in case of inherently noisy EM-simulated objective function. Derivative-free techniques aim at
addressing the aforementioned issues.

The considered class of optimization methods include a variety of different routines such as
pattern search algorithms [124], population-based metaheuristics [127], as well as SBO tech-
niques [60]. This section, however, provides only a concise conceptual description of the first
group of techniques from the above list, that is, local search algorithms. The remaining ones are
outlined in Section 3.2.3 and 3.3, respectively.

Figure 3.3 illustrates the basic concept of the pattern search approach [124], which aims at iden-
tifying the optimum using a rectangular grid and an exploration scheme that searches for an
improved solution only at the grid-restricted points. Failure in design improvement using the
original grid results in its refinement, which in turn allows for obtaining steps with higher reso-
lution. Note that by setting the original grid sufficiently large, one is capable of performing
a quasi-global search. A typical criterion for the algorithm termination involves reaching a re-
quired used-defined resolution or the maximum number of iterations. It should be emphasized
that the practical pattern search implementations use much more sophisticated strategies than
the provided description suggests (cf. grid-restricted line search [124]).

The specialist literature offers a wide catalogue of numerous pattern search variations (see, e.g.,
[124]) as well as other local derivative-free optimization methods [128]. One of the most repre-
sentative examples of the latter is the Nelder-Mead algorithm (also referred to as the simplex
method) [127]. The search process of the discussed method is based on moving the vertices of
the simplex in the design space in such a way that the vertex corresponding to the worst (high-
est) value of the objective function is replaced by the new one at the location where the value of
the objective function is expected to be better.

Pattern search as well as other similar optimization methods exhibit partial immunity to the
numerical noise characteristic to the EM-validated objective function. Their main disadvantage
is a slower convergence rate when compared to the gradient-based optimization algorithms. One
should note that the design difficulties related to the high computational cost of EM simulations,
posing a challenge for all direct optimization methods, can be alleviated to some extent for the
selected derivative-free routines (in particular pattern search algorithms) by problem paralleliza-
tion using distributed computing.

o —optimum
n
0L O non-improved design

@ improved design on original grid

< .x‘” .x(“’ @ improved design on refined grid

——move on original grid

o @ o i i
O Q) G — move on refined grid

N O

Figure 3.3: Conceptual illustration of pattern search [129]. The search is based on exploratory move-
ments restricted to a rectangular grid. In each iteration i, only the grid-restricted neighborhood of design
x® is analyzed. Upon failure of making a successful move, the grid resolution is refined to allow smaller
steps. Here, the consecutive approximations of the optimum are denoted as x@, x\), etc. The optimized
design is given by x.
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3.2.3 Population-Based Optimization Methods

Population-based metaheuristics are global optimization methods that mimic processes occur-
ring within biological or social systems. These algorithms concurrently process the entire sets
(or populations) of candidate solutions (also referred to as individuals or agents) in such a way
that—based on some nature-inspired operators—they adapt to the design environment at hand.
The main advantages of population-based metaheuristics include (i) capability to avoid getting
trapped in local minima, (ii) convergence to a global optimum with a reasonable probability,
(iii) handling noisy, non-differentiable, and discontinuous objective functions, (iv) enabling
hybridization with other optimization algorithms for operation improvement, and (v) explicitly
considering multiple design objectives at the same time (refers to algorithm versions intended
for multi-objective optimization) [89], [127]. The fundamental bottleneck here is a large number
of objective function evaluations required for the convergence of the algorithm. This is indicat-
ed by a typical population size ranging between ten and one hundred, as well as the number of
generations that may be between a few dozen and a few hundred. For this very reason, popula-
tion-based metaheuristics are virtually prohibitive when utilized as direct optimization methods
employing expensive EM simulations models. This shortcoming can be partially mitigated by
using distributed computing, provided that massive CPU resources as well as multiple EM
software licenses are available. Apart from the above, due to the stochastic nature of some of the
mechanisms within the optimization algorithm, repeatability of results is limited. At the same
time, the performance of a metaheuristic algorithm heavily depends on user-defined control
parameters whose proper setup requires expertise and is generally problem-dependent.

The most popular types of population-based metaheuristic algorithms nowadays include genetic
algorithms [130], evolutionary algorithms [131], particle swarm optimizers [132], differential
evolution [133], and a firefly algorithm [127]. A typical flowchart of a population-based me-
taheuristic algorithm is presented in Figure 3.4. Its operation can be shortly described as fol-
lows. The initial phase of the algorithm involves (typically random) generation of the popula-
tion of candidate design solutions. In the next stage, each individual is evaluated and the corre-
sponding value of the objective function determines its fitness to the design environment. Sub-
sequently, a subset of individuals is selected, either based on the quality of each candidate solu-
tion (in case of deterministic selection strategies) or on both the fitness value and stochastic
operators that may allow for selecting even poorly adapted individuals. For other approaches,
such as particle swarm optimizers or differential evolution, the selection phase is completely
omitted and each candidate solution undergoes continuous modifications throughout consecu-
tive generations. Next, the selected parent individuals are modified by stochastic nature-inspired
mechanisms. These may include exploratory operators, such as crossover, that create next-
generation individuals combining parts of information embedded in parent individuals, or
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Figure 3.4: Flowchart of a typical population-based metaheuristic algorithm [103]. Here, P is used to
denote a population of candidate solutions processed by the algorithm, f represents a fitness function,
whereas S refers to the selected parent individuals.
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exploitative operators, such as mutation, that introduce small perturbations to the individual at
hand. The former operators enable far-reaching changes in the selected individuals, which trans-
lates into exploring new and potentially promising regions of the search space; the latter ones
introduce only small changes to the candidate solutions, which improves local search properties
of the algorithm. The entire process is repeated until the termination conditions are satisfied.

From the perspective of this work, population-based metaheuristics require too many objective
function evaluations to be practically utilized for direct design optimization involving EM simu-
lation models. A brief outline of metaheuristic algorithms provided in this section has been in-
cluded as a context for the multi-objective design optimization method proposed in this disserta-
tion as well as to make the descriptive part of this work on numerical optimization self-
contained.

3.3 Surrogate-Based Optimization

Surrogate-based optimization is the primary methodology used in this work to handle expensive
optimization problems pertinent to miniaturized hybrid coupler design. The present section in-
troduces only these concepts of surrogate modeling and optimization that are relevant to this
work and find direct application in the subsequent part of the dissertation. In particular, a gener-
ic SBO concept and optimization flow is discussed as well as fundamental space mapping tech-
niques are elaborated on. References to the exhaustive body of up-to-date literature on SBO
techniques that reside outside the scope of this work are also provided.

3.3.1 Surrogate-Based Optimization Concept

Conventional techniques of numerical optimization (as outlined in Sections 3.1 and 3.2) are
well-established design tools in microwave engineering. Selected algorithms are implemented in
major commercial EM software packages for CAD of microwave circuits and components,
which is a clear indication of the real need for automated and reliable design procedures in this
field. However, as pointed out in Sections 1.1.2, 1.1.3, and 3.2, their applicability for solving
contemporary design problems is severely limited (or even prohibitive) primarily due to the
high cost of high-fidelity EM simulations. Difficulties pertinent to direct optimization, consid-
ered from the standpoint of simulation-driven design of conventional microwave circuits and
components, were the main incentives behind the development of alternative design approaches.
Probably the most promising means of addressing the aforementioned challenges, that is, ena-
bling computationally efficient parametric optimization of expensive EM simulation models, is
surrogate-based optimization [50], [58], [60].

The fundamental concept of SBO is to replace direct optimization of an expensive EM simula-
tion model by an iterative process that provides a sequence of increasingly precise approxima-
tions to the original problem (3.1) by optimizing a surrogate, that is, a fast and well-correlated
representation of the high-fidelity model. In each iteration of the SBO algorithm, the surrogate
is updated using data from the high-fidelity model evaluated at the current design (and possibly
other designs) and re-optimized to find a better design. Formally, the surrogate-based optimiza-
tion process can be formulated as [57]

x" =argminU (R" (x)) (3.10)

where x?, i = 0, 1, ..., is a sequence of approximate solutions to the original problem (3.1),
whereas R," is the surrogate model at the ith iteration. Here, x© is the initial design, typically
established based on engineering insight or by parametric optimization of a lower-fidelity model
available for the design problem at hand. The surrogate R is assumed to be (i) much cheaper (in
the computational sense) than the high-fidelity model R and (ii) sufficiently accurate, at least in
the proximity of the current design x®. If these conditions are satisfied, the SBO algorithm
(3.10) is inclined to quickly produce a good approximation of the high-fidelity optimum x.
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Typically, the high-fidelity model Ry is evaluated only once per iteration (to validate a new de-
sign xX™" and to provide data for surrogate model update if the termination condition is not sat-
isfied). A generic SBO flow used in microwave engineering is shown in Figure 3.5.

Provided that the surrogate model is much faster than its high-fidelity counterpart, the computa-
tional overhead related to solving (3.10) is negligible. Consequently, the overall cost of the SBO
process is determined by the high-fidelity model evaluations. Normally, the number of iterations
needed by the SBO algorithm to produce a good approximation of the high-fidelity model opti-
mum is considerably smaller than for the vast majority of direct optimization methods (e.g.,
gradient-based routines) [50]. The above-mentioned premise concerning the speed of the surro-
gate model is generally met only for some of the SBO methods, particularly space mapping
[64]. SM technology has been developed to solve conventional design problems of microwave
engineering, where physics-based low-fidelity models (e.g., analytical formulas or equivalent
circuits) are commonly used to construct efficient surrogates [61], [62]. The main SM ap-
proaches are discussed in Section 3.3.2.

Unfortunately, for a variety of contemporary design problems in microwave and antenna engi-
neering, low-fidelity models that exhibit both suitable speed and reasonable accuracy are hardly
available. The use of simplified means (e.g., analytical formulas) to describe the behavior of
a complex engineering system under consideration may results in insufficient accuracy of the
underlying low-fidelity model and lead to convergence problems of SBO algorithms [57]. On
the other hand, the exploitation of EM simulations with coarse discretization of the structure at
hand as low-fidelity models may diminish computational efficiency of the SBO process, with
numerical operations associated with optimization and update of the surrogate model becoming
a meaningful or even a major contributor to the overall cost of the SBO algorithm [125]. Ad-
dressing these issues by developing physics-based models of complex couplers that combine the
advantages of equivalent circuits and EM simulations is one of the fundamental goals of this
work.

It should be mentioned—for the sake of completeness—that the available literature provides
possible solutions to this problem that require sensitive information [134] or use trust region
convergence safeguards [126]. Alternative approaches involve adjoint sensitivities [135] or
multi-level algorithms [136]. Note that convergence of some SBO algorithms can also be en-
sured by other strategies, for instance, manifold mapping [137] or surrogate management [138].

Initial Design

Surrogate-Based
Optimization
Algorithm

EM
Simulator

Circuit

Simulator

Termination
Condition?
Yes | x'=x

Final Design

Figure 3.5: Surrogate-based optimization flow used in microwave engineering [125]. The surrogate R; is
iteratively updated and optimized to yield an approximate high-fidelity model optimum. The high-fidelity
model Ry is evaluated to verify the design produced by surrogate optimization (in most cases only once
per iteration). Ry simulation data is also used to improve the reliability of the surrogate model.
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3.3.2 Space Mapping Technology

Space mapping is probably the most recognized SBO technique in microwave engineering to-
day [62]. The majority of SM algorithms rely on physics-based low-fidelity models whose pri-
mary advantage lies in providing rather good generalization capabilities [129]. On the other
hand, some SM versions allow for using physics-based as well as data-driven models.

SM exploits the algorithm (3.10) to generate a sequence of approximate solutions x%, i = 0, 1, 2,
..., to high-fidelity model optimum given by (3.1). The surrogate model at the ith iteration, R,
is constructed from the underlying low-fidelity model by minimizing the misalignment between
R,"” and the fine model R at the current design x” (and, in some cases, at other points estab-
lished by appropriate design of experiment [129]). This process is referred to as a parameter
extraction (PE) and is formulated as a nonlinear minimization task [61]. The surrogate is de-
fined as [139]

RY(x) =R, (x",p") (3.11)

where R4 is a generic SM surrogate composed of the low-fidelity model and suitable transfor-
mations, whereas

Ry (%) =R,y (x¥, p)H (3.12)

is a vector of auxiliary model parameters with w;y being weighting factors (these determine the
contribution of previous iteration points to PE process [139]).

* . i
p = a'rg mF!n Zkzovvi.k

The space mapping corrections available in the literature can be categorized into four main
groups [62]:

1. Input space mapping [61]
Input SM surrogate is defined as a distortion of the coarse model domain of the following
form:

R,(x)=R;(B-x+c) (3.13)

where B and ¢ are matrices to be established in the PE process.
2. Output space mapping [139]
Output SM surrogate is based on a correction of the coarse model response given as:

R.(X)=A-R (x)+d (3.14)

where A and d are output SM parameters obtained during the PE phase.

3. Implicit space mapping [140]
Implicit SM surrogate is defined with respect to some additional model parameters that can
be tuned for better alignment of the fine and coarse model responses:

R, (X)=R.(x:p) (3.15)

In microwave engineering, p is typically a vector of substrate parameters (substrate permit-
tivity and/or thickness) pertaining to the selected parts of equivalent circuit model.

4. Frequency space mapping [62]
Considering a coarse model evaluated at a discrete set of m frequency points R.(x) =
[Re(X,@1) Re(X,@) ... Re(X,n)]", where R (x, ) is evaluation of the model at a frequency
a;, frequency SM surrogate is defined based on the affine scaling function f{w) = fo + w-f;

R(X)=[R (% f+@ - f,).R (X fy+a, f,)] (3.16)
where fy, f; are extractable parameters.

Figure 3.6 illustrates block diagrams of the main SM-based correction strategies formulated
above. They may be used individually or in different combinations [cf. Figure 3.6(c)].
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Figure 3.6: Fundamental SM correction types [57]: (a) input SM, (b) output SM, (c) implicit SM, (d)
frequency SM, and (e) customized SM based on input, output and frequency SM.
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Abstract: A robust simulation-driven design methodology of microwave circuits with complex
topologies has been presented. The general method elaborated is suitable for a wide class of
N-port unconventional microwave circuits constructed as a deviation from classic design solu-
tions. The key idea of the approach proposed lies in an iterative redesign of a conventional circuit
by a sequential modification and optimization of its atomic building blocks. The speed and accu-
racy of the method presented has been acquired by solving a number of simple optimization prob-
lems through surrogate-based optimization (SBO) techniques, which offer a satisfactory approxi-
mation of the optimal design solution. Two exemplary designs have been supplied to verify the
method introduced. An abbreviated wideband quarter-wave impedance matching transformer and
a miniaturized hybrid branch-line coupler have been developed. Diminished dimensions of the
circuits under construction have been achieved by means of compact microstrip resonant cells. As
an SBO engine, an implicit space mapping technique has been utilized. The final results have been
acquired in only a fraction of time that is necessary for a direct electromagnetic (EM) optimization
to generate competitive results. An experimental validation of the method proving its high utility
has been provided.
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4.1 Introduction

The design and optimization process of microwave circuits with unconventional topologies,
which offer certain advantages over their classic counterparts, for example, an enhanced per-
formance or a smaller real estate area, has been recently considered as an important and ex-
tremely challenging engineering issue. The general dogma for the synthesis of microwave cir-
cuits with improved functionality, for example, miniaturized couplers [1-5], abbreviated power
dividers [6], [7] or compact filters [8-10], oscillates around a holistic EM-based optimization
(EMBO) approach constituted by a laborious multi-parameter optimization of a high-fidelity
EM model of the complete circuit. Such an approach has been found to be of limited use or even
prohibitive when applied to computationally expensive microwave circuits with complex topol-
ogies that are described by a vast number of design variables.

This problem has been mitigated to some extent by the employment of surrogate-based optimi-
zation (SBO) techniques [11-21] that replace the direct optimization of a computationally de-
manding high-fidelity model by an iterative construction, optimization and updating of a com-
putationally cheap low-fidelity surrogate model. The accuracy of the SBO design solution is
achieved by a high-fidelity model evaluation that follows each surrogate model optimization. To
date, a number of SBO methods, including explicit space mapping [11], aggressive space map-
ping [12], [13], neural space mapping [14], [15], implicit space mapping [16], [17], fuzzy space
mapping [18], tuning space mapping [19], [20], manifold mapping [21] etc., have proven their
vital usefulness in the process of a fast and accurate microwave circuit modeling.

In this paper, a new approach to the design of microwave circuits with complex topologies of-
fering an enhanced functionality has been presented and showcased. The novelty of the method
proposed lies in the reduction of the overall design cost by replacing a single complex optimiza-
tion problem by a number of simple optimization problems that are solved sequentially to reach
a satisfactory approximation of the optimal solution. Furthermore, the method presented ex-
ploits an SBO concept to capitalize on its high speed and accuracy. In the initial steps of the
design scheme demonstrated, a logical decomposition of a conventional circuit into its atomic
building blocks is performed. Next, each atomic building block constituting the circuit under
construction is rebuilt in a sequential manner and undergoes an SBO (labeled here an atomistic
SBO). In this work, the method proposed has been used to design two exemplary microwave
circuits with unconventional topologies at a low computational cost. The substantial accuracy of
the circuit optimization with only a handful of EM simulations has been achieved by means of
an implicit space mapping technique. The enhanced functionality of the circuits has been ac-
quired by using compact microstrip resonant cells as a substitution for initial atomic building
blocks. However, it is noteworthy that the method proposed is also compatible with other SBO
techniques as well as alternative means of circuit refinement (e.g. [6-10]), if only adequate com-
putationally cheap surrogate models are available.

4.2 Design Methodology

Unconventional microwave circuits with enhanced functionality, because of their novelty and
considerable complexity, lack accurate analytical models enabling their fast synthesis and, for
that reason, indispensably require high-fidelity, but extremely time-consuming EM simulation
tools in the process of their optimization. In order to address this inconvenience, the following
design flow has been proposed.

4.2.1 General Design Flow

The new approach introduced in this work and illustrated in Figure 4.1 offers a robust simula-
tion-driven design methodology enabling the achievement of an accurate design solution in
relatively short time. The initial step of the diagram from Figure 4.1 is a definition of a design
specification, for example, substrate parameters, frequency-dependent performance of the cir-
cuit (e.g. desired S;; and Sy, over a given frequency band), physical dimension requirements etc.
Subsequently, a conventional circuit is constructed from uniform transmission line (UTL) seg-

Sequential Space Mapping 45


http://mostwiedzy.pl

A\ MOST

Expedited Surrogate-Assisted Design of Miniaturized Hybrid Couplers

ments and various discontinuities. This can be done without major obstacles as conventional
microwave circuits are supplied with good theoretical models ready to be used instantly after
a few iterations of fine-tuning [22]. Next, a surrogate model of a conventional circuit is con-
structed (or re-used from the previous step). Afterwards, atomic building blocks of a conven-
tional circuit are identified. The initial circuit is logically divided into n sets of equal UTLs and
a (n + 1) set of all discontinuities required. For example, a logical decomposition of a rat-race
coupler would result in three sets (n = 2), the first one containing three UTLs of 90° electrical
length and Z impedance, the second one containing one UTL of 270° electrical length and Z
impedance and the third one containing four T-junctions. The following steps of the design flow
are performed iteratively (from i = 1 to n). In each iteration, the circuit under consideration is
updated, that is, the i set of equal UTL surrogate models is replaced with a set of equal non-
UTL (n-UTL) surrogate models, after which a new circuit is composed from fixed and updated
building blocks and undergoes an SBO aimed at the satisfaction of the desired design specifica-
tion. In each iteration of the main algorithm, only design parameters corresponding to n-UTL
surrogate models of the i set become optimization variables used during an SBO, whereas all
other design parameters remain fixed. The main algorithm ends after a successful optimization
of n updated circuits.

4.2.2 Circuit Surrogate Model Update

A UTL segment is an atomic building block of a conventional microwave circuit. In order to
construct a circuit with improved functionality, one should substitute a UTL segment with its
non-uniform counterpart (e.g. a discontinuous transmission line segment [2], a slow-wave reso-
nant structure [3], a transmission line with perturbed ground plane metallization [1] etc.). Sub-
sequently, an optimization of an n-UTL follows. In practice, an n-UTL segment is optimized to
match the frequency-dependent parameters of a UTL segment (e.g. scattering parameters, char-
acteristic impedance, electrical length etc.) in a given frequency range and to demonstrate an
enhanced performance (e.g. out-of-band characteristics) or diminished dimensions. Moreover,
in order to omit the final EM fine-tuning of the circuit, one should optimize the design parame-
ters of an n-UTL segment as a part of the whole circuit and not as a stand-alone component.
A general illustration of a circuit surrogate model update has been presented in Figure 4.2. An
initial design is constituted by UTLs (collected in n sets, each of them containing at least one
UTL element characterized by a certain electrical length and a characteristic impedance) and
various discontinuities [gathered in the (n + 1) set]. In the first iteration, the first set containing
UTL, elements is replaced by a set containing n-UTL, elements, whereas all the other sets re-
main unchanged. In the i" iteration, the i"™ set is updated in a similar fashion and the circuit is
composed of n-UTLy, n-UTL,, ..., n-UTL; UTL,;, UTLsp, ..., UTL, elements and discontinui-
ties collected in the (n + 1)™ set. After the n™ update, no UTL segments remain and the whole
circuit can be considered as completely refined.

4.2.3 Surrogate-Based Optimization

In order to develop an unconventional microwave circuit with a complex topology according to
the specification prescribed, a non-linear minimization problem of the following form should be
solved:

X" =argminU (R, (x)) (4.1)

where U denotes an objective function formulated on the basis of a design specification, Ry
stands for a high-fidelity model evaluation (a fine model response), whereas x represents a vec-
tor of design variables. The optimal design solution vector is denoted by x". The optimization
problem from (4.1), when solved directly, is usually extremely CPU and time expensive and can
be found impractical in case of circuits with a high computational cost. The SBO approach ad-
dresses this issue by using a computationally cheap surrogate model evaluation Rs and an itera-
tive formulation that follows:
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Figure 4.1: Design flow of an unconventional microwave circuit with a complex topology.
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Figure 4.2: General scheme of circuit surrogate model update.

x¥ = argminU (Ri” (x))

(4.2)

where xU*V represents the optimal solution of the j™ iteration surrogate model R.?, which is
assumed to represent the fine model Ry in a relatively accurate manner [22]. Within these theo-
retical constraints, the algorithm formulated in (4.2) is aimed at approaching a quasi-optimal
solution located in the vicinity of the global optimum x". An SBO flowchart illustrating a gen-

eral implementation of the theory described above is presented in Figure 4.3.
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4.3 Design Examples

The general method described in Section 4.2 and schematically presented in Figure 4.1 has been
applied to design two exemplary microwave circuits with complex topologies. A design flow of
an exemplary two-port device, that is, an unconventional impedance matching transformer (MT)
has been described in Section 4.3.1. A step-by-step design procedure of an exemplary four-port
device, that is, a miniaturized branch-line coupler (BLC) has been discussed in Section 4.3.2. In
both design examples, implicit space mapping (ISM) [16-17] has been used as an SBO engine
due to the simplicity of its implementation [23]. A detailed flowchart of the ISM algorithm im-
plemented in this work is depicted in Figure 4.4. The EM fine model evaluation has been per-
formed by Momentum EM solver [24].

111

Circuit surrogate model
composition/construction

v

Circuit surrogate model
optimisation
High-fidelity model

evaluation

Termination
condition
met?

={i=i+1]

Figure 4.3: SBO flowchart.

it

Circuit surrogate
model optimisation
Reconstruction of surrogate
model of i" set element(s)
goto
. 'Update of i" set element(s)’
EM fine ".‘Ode' in the main algorithm
evaluation
- YES
Jj=j+1 —>.®
A
- Preassigned

parameter extraction

Figure 4.4: ISM algorithm flowchart.
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It has been assumed that the circuit improvement in terms of its diminution (Section 4.3.1) and
its miniaturization (Section 4.3.2) is to be obtained by means of metallization perforations, that
is, intentional defects implemented in the signal line metallization plane (termed here compact
microstrip resonant cells, CMRCs). Surrogate models of CMRCs used in this work are supplied
with a geometric and preassigned parameter description of the following general form: x,¥ = [L,
Hi Lo Hy ...]"and p? = [hy &1 ho &, ...]", respectively (i is an iteration index of the main algo-
rithm and j denotes an iteration index of the ISM algorithm). The former parameters undergo
the ISM optimization, while the latter auxiliary parameters (substrate height and relative permit-
tivity) are used in the extraction process (see Figure 4.4).

In general, the ISM algorithm should successfully finish after the j" iteration, when the EM
circuit surrogate model evaluation satisfies the initially defined design specification. In such
a case, the iteration counter i of the main algorithm is incremented and a novel refined circuit
with the i" UTL replaced by an n-UTL is developed in a similar fashion. Conversely, when no
convergence of the ISM algorithm can be reached or the design specification is not met after
a circuit optimization, surrogate model(s) under optimization should be reconstructed and the i
iteration of the main algorithm repeated with a new n-UTL surrogate model.

4.3.1 Abbreviated Matching Transformer

The design specification has been defined as follows: (a) Rogers RO3210 substrate (& = 10.2,
h = 0.635 mm, tand = 0.0027); (b) circuit functionality (ISy;| <20 dB over 1-2.5 GHz frequen-
cy band), Zsouree = 50 Q, Zjpag = 6 Q; (¢) physical requirements (minimal length reduction equals
30%). Following the above stated design specification, a four-section conventional microstrip
MT has been designed and fine-tuned using ADS software [25]. Subsequently, a simple MT
surrogate model composed of four UTL components and several elements representing mi-
crostrip step discontinuities has been constructed in ADS circuit simulator. Next, four (n = 4)
single-element sets of equal UTLs have been identified (46.8-Q UTL,, 33.6-Q UTL,, 17.3-Q
UTL;, and 8.9-Q UTL,). Afterwards, as presented in detail in Figure 4.5, an iterative part of the
main algorithm follows. In the first three iterations of the main algorithm, successive UTL sur-
rogate models have been successfully substituted with a T-shaped CMRC surrogate model
(termed here CMRC,). However, in the fourth iteration of the main algorithm, no convergence
of the ISM algorithm has been achieved owing to a very low impedance of the UTL, section.
Therefore, a different CMRC model (named here CMRCg) has been introduced for the circuit to
meet the design specification. Both CMRC models have been presented in Figure 4.6. The ini-
tial design variable vector used in each iteration is x{® =[1 1 1 1 ...]" mm, whereas the initial
preassigned parameter vector is pi” = [0.635 10.2 0.635 10.2 ...]", in which odd elements are in
mm and even elements are unitless. After four iterations of the main algorithm, a completely
refined MT design has been obtained revealing a satisfactory performance and a considerable
34% length reduction. A convergence plot for the ISM algorithm executed in each iteration of
the main algorithm has been illustrated in Figure 4.7. Error functions from Figure 4.7 have been
calculated at frequencies from 1 to 2.5 GHz with a 0.4 GHz step. The ISM algorithm has been
set to terminate when the error function is less than 10*. Final geometric parameters of the ab-
breviated MT are listed in Table 4.1. A total design cost of the method proposed is presented in
Table 4.2. In addition, the iterative method based upon multiple atomistic SBOs (this work) has
been compared against several other approaches, that is, an iterative method based on multiple
atomistic EM optimizations, a method based on a holistic SBO, and a method based on a holis-
tic EM optimization. It should be concluded upon data collected in Table 4.2 that a multiple
atomistic optimization approach requires less high-fidelity model evaluations than a direct holis-
tic optimization. Moreover, a combination of a multiple atomistic optimization approach and an
SBO technique results in a method that outclasses other competitive design methodologies in-
cluded in this comparison. The atomistic SBO method introduced in this work presents a design
cost of 20 EM simulations for the first example, which proves its considerable computational
efficiency in comparison to a classic holistic EMBO method offering 2120 EM simulations for
the same example. Average CPU time of a single 64-point EM model evaluation is ~51 s for the
atomistic SBO approach and 61 s for the holistic EMBO approach (both methods used i7 2600k
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8 GB RAM PC). Respective CPU times differ as the complexity of the circuit iteratively in-
creases in case of the atomistic SBO approach, reaching the greatest complexity in the last itera-
tion, whereas the holistic EMBO approach utilizes the most complex model in every iteration.
For these reasons, the total time of EM model evaluations is 17 min for the atomistic SBO
method and 36 h for the holistic EMBO approach.

Initial design

0 [ N S S D S S ()
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Final design
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EE n-UTL under surrogate-based optimisation
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Figure 4.5: Schematic description of an MT under iterative construction.

(b)
Figure 4.6: Surrogate model layout representation of: (a) CMRC,, (b) CMRCp.
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Figure 4.7: Matching transformer: a convergence plot for the ISM algorithm. Iteration index corresponds
to the number of high-fidelity model evaluations.

TABLE 4.1: FINAL DESIGN GEOMETRIC DESCRIPTION

Final design CMRCp CMRCg
dimensions  n-UTL; n-UTL, n-UTL; n-UTL,
Ly 0.4 0.8 0.4 1.05
H, 0.35 1.05 2.45 7.5
L 2.4 1.4 1.4 1.6
E H, 025 0.4 0.2 114
. Ls 0.25 0.4 0.2 0.4
*  H, 025 0.4 0.2 13
L, - - - 0.2
H, - - - 11.8

TABLE 4.2: ABBREVIATED MT: A TOTAL DESIGN COST
Optimization method

Total design cost Holistic Atomistic
EMBO SBO EMBO SBO
Convergence YES NO YES YES

Total number
of high-fidelity 2120 N/A 746 20
model evaluations

4.3.2 Miniaturized Branch-Line Coupler

The design specification has been formulated as follows: (a) FR4 substrate (¢, = 4.4, h =
0.508 mm, tand = 0.02); (b) circuit performance (ISy;/ and 1S4;] <20 dB over a 10% bandwidth
with a 2.2 GHz operating frequency, I1S;;| < —40 dB at 2.2 GHz frequency, and 1Sy | = 1S3/ at 2.2
GHz frequency); (c) physical requirements (minimal circuit size reduction equals 30%). Using
ADS simulation environment [25], a conventional BLC has been designed and fine-tuned to
meet the above defined design specification. Next, a simple BLC surrogate model comprising
two pairs of UTL components and four T-junctions has been built in ADS circuit simulator.
Subsequently, two (n = 2) double-element sets of equal UTLs have been identified (35.35-Q
UTLs; and 50-Q UTLs,). Then, two iterations of the main algorithm have been performed in
order to construct a completely refined BLC. A schematic illustration of the iterative part of the
main algorithm is presented in Figure 4.8.
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Initial design

uTL,

Legend:

1 UTLs (fixed dimensions)

Il n-UTLs under surrogate-based optimisation
B n-UTLs optimised in previous steps (fixed dim.)

Figure 4.8: Schematic description of a BLC under iterative construction.

In each iteration i, the i pair of UTL surrogate models has been replaced with the i pair of
n-UTL surrogate models. Each n-UTL surrogate model has been constituted by a cascade of two
CMRCs (termed here CMRCsc). A surrogate model layout representation described by a geo-
metric and preassigned parameters is shown in Figure 4.9. The initial design variable vector
used in each iteration is x{” =[1 1 1 1 ...]" mm, whereas the initial preassigned parameter vec-
tor is p® = [0.508 4.4 0.508 4.4 ...]" (odd elements are in mm, while even elements are unit-
less). The final design demonstrates an acceptable performance and a notable 36% circuit area
miniaturization. Error functions plotted against ISM algorithm iterations (see Figure 4.10) have
been calculated at frequencies from 2.09 GHz to 2.31 GHz with a 20 MHz step and at the
2.2 GHz operating frequency alone. Final geometric parameters of the miniaturized BLC are
listed in Table 4.3. Table 4.4 demonstrates a total design cost of the method implemented in this
work in comparison to other competitive approaches. The ISM algorithm implemented in the
atomistic SBO method has converged in 5 iterations total—two iterations for UTLs; (i = 1) and
three iterations for UTLs; (i = 2)—which is more than eight times more efficient than a classic
holistic EMBO method applied to the same example. Average CPU time of a single 64-point
EM model evaluation is ~26 s for the atomistic SBO approach and 29 s for the holistic EMBO
approach (both methods used i7 2600k 8 GB RAM PC), resulting in a total EM design cost of
2.16 min in case of the former approach and 20.3 min in case of the latter one.

4.4 Experimental Results

Both final design examples discussed in the previous section have been manufactured and
measured (see Figure 4.11 and Figure 4.12). One should notice that the abbreviated MT has
been fabricated in a back-to-back configuration [see Figure 4.11(b)] for the source and load
impedance to be 50 Q. Theoretical characteristics of the circuits designed, obtained by means of
EM simulations, have been included for comparison purposes. It can be observed that the meas-
ured MT performance presents a reflection coefficient IS;;] < —15 dB in the specified frequency
band. Furthermore, measured characteristics of the fabricated MT demonstrate an 8% band-
width enlargement in comparison to the theoretical performance. Insertion loss ISy! is smaller
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than 0.7 dB in 0.85-1.9 GHz frequency range and smaller than 1 dB in 1.9-2.65 GHz band.
Lossless conductor used during EM simulations as well as the fabrication tolerance are account-
ed for differences in frequency characteristics between simulated and measured MT responses.
The comparison between theory and experiment also reveals that AS,; is ranged between 0.3 and
0.6 dB in the predefined frequency range. In case of the miniaturized BLC, an agreement be-
tween theoretical and experimental characteristics has been found (see Figure 4.12). It is im-
portant to emphasize that the 36% rate of miniaturization has been achieved without major deg-
radation in the performance of the circuit.

VVVVVVV I Y
@® n-UTLs,
100 e
C ........................ . ........................
Sl
‘6’ ..................................................
c
E ..................................................
S |
i
o
N
. °
1 2 3

lteration index j

Figure 4.10: Miniaturized BLC: a convergence plot for the ISM algorithm. Iteration index corresponds to
the number of high-fidelity model evaluations.

TABLE 4.3: FINAL DESIGN GEOMETRIC DESCRIPTION

Final design CMRCc
dimensions  n-UTLs; n-UTLs,
_ L o015 0.15
g H, 0.15 0.15
'_,; L, 2.55 3.05
H, 18 0.65

TABLE 4.4: MINIATURIZED BLC: A TOTAL DESIGN COST
Optimization method

. Holistic Atomistic
Total design cost
EMBO SBO EMBO SBO
Convergence YES YES YES YES
Total number of hlg_h-fldellty 42 7 15 5
model evaluations
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Figure 4.11: Abbreviated MT: (a) Frequency characteristics of the abbreviated MT (measurement) in
comparison with its theoretical performance (simulation); (b) Photograph of the abbreviated MT in
a back-to-back configuration.
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Figure 4.12: Miniaturized BLC: (a) Measurement vs. simulation performance of the miniaturized BLC;
(b) Layout of the manufactured miniaturized BLC.
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4.5 Conclusions

A computationally efficient design approach to microwave circuits with complex topologies has
been presented and experimentally validated. The generality of the method discussed makes it
suitable for a wide class of N-port unconventional microwave circuits conceived by a sequential
alternation of a conventional design solution. The introduction of the atomistic optimization
design approach as a vital alternative to a holistic optimization design methodology has been
found useful in application to computationally demanding microwave circuits with unconven-
tional topologies. Moreover, a combination of a sequential atomistic optimization approach and
the ISM technique has resulted in a method that outclasses other competitive design methodolo-
gies mentioned in this work. The robustness and computational efficiency of the method elabo-
rated in application to circuits with unconventional topologies has been obtained at the price of
finding an approximation of the global optimum, rather than the global optimum itself. The
computational gain from the application of the atomistic SBO concept promoted in this work is
much more impressive in case of the circuit described by more design variables. The number of
design variables, for which the utilization of this method is cost-efficient still remains an open
issue.
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Hybrid coupler application example of nested space mapping is showcased in Appendix A.

*k*x

Abstract: A methodology for rapid design of RF circuits constituted by compact microstrip reso-
nant cells (CMRCs) is presented. Our approach exploits nested space mapping (NSM) technology,
where the inner SM layer is used to correct the equivalent circuit model at the CMRC level,
whereas the outer layer enhances the coarse model of the entire structure under design. We
demonstrate that NSM dramatically improves performance of surrogate-based optimization of
composite CMRC-based structures. It is validated using four examples of UWB microstrip match-
ing transformers (MTs) and compared to previous attempts to surrogate-based compact structure
design.

5.1 Introduction

Design optimization of RF passive components for space-limited applications is a challenging
task constrained by rigorous specifications regarding size and the circuit performance. Typical-
ly, an initial design is obtained by replacing fundamental building blocks of a conventional cir-
cuit with composite structures of increased complexity, whose geometrical parameters are to be
adjusted to reach a compact design with a satisfactory performance. Due to the physical com-
plexity of the circuit, its reliable evaluation requires accurate, but CPU-intensive electromagnet-
ic (EM) analysis. Classical EM-driven design approaches, based either on laborious parameter
sweeps or direct optimization, are usually unfeasible [1], [2].
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High cost of EM optimization can be alleviated by means of surrogate-based optimization
(SBO) [3], where an improved design is obtained using computationally cheap replacement
models. However, SBO success can be mainly contributed to a relatively small number of ad-
justable parameters and to generally well-suited physics-based low-fidelity models available for
conventional RF circuits. In case of complex RF circuits, analytical coarse models are highly
inaccurate and their utilization causes convergence problems of the SBO process [4].

In [5], a technique exploiting the SBO concept in combination with the design problem decom-
position has been proposed. Despite its advantages, the method [5] requires an inconvenient
manual setup of multiple optimization problems, which circumvents the necessity to handle
a large number of parameters in a single optimization attempt. The method of [5] has been ex-
tended in [6] by fixing a number of designable parameters on the basis of theoretical premises
and low-cost preliminary studies of a low-fidelity model. However, this approach is also hin-
dered by the same drawback as [5].

Here, we propose a nested space mapping (NSM) approach for rapid design of compact CMRC-
based RF circuits. NSM constructs a two-stage surrogate model, with the inner SM layer ap-
plied at the level of the decomposed components of the structure under design, and the outer SM
layer applied for the entire circuit. NSM ensures excellent generalization capability of the surro-
gate model, which results in rapid design improvement. Our technique is demonstrated using
several UWB microstrip MTs and compared with two benchmark SBO methods.

5.2 Design Methodology. Nested Space Mapping Modeling of
CMRC Structures

5.2.1 Design Problem. Surrogate-Based Optimization

Let R; denote the response vector of a fine EM-simulated model of the CMRC structure of in-
terest. The task is to solve

X" =arg mXinU(Rf (x)) (5.1)

where U is an objective function implementing given design specifications. Ry is assumed to be
computationally expensive, which makes a direct optimization of U(R¢(x)) prohibitive.

To solve (5.1), we exploit surrogate-based optimization (SBO) that generates a sequence of
approximate solutions to (5.1), X", i =0, 1, 2, ... as follows (x? is an initial design) [7]:

x" = argminU (RS)(X)) (5.2)

The surrogate model R," is a fast representation of the fine model R;. In this work, R, is creat-
ed using a nested space mapping approach introduced in Section 5.2.2.

5.2.2 Nested Space Mapping Modeling

Figure 5.1 shows a typical CMRC component, its equivalent circuit representation, as well as an
example CMRC-based structure. Let Rscen(y) and Recen(y) denote the responses of the fine (EM-
simulated) and coarse (circuit-simulated) models of the CMRC component; vector y represents
geometry parameters of the component. Let R¢(x) and R(x) stand for the fine and coarse models
of the entire CMRC structure with x being a corresponding vector of geometry parameters.

The nested SM approach proposed here builds up the surrogate model of the CMRC structure
starting from the component level. Let Rsqcn(y.p) be a generic component surrogate, which is
a composition of R, and suitable SM transformations; p denotes extractable SM parameters
of the model. The SM surrogate Rs . 0f a component is obtained as
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Figure 5.1: (a) Typical CMRC component (here, double-T), (b) its equivalent circuit, (c) exemplary
CMRC-based matching transformer.

Rs.cell (y) = Rs.g.cell (y1 p*) (53)

where

. _ i N Noat () ()
p=argmin 3[R,y (¥, P) =R (¥*)
Here, y%, k = 1, ..., Ne, are the training designs. We use the star-distributed base with Ny =
2n + 1, where n = dim(y). For design cases shown in Section 5.3, R g iS constructed using
a combination of input, implicit and frequency SM [3]. The model Rs is established to be
valid in the entire range of parameters y used in the subsequent CMRC structure design.

| (5.4)

Let R 4(x,P) be the generic SM surrogate of the entire CMRC structure, composed of the SM
models of CMRC components, i.e., Rsg(X,P) = Reg([ys; --; Ypl.P) = F(Rs,g,ce“(yl,p*),...,
Rs,g,ce"(yp,p*),P). In case of MTs considered in Section 5.3, the function F realizes cascade con-
nection of S-parameters of individual components; the parameter vector X is a concatenation of
component parameter vectors Y. The “global” SM parameter vector P is normally defined as
perturbations (with respect to p*) of selected SM parameters of individual components.

The outer SM level is applied to the global model R4(x,P), so that the final surrogate R\ uti-
lized in the ith iteration of the SBO scheme (5.2) is defined as

RY(x) =R, (x",P") (5.5)

S

where

PY =arg ijn‘

R, (x".P)-R, (x“))H (5.6)

In practice, the number of parameters in P is much smaller than the combined number of SM
parameters of CMRC components (i.e., multiple copies of a vector p’). This is sufficient be-
cause the inner SM layer already provides good alignment between the Rsce and Rycey SO that
the role of (5.5), (5.6) is to compensate for couplings between CMRC components that are not
accounted for by the composing function F.

5.2.3 Generalization Properties of NSM. Algorithm Convergence

The fundamental advantage of NSM is that a globally accurate surrogate model of CMRC com-
ponent obtained by (5.3), (5.4) (inner SM layer, see also Figure 5.2), ensures good generaliza-
tion capability of the final NSM surrogate. Figure 5.3 shows the responses of the NSM surro-
gate before and after parameter extraction (PE) (5.5). The surrogate (i.e., R4) matches the fine
model well even before PE. PE is executed using only a few parameters and allows us to quick-
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ly compensate for the couplings between the CMRC components, which is not accounted for by
the component models themselves. At the same time, NSM model exhibits excellent generaliza-
tion as indicated in Figure 5.3(b).

Conventional SM modeling of the entire transformer (i.e., correction of its coarse model R.) is
a much more complex process: (i) the coarse model of the entire transformer is much less accurate
than R4 [cf. Figure 5.4(a)], (ii) large number of SM parameters is required, (iii) parameter extrac-
tion is more difficult and time consuming, and (iv) generalization capability of the model is poor [cf.
Figure 5.4(b)]. Sufficient accuracy of the underlying coarse model and good generalization capabil-
ity of the surrogate are essential for fast convergence of the SBO optimization process (5.2) [4]. The
NSM model has both aforementioned features [here, the global model R4 is formally a coarse mod-
el for (5.2)], which results in rapid design of CMRC-based structures as demonstrated in Section 5.3.

1

Q:" 0.5

Frequency [GHz]
Figure 5.2: Nested SM modeling of double-T CMRC component. Responses at the selected test designs:

coarse model (----), fine model (—), NSM surrogate (o).
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Figure 5.3: Nested SM modeling of double-T CMRC-based transformer: (a) fine (—), NSM surrogate
before parameter extraction (----) and NSM surrogate after parameter extraction (0); (b) NSM surrogate
extracted at the design of Figure 5.4(a) shown at other designs (o) as well as corresponding fine model

responses (—). Generalization capability of the NSM surrogate is very good.
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Figure 5.4: Conventional SM modeling of double-T CMRC-based MT: (a) fine (—), SM surrogate be-
fore parameter extraction (----) and SM surrogate after parameter extraction (0); (b) SM surrogate extract-
ed at the design of Figure 5.4(a) shown at other designs (o) as well as corresponding fine model responses
(—). Note poor generalization capability of the conventional SM surrogate.
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5.3 Case Studies

In this section we validate a methodology of Section 5.2.2. For all cases, the generic SM surro-
gate takes the form of R g can(y,p) = Rce(B-x+c,p;), where B and ¢ are input SM parameters (we
use diagonal matrix B), p; are implicit SM parameters (here, substrate parameters for individual
microstrip models), and frequency scaling (R.r denotes frequency scaled R, with the affine
scaling function F(w) = fo+ w-f;, where fy, f; are extractable parameters).

A double-T structure [Figure 5.1(a)], described by 4 geometric parameters y = [I; I, wy w,]" (di-
mensions I; = 0.2 and ws = 0.2 are fixed) with a total of 16 SM parameters, and a C-shaped cell
[Figure 5.4(a)] with 5 geometric parameters: y = [l I, w; w, ws]" (a total of 18 extractable SM
parameters) have been used for verification (all geometry parameters are in mm).

The high-fidelity models Rt of both structures and their SM surrogates R [see Figure
5.1(a)-(b) and Figure 5.5(a)-(b)] are implemented in CST MWS [8] (RF-35 substrate with
h =0.76 mm) and Agilent ADS [9], respectively.

5.3.1 MTs Based on Double-T-shaped CMRCs

Consider a cascade of double-T CMRC components, Figure 5.1(c), used for a construction of
three- and four-section MTs. The design objective is to achieve |Sy;| < -15 dB in UWB band
(3.1 to 10.6 GHz). The vector of initial design parameters of each section is: y =[0.65 0.35
0.55 3.75]".

A three-section MT (i) is designed to match 50 Q to 100 Q impedance. The final design:
x =[0.54.36 0.76 0.2 0.5 3.73 0.49 0.2 0.5 3.22 0.24 0.2] " is obtained after two iterations of the
NSM technique (|Sy;| <-17.5 dB for 3.1 GHz to 10.6 GHz).

A cascade of four cells, constitutes a 50-t0-130 Q MT (ii). The final MT design denoted by:
x =[1.0 3.52 0.85 0.2 0.8 4.10 0.58 0.05 0.8 3.09 0.1 0.25 1 2.315 0.13 0.05]" is obtained after
only three iterations of the proposed algorithm (|Sy;| < —16.5 dB for 3.1 GHz to 10.6 GHz). It
should also be noted that the inner SM layer correction is used to build a generalized CMRC
model that can be reused many times as a library component. Typically, the CPU cost of such
process is not included in the overall design cost. Here, this cost is added in Table 5.1.

One should emphasize that for both MTs, the number of the outer layer SM parameters P is
much smaller than the combined set of SM parameters for the inner layer (11 vs. 48 for the first
MT and 14 vs. 64 for the second one) as only frequency scaling and selected implicit SM pa-
rameters are used (three substrate heights for each cell). The particular choice of the output SM
layer parameters is not critical, however, it is recommended to have some parameters for each
individual cell of the entire structure. Reduction of the number of parameters (possible because
of excellent generalization capability of NSM) considerably speeds up the design process. The
reflection characteristics of (i) and (ii) MTs are shown in Figure 5.6(a).

T
W, —>|2<—
} } }
W, Wa
P A o) o
(a) (b)
(©)

Figure 5.5: C-shaped CMRC component: (a) geometry; (b) equivalent circuit; (c) conceptual geometry of
three-section MT.
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5.3.2 MTs Based on C-Shaped CMRCs

Consider a three-section MT composed of cascaded C-shaped structures shown in Figure 5.5(c).
The objective is to achieve |S;;| <15 dB in the frequency band of interest.

The MT (iii) is designed to match 50 Q to 100 Q impedance within 3.1 to 10.6 GHz. The ini-
tial design variables of Rgc(y) are: y = [0.2 1 0.2 4 0.2]", while vector P is set to 0. The final
design, x = [3.0 0.5 0.4 0.997 0.15 4.58 0.45 0.33 0.175 0.16 4.37 0.198 0.15 0.15 0.15]"

[Figure 5.6(b)], is obtained after three iterations of NSM (|S;;] < —14.7 dB for 3.1 to 10.6
GHz).

The same C-shaped model is used for the design of a 50-to-130-Ohm MT (iv) desired to work in
the 1 to 3.5 GHz band. Initial vector of Ry (y) design parameters is: y = [0.5 1 0.2 10 0.2]" and
all SM perturbations P are set to 0. The optimized design, x = [10.0 0.3 0.5 1.21 0.177 8.98 0.3

0.19 1.5 0.20 10.0 0.3 0.15 0.97 0.15]", Figure 5.6(b), is obtained after three iterations of NSM
(|S11| <-17.0 dB for 1.0 GHz to 3.5 GHz).

5.3.3 Comparison with Benchmark Methods

The computational efficiency of NSM is compared with implicit space mapping [3] and sequen-
tial space mapping [5], previously used for CMRC structure design. The proposed technique
results in the smallest number iterations necessary to yield an optimized geometry (see Table
5.1) for all considered cases. The overall design cost, including high- and low-fidelity model
simulations, is given in square brackets of Table 5.1. Additionally, a comparison with direct
optimization of the EM transformer model is included (here, using pattern search) to show that
the latter method is virtually impractical for the design of complex MTs.

[l /
g N o\ /
= o\ oC0H L S AN
= 200\ A7 KN = LA
%3 Y, v/ 7 '-.'"'.v/

‘}. / A\VAS \ I 204
\ 4
-30—% : - 25—+ ; -
2 4 6 8 10 12 0 5 10
Frequency [GHZz] Frequency [GHZz]
@ (b)

Figure 5.6: Reflection responses of the optimized MTs: (a) double-T CMRCs (i) (—), and (ii) (- - -);
(b) C-shaped CMRC:s (iii) (—), and (iv) (- - -).

TABLE 5.1: DESIGN OPTIMIZATION COST

Design Cost (number of EM simulations)

SBO method
MT (i) MT (ii) MT (iii) MT (iv)
This work 2[3.2]" 3[3.8]" 3[4.2]" 3[41]"
Implicit SM [3] 8[9.9]° 9[12.1° 107 [13.7]° 7 [10]°
Sequential SM [5] 7[8.21° 10 [11.7]° 8[10.4]° 6 [7.3]°
Direct Search 406 500" 500" 520

* The algorithm started diverging and was terminated after 10 iterations

* The algorithm failed to find a geometry satisfying performance specifications

* Including the inner SM layer cost (note: this cost would not be taken into account in practical situa-
tions where inner-SM-corrected cell models are treated as multiple-use library models

% Includes the cost of parameter extraction and low-fidelity model refinement
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5.4 Conclusion

In this work, a nested SM optimization technique is presented. The advantage of our approach
lies in setting up a globally accurate surrogate model, which significantly decreases the overall
design cost, reduces the number of extractable surrogate model parameters, and makes the op-
timization process more robust. NSM is validated using several test cases, resulting in average
optimization cost of three iterations, which is a significant speedup compared to competitive
surrogate-based methods.
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Abstract: This work presents a robust methodology for expedited simulation-driven design opti-
mization of compact microwave hybrid couplers. The technique relies on problem decomposition,
and a bottom-up design strategy, starting from the level of basic building blocks of the coupler,
and finishing with a tuning procedure that exploits a fast surrogate model of the entire structure.
The latter is constructed by cascading local response surface approximations of coupler elemen-
tary elements. The cross-coupling effects within the structure are neglected in the first stage of the
design process; however, they are accounted for in the tuning phase by means of space-mapping
correction of the surrogate. The proposed approach is demonstrated through the design of a com-
pact rat-race and two branch-line couplers. In all cases, the computational cost of the optimization
process is very low and corresponds to just a few high-fidelity electromagnetic simulations of
respective structures. Experimental validation is also provided.
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6.1 Introduction

Hybrid directional couplers are essential building blocks implemented in humerous balanced-
type applications of contemporary microwave engineering, such as balanced mixers or ampli-
fiers [1]. Typical examples of equal-split couplers include branch-line couplers (BLCs) [2],
and rat-race couplers (RRCs) [3]. These offer an equal power division between the output
ports with a given phase shift—90° in the former case, and 0° or 180° in the latter. Unfortu-
nately, this desired behavior can be obtained only at the center frequency of the operational
bandwidth, in the vicinity of which the ideal performance is merely approximated. The nar-
rowband character of these hybrids results from their modular architecture, primarily based on
quarter-wavelength uniform transmission lines (UTLs). This, in turn, leads to excessively
large layouts, usually violating the design guidelines of space-limited applications. To address
this issue, many researchers focus on finding alternative realizations of microwave compo-
nents with a non-deteriorated functionality and small-size footprints [4]. Most commonly, this
is done through composite transmission lines featuring a slow-wave effect. Although con-
structing microwave couplers with abbreviated composite lines may offer circuit miniaturiza-
tion, it also increases numerical complexity of the design problem to the point where the ap-
plication of approximated theoretical analysis is no longer valid [5]. The intricate layouts of
compact circuits may be accurately evaluated only by means of high-fidelity electromagnetic
(EM) simulations. These, however, are extremely CPU-intensive, which is a serious bottle-
neck for design approaches that rely heavily on them [6]. A possible solution to this problem
is surrogate-based optimization (SBO), in which a direct treatment of an expensive high-
fidelity model is replaced by a sequence of optimization tasks that involve an iteratively cor-
rected (using sparse high-fidelity simulation data) low-fidelity model [7]. This leads to a dra-
matic reduction in the computational cost of the optimization process [8]. Probably the most
recognized SBO technique in contemporary microwave engineering is space mapping (SM)
[9]. This method often requires fast and well-aligned equivalent circuit models, which are
typically not available for compact circuits [10]. Such models usually exhibit poor generaliza-
tion and susceptibility to non-unique results of the parameter extraction process, both hinder-
ing the effectiveness of SM applied to the given problem [11].

In this work, a methodology for a reliable and rapid design optimization of computationally
expensive compact microwave couplers is presented. A modular architecture of these devices
allows for problem decomposition, and expedited EM optimization of their individual building
blocks. This is done at a low CPU cost compared to a single EM simulation of the entire cou-
pler. Subsequently, SBO is used to compensate for cross-coupling effects between the adjacent
elements that compose the device. The tuning is realized with the underlying surrogate built
from response surface approximations (RSAs) of optimized coupler elements, and SM for mod-
el correction. The proposed approach is demonstrated by three design examples. Final solutions
are obtained at a low computational cost, and occupy only a fraction of the initial area, while
illustrating a perfect performance.

6.2 Surrogate-Assisted Coupler Design

In this section, the design optimization approach is described, including optimization of the
coupler building blocks, construction of the RSA models and surrogate-assisted tuning of the
entire device.

6.2.1 General Design Scheme Overview

The main challenge of a reliable simulation-driven design of compact couplers is the CPU
cost associated with their high-fidelity EM analysis (typical simulation times varies from doz-
ens of minutes to several hours per design, depending on the complexity [10]). On the other
hand, an accurate EM simulation of coupler building blocks can be performed at a low com-
putational cost (in practice, this corresponds to two to three orders of magnitude less than
a single high-fidelity EM analysis of the entire coupler). In this article, this is exploited by
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finding optimized geometries of the detached slow-wave cells, i.e., constitutive elements of
the coupler under design. By doing so, perfect coupler performance is obtained, assuming
a lack of interactions between its building blocks and the phase shifts introduced by the T-
junctions that connect the cells within the coupler. In practice, however, these assumptions do
not hold and the transmission characteristics of the coupler are degraded for the geometry
parameter values obtained as above. To address this issue, a surrogate-assisted coupler fine-
tuning is performed with the underlying low-fidelity model constructed from cascaded local
RSAs of the optimized slow-wave cells. In general, this is an iterative process; however, as
demonstrated by the case studies (cf. Section 6.3), one iteration is normally sufficient. One
should note that the key advantage of the proposed approach lies in the ability to arrive at the
optimized design within a single and fully automated process at the CPU cost equivalent to
less than a few EM evaluations of the entire coupler (the coupler itself is simulated only at the
tuning stage, i.e., at the initial design produced by cell optimization, and for the verification of
the fine-tuning result).

6.2.2 Cell Optimization

Slow-wave cells are vital microwave components commonly used for the development of small-
size couplers. Numerous examples of slow-wave cells can be found in the literature [4]. In gen-
eral, compact couplers can be composed of more than one cell. Thus, two different approaches
to cell optimization are considered here, i.e., sequential and concurrent.

6.2.2.1 Sequential Cell Optimization

The cells are optimized to satisfy certain design requirements, i.e., to obtain a required phase
shift ¢, arg(S,1), at the operating frequency f,, as well as to minimize the return loss |Sy| at fo
and around it. The task is formulated as

X, =arg minU (x) (6.1)

where U(x) is the objective function given by

U(x):{ max

fo—df < f < fo+df

S (x: )+ B-[arg (S, (x; fo))—¢c]2} (6.2)

Here, x is a vector of geometry parameters of the element under design. The electrical perfor-
mance pertaining to a given cell depends on the dimensions (lengths and widths) of stripes and
slots that constitute the cell. The components of the vector x are all relevant dimensions of
a given cell. The primary objective is to reduce the so-called return loss |S;;| over a specific
frequency band. In (6.2), S11(x;f) and S,i(x;f) denote explicit dependence of S-parameters on
frequency. Thus, the first component of (6.2) is the maximum value of |S;y| in the frequency
range f, — df to fy + df. In other words, the process (6.1) aims at minimizing |Sy| in the vicinity
of fo (in practice, the three frequency points: f,— df, fo, and fo + df are utilized). The second term
in (6.2) is a penalty function, with f being a penalty factor. It aims at forcing arg(S;) to the
required phase shift ¢.. The value of £ is set to ensure that even a small violation of the phase
requirement results in a meaningful contribution to the penalty function. Here, for 8= 10, devi-
ation of arg(S,;) from ¢, by 0.01 degree results in the penalty function value of 1, which is a few
percent of the primary cost function value; for deviation by 0.1 degree, the penalty function
becomes a dominant component of U. Thus, formulation (6.2) allows for obtaining the required
phase shift with good accuracy.

The problem (6.1) is solved using a pattern search algorithm [12]. The optimization process
(6.1) is done sequentially, i.e., it is repeated for each type of elementary cell of a coupler under
design.
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6.2.2.2 Concurrent Cell Optimization

Another approach to cell optimization assumes that the specific building blocks of a compact
coupler under development are physically complementary, meaning that some of their geometry
parameters are interdependent to ensure tight fit of the cells inside the target structure. The
aforementioned dependence can be formally expressed as x; = fl(x) Xo = (%), ..., X = fi(x),
where x is a composite vector of all geometry parameters, and x;, i = 1, 2, ..., is a vector of ge-
ometry parameters pertaining to the ith slow-wave cell. In practice, f; may be a projection, in
which case x; contains selected components of the vector x; otherwise, it is composed of both
independent geometry parameters of a given cell, and geometry constraints that ensure layout
consistency. Specific realizations of such functions are provided in Section 6.3.3.

For the purpose of concurrent cell optimization, a different formulation of the objective function
U(x) of (6.2) is used. Here, U(X) is the aggregated cost function, whose value depends on the
given design specifications and response vectors pertaining to high-fidelity models of all slow-
wave cells involved in the design process, Ri(x;j). Note that all high-fidelity EM models—
evaluated during each iteration of the optimization algorithm—include only internal EM effects
present within each cell, and neglect cross-coupling phenomena between them to keep the cost
of the corresponding EM analysis low. The aggregated objective function for concurrent opti-
mization of two complementary cells is defined as
2
U(x)=, max 418 (% F)],[Susa (x5 )] }+ﬂ2[arg ai(x:f)-4] (6.3

Analogically to (6.2), S11i(x;f) and S,1;(x;f) denote explicit dependence of S-parameters on fre-
quency for the ith cell. Parameters S and ¢ are defined exactly as in Section 6.2.2.1.

6.2.3 Response Surface Approximation Models

The local RSA model of the cell, utilized in the tuning process (cf. Section 6.2.4), is constructed
in the vicinity of its optimized design, x.", defined as [x. —dx, x. + dx]. The model uses 2n+1
(n = dim(x)) EM simulations of the ceII at X% = x;” and at the perturbed designs X = [Xex
Xelkil + (= D dX k2] ... Xen 1 k= ,2n, where x. and dx, are kth components of the vec-
tors . and dx, respectlvely The RSA model R¢(X) of the cell is a simple second-order polyno-
mial without mixed terms:

RC(X) G +Zk 1C'<Xk +Zk -1 nk X (64)

with the parameters identified as least-square solution to the linear regression problem R (x.)
= R(xM), k=0, 1, ..., 2n, where R; denotes the high-fidelity (fine) EM model of the cell. The
above process is repeated for each type of the elementary cell present in the coupler. The RSA
model R, of the entire structure is subsequently constructed by cascading the RSA cell models
using ABCD matrix representation.

The truncated form of the polynomial model is chosen here primarily because of the small num-
ber of the training points required for its setup (increasing linearly with the design space dimen-
sion), as opposed to the models with cross-terms that scale with a polynomial rate (equal to the
polynomial order).

6.2.4 Surrogate-Assisted Design Refinement

To account for EM couplings between the cells, as well as other phenomena, e.g., T-junction
phase shifts, final tuning of the coupler is required. The tuning procedure is realized as SBO
process:

x' =arg min H (Rii)(x)) (6.5)
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The vectors x¥, i =0, 1, ..., approximate the solution to the coupler design problem X =
argmin{x : H(R«(x))} (H encodes design specifications for the coupler), whereas R." is the sur-
rogate model at iteration i. R\" is constructed from the RSA model R using input SM [8]:

R (x)= Rc(x+q(i)) (6.6)

where q® is the input SM shift vector obtained using the usual parameter extraction procedure
of the form

R, (xm) _ Rc(xm “I)H} 67)

that aims at reduction of misalignment between R, and the EM coupler model R;. Note that the
high-fidelity model Ry is not evaluated until the tuning stage. In practice, a single iteration (6.5)
is sufficient. The overall cost of the coupler design process is therefore very low and usually
corresponds to a few simulations of the entire coupler including cell optimization and construc-
tion of the RSA models.

q" = argmin{q: ‘

6.3 Case Studies

In this section, the methodology of Section 6.2 is showcased using the most popular equal-split
couplers, namely, RRCs and BLCs. In each case, a compact coupler is constructed as a devia-
tion from a classic design solution. A conventional RRC, shown in Figure 6.1(a), comprises six
quarter-wavelength UTLs of V2-Z, impedances, where Z, is the system impedance [1]. Hence,
the cell optimization stage of the proposed method aims at reaching only one cell solution. On
the other hand, a conventional BLC [Figure 6.1(b)] is built from four quarter-wavelength UTLs,
but described by two different impedances, i.e., Zo and Zy/N2. Thus, one deals here with the
optimization problem of two separate cells. It is worth noting that exact definitions of coupler
elements in Figure 6.1 determine a perfect performance of the respective components at the
center frequency, i.e., an equal power division between output ports 2 and 3, infinite isolation at
port 4, and perfect matching at port 1 [2]. For all design cases, the high-fidelity EM models
have been implemented in Sonnet em using a 0.025 mm x 0.025 mm grid setup [13], and simu-
lated on a personal computer with 8-core Intel Xeon 2.5 GHz processor and 6 GB RAM.

6.3.1 Rat-Race Coupler Design

The task here is to perform design optimization of a compact RRC. A Taconic RF-35 dielectric
substrate (¢, = 3.5, h = 0.762 mm) is selected for the physical realization (Z, = 50 Q). The circuit
is assumed to work over a 20% fractional bandwidth defined for the return loss and isolation
[S11], [Sa1] <20 dB, with an equal power split (|Sx| = |Ss1) at fo = 1 GHz center frequency. For
comparison purposes, a conventional RRC is also designed according to the theoretical solution
of Figure 6.1(a). Its exterior dimensions are: 47.7 mm x 96 mm.

The above requirements can be translated into design specifications pertaining to the basic
building block of a compact RRC. Thus, the objective of the first stage of the design process is
to find the best layout of a slow-wave cell that offers a —90° phase shift, ¢, at fo, and |Sy;| <20
dB over the operational bandwidth, when terminated with 70.7-Q ports. The specific realization
of the slow-wave cell is shown in Figure 6.2(a). It is described by a vector of six designable
parameters X, = [X; X, Xs X4 Xs Xo]'. Cell optimization is executed as given in Section 6.2.2.1.
Starting from the initial design solution, x., the task aims at minimizing the return loss |Syy] in
the neighborhood of f,, more precisely at 0.9 GHz, 1 GHz, and 1.1 GHz, which covers the entire
operational bandwidth. The penalty function (6.2) is used to arrive at the final result, x, , for the
specified phase shift .= —90° at 1 GHz. Next, an RSA model of the optimized cell is devel-
oped, as described in Section 6.2.3. It is subsequently used to assemble an RRC surrogate for
the purpose of circuit fine-tuning and cross-coupling compensation (coupling between the adja-
cent cells is neglected in the first stage of the design process). This procedure, realized accord-
ing to Section 6.2.4, returns the final design solution, X, after a single iteration.
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Figure 6.1: Typical hybrids: (a) rat-race coupler and (b) branch-line coupler.

The lower/upper bounds I/u of designable parameters, as well as the initial and final design so-
lutions for each design step are listed in Table 6.1. The EM analysis of the entire structure at X,
shows a 5-MHz alteration of the center frequency, due to neglecting of cross-coupling and T-
junction phase effects in the assembled RSA model of the given coupler. This is successfully
fine-tuned, resulting in a compact RRC with an ideal performance as shown in Figure 6.2(b).
The entire design process is negligible CPU-wise when compared to excessive computational
expenses of classical EM-based optimization methods. Here, the total design cost is about 25
hours, which corresponds to less than three high-fidelity EM analyses of the compact RRC. The
overall cost can be broken down into the following components: slow-wave cell optimization
(80 EM cell simulations at three frequencies, ~164 min of CPU time), RSA model construction
(13 EM cell simulations with adaptive frequency sweep, ~89 min), and two EM analyses of the
entire RRC (at x. and at x", ~1280 min; adaptive frequency sweep, 10 frequencies per simula-
tion). The estimated cost of direct optimization exploiting a high-fidelity EM model of the com-
pact RRC is approximately 100 EM simulations of the structure at hand (>1000 hours of CPU
time).

To validate theoretical predictions, the final design has been fabricated and measured. Experi-
mental characteristics, included in Figure 6.2(b), are slightly degraded in comparison to the
performance of the high-fidelity EM model. This can be attributed to the idealized nature of
conducted simulations, where the fabrication tolerances, the substrate anisotropy or the influ-
ence of SMA connectors have not been involved. The exterior dimensions of the final design
are 21.5 mm x 37.9 mm, which is only 17.8% of the substrate area dedicated for the conven-
tional circuit.

Table 6.2 shows a comprehensive comparison of the compact RRC presented in this article,
with state-of-the-art designs from the literature. Based on two figures of merit, i.e., the fraction-
al bandwidth, and miniaturization, one can see that the fabricated RRC presented here offers
a broader operational bandwidth with comparable or superior miniaturization than competitive
results. The only exception is the structure proposed in [16], which stands out as the smallest
RRC in the literature. However, the performance of this coupler is far from ideal, especially in
terms of |Sy| and [Szy|, which can be attributed to the lack of EM design closure of the structure
of interest.
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Figure 6.2: Design case no. 1: (a) Parameterized layout of the composite cell proposed in [5]; Simulated
(—) vs. measured (o) frequency characteristics of the compact rat-race coupler.

TABLE 6.1: DESIGN CASE NO. 1: DESIGN BOUNDS AND SOLUTIONS (ALL DIMENSIONS IN MM)

X1 X X3 X4 Xs Xg

I 0.1 0.8 02 01 01 1
u 3 1.1 2 05 05 8
x0 1 095 04 0.1 0.1 5

Xo 215 095 0275 01 0125 6.275

X 2225 095 045 0.1 0.125 6.1

TABLE 6.2: DESIGN CASE NO. 1: COMPARISON OF COMPACT RRCs: BANDWIDTH (BW), ELECTRICAL SIZE
AND MINIATURIZATION

Reference BW? (%) Electrical size (14 % 1) Miniaturization® (%)

Conventional 26 0.26 x 0.52 none
[14] 19.7 0.26 x 0.26 50
[15] 9.6 0.22 x 0.22 64.2
[16] 29.1 0.07 x 0.13 93.3
[17] 6.4 0.08 x 0.09 94.7
[18] 185 0.11 x 0.20 83.7
[19] 9.5 0.13 x0.23 77.9
[20] 16.8 0.14 x 0.14 85.5
[21] 75 0.24 x 0.25 55.6
[22] 17.2 0.19 x 0.19 73.3

This work 27.2 0.12 x 0. 20 82.2

& Bandwidth is defined as a symmetrical intersection of |Sy;| and |S4,| <20 dB
® Miniaturization is computed based on the electrical size of a conventional RRC of this work

6.3.2 Branch-Line Coupler Design with Sequential Cell Optimization

The goal is to design a compact BLC following the methodology of Section 6.2. A Taconic RF-
35 dielectric substrate (e, = 3.5, h = 0.508 mm) is chosen for circuit implementation with
Zo = 50-Q ports. The design specification is: center frequency fo = 1 GHz, |Sy|, [S4| < 20 dB
for 0.96 GHz to 1.04 GHz (this corresponds to an 8% fractional bandwidth), and an equal power
division (|Sy| = |Ss1|) at fo. For the sake of size comparison, a conventional BLC is designed
using the above criteria. The area of this component is 45.65 mm x 48.15 mm.

As given in Figure 6.1(b), the first stage of the design process is aimed at obtaining the best
layouts of slow-wave cells that illustrate a —90° phase shift, ¢, at fo, and [Sy;| < —20 dB within
the prescribed frequency range when loaded with 35.36-Q and 50-Q resistances, respectively.
The specific implementation of the cells is presented in Figure 6.3(a). Each structure is de-
scribed by seven designable parameters: X = [X1 X2 X3 X4 X5 Xg x7]T, where i is the index of the
respective element. In the given example, cell optimization is performed sequentially, with the
upper bounds of Cell, adjusted to prevent layout overlapping (see Section 6.2.2.1). Starting
from the respective initial design, X, each cell is optimized individually to reach the minimal
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return loss in the vicinity of f,, having in mind that Cell; and Cell, are terminated with 35.36 Q
and 50 Q, respectively. The objective function is computed at three frequency points around f,
with df = 40 MHz, which covers the entire operational bandwidth. Having obtained the final
results of Celly, X¢; , the upper bounds for Cell, parameters are limited to U ™ a5 a precaution-
ary measure for possible layout overlapping. The final optimization results of Cell, are given by
X2 - Next, RSA models are developed in the vicinity of previously optimized designs. These are
subsequently combined into a fast model of the entire BLC, whose SM-enhanced version is later
exploited as the underlying surrogate for the SBO-like fine-tuning procedure. Note that the X¢;,”
and x.;  coupler design solution requires compensating for interactions between the adjacent
cells, as its EM simulation shows a ~15-MHz deviation from ideal BLC characteristics. Howev-
er, after only one cycle of the tuning procedure, the final structure of x,” and x,” demonstrates
perfect frequency characteristics, as shown in Figure 6.4(a), while occupying a 16.25 mm X
16.95 mm area, which translates into 12.4% of the conventional coupler size. The measurement
results, included in Figure 6.4(a) for validation purposes, are in agreement with simulated char-
acteristics, with minor discrepancies caused by a simplified setup of simulations (e.g., lack of
SMA connectors, smooth metallization). A complete list of results is gathered in Table 6.3.

The entire design procedure has been conducted within a low computational budget of ~526
min, which translates into ~4.8 high-fidelity EM evaluations of the entire compact BLC. The
detailed breakdown of this process is as follows: sequential slow-wave cell optimization takes
~216 min (every cell needs 120 EM simulations at three frequency points each), RSA model
construction requires ~90 min (in total 30 EM simulations with adaptive frequency sweep), and
two EM evaluations of the entire BLC take 220 min. In comparison to the estimated cost of
direct EM optimization (>400 hours of CPU time), the proposed design method provides relia-
ble results about 50 times faster.

X3 X3
XZI —»‘X‘<— . | X
4 9
- X Sy
Cell, 1 BOE e |
X, R A
¢ X X Ll
i 7 ° Yo T
I X, o
ol : y
!

(@) (b)
Figure 6.3: Parameterized layouts of composite cells, where Cell; and Cell, are 35.36-Q and 50-Q cells,
respectively: (a) design case no. 2; (b) design case no. 3.

TABLE 6.3: DESIGN CASE NO. 2: DESIGN BOUNDS AND SOLUTIONS (ALL DIMENSIONS IN MM)

X1 Xo X3 X4 Xs5 Xs X7
lar 01 18 01 01 01 1 5
Ugt 3 3 05 05 10 15
le2 0.1 01 01 01 1 5

UM 3 1.3 3 05 05 10 15

ug™ 3 1.3 3 045 045 4 15

%e© 1 1.9 1 02 02 10 8

Xe2® 1 115 2 02 02 355 15
X 0225 19 2 02 0175 7975 6.95
Xz 0925 115 11 02 0375 39 1135
X1 06 19 195 02 015 7925 6.7
Xo" 05 115 1125 02 0325 385 115
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6.3.3 Branch-Line Coupler Design with Concurrent Cell Optimization

In the previous case study, the constitutive elements of the compact BLC have been optimized
sequentially using suitably selected upper bounds for the second structure to avoid layout over-
lapping. In many practical instances, this approach can reduce the design space to the point
where no desirable solution can be found. To address this issue, concurrent optimization of the
slow-wave cells is carried out in the present case study. This way, the lower and upper bounds
of designable parameters may be sufficiently large, so that the target solution is located inside
the design space pertaining to each cell. Moreover, geometrical dependence of the selected de-
signable parameters is used as a precautionary measure against layout conflicts and to ensure
a high compression of the layout.

The main task here is to find an optimized design solution of a compact BLC that satisfies de-
sign specifications defined in Section 6.3.2, using complementary slow-wave cells of Figure
6.3(b). Note that these slow-wave cells are arranged according to their intended placement in the
target BLC. The geometry of Cell; and Cell, is defined by vectors X; = [X; Xo X3 X4 X5 Xs x7]T and
Xo = [Xs Xo X10 X11 X12 Y1 Y2 V3], respectively. All parameters x; — Xy, are independent, whereas
parameters y; — ys; depend on specific elements of vector x; as well as the parameter d, which
represents a predefined distance between the cells. In this example, geometry constraints put on
Cell, to force its good fit into a compact layout of the coupler under design are as follows:
Y1 =0.5(X7 + d/2 — Xg — 2-X10 — 2.5"X12), Y2 = X1 + X3 + X4 + Xg — d — X1» and y; = Xg + X;» — d, where
d is set to 0.2 mm. Concurrent cell optimization is executed according to Section 6.2.2.2. Start-
ing from x.%, the optimization process reaches final design solution x.". The latter corresponds
to the constrained optima for individual cells as follows: fi(x.) = [0.375 1.9 3.35 0.225 1.55
0.125 8.05]" mm and f,(x;) = [0.375 1.15 0.1 0.35 1 3.65 2.875 0.95]" mm. Despite perfect
frequency characteristics of the optimized cells, the initial BLC design of the fine-tuning stage,
given by x© = ., shows a ~25-MHz shift in the return loss and isolation. Again, this deteriora-
tion is caused by T-junction and cross-coupling effects that are neglected at the initial design
stage. One can observe that the after-tuning BLC design solution, described as f,(x) = [0.475
1.93.250.225 1.5 0.125 8.05]" mm and f,(x) = [0.125 1.15 0.125 0.375 0.95 2.7 2.925 0.875]"
mm, shows the desired transmission characteristics as presented in Figure 6.4(b). The final cir-
cuit consumes a 17.78 mm x 20.1 mm layout area, which corresponds to only 16.3% of the die-
lectric substrate needed for accommodating a conventional BLC designed for the same specifi-
cations and operating frequency. The measurement characteristics of the fabricated BLC, in-
cluded in Figure 6.4(b) for the validation of numerical result, are comparable to the performance
of the simulated BLC, where minor discrepancies are probably due to the lack of metal surface
roughness and dielectric anisotropy in EM simulation, as well as geometrical differences (fabri-
cation tolerance) between the EM model and the prototype. The detailed results of the design
process are summarized in Table 6.4.

The entire procedure has been carried out rapidly at the CPU cost corresponding to about 4.4
high-fidelity EM analyses of the final BLC. In detail, concurrent cell optimization takes ~150
minutes (200 evaluations at three frequency points), the construction of RSA models lasts ~63
minutes (25 evaluations at 10 frequencies), and the evaluation of the entire compact coupler
takes ~180 minutes (2 EM simulations, i.e., at the initial and final designs of the tuning phase).
One should bear in mind that direct optimization would require several hundred such evalua-
tions, which is virtually infeasible.

Additionally, compact BLCs of Section 6.3.2 and 6.3.3 are compared with state-of-the-art
small-size hybrids from the literature, as given in Table 6.5. The assessment of these couplers,
based on the fractional bandwidth and circuit miniaturization, reveals that the obtained designs
offer not only an ideal performance, but also one of the best miniaturization coefficients (only
one out of ten designs has a smaller relative size, but at the same time its bandwidth is dramati-
cally degraded [23].
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Figure 6.4: Simulated (—) vs. measured (o) frequency characteristics of the compact branch-line cou-
plers: (a) design case no. 2; (b) design case no. 3.

TABLE 6.4: DESIGN CASE NoO. 3: DESIGN BOUNDS AND SOLUTIONS (ALL DIMENSIONS IN MM)
X1 X2 X3 X4 X5 Xs X7 Xg X9 X10 X11 X12
| 01 18 05 0.1 0.1 0.1 2 0.1 1 0.1 0.1 0.1
u 1 2 6 0.5 6 0.5 12 1 1.2 0.5 6 0.5
x? 01 19 4 0.1 1 0.1 4 01 115 01 1 0.1
Xc 0375 19 335 0225 155 0125 805 0375 115 0.1 0.35 1

*

X 0475 19 325 0225 15 0125 805 0125 115 0.125 0.375 0.95

TABLE 6.5: COMPARISON OF COMPACT BLCs: BANDWIDTH (BW), ELECTRICAL SIZE AND
MINIATURIZATION

Reference BW? (%)  Electrical size (Aq x 1q) Miniaturization® (%)
Conventional 10 0.26 x 0.27 0
[23] 2 0.06 x 0.08 92.3
[24] 3 0.14 x0.14 72.1
[25] 4 0.14 x0.18 64.1
[26] 5 0.16 x 0.16 63.5
[27] 5 0.03 x 0.46 80.3
[28] 6 0.15 x0.15 67.7
[29] 6 0.18 x 0.21 46.2
[30] 8 0.16 x 0.22 49.9
[31] 9 0.09 x 0.10 87.2
[32] 10 0.18 x 0.21 46.2
( desgr‘]'i work y 0.09  0.09 835
This work 9 0.10 x 0.11 84.3

(design case no. 3)

& Bandwidth is defined as a symmetrical intersection of |[Sy;| and |S,,| <—20 dB around f,
® Miniaturization is computed based on the electrical size of conventional RRC of this work

6.4 Conclusions

This article presents a rigorous design methodology for compact microwave couplers. The pro-
posed approach features simplicity, cost-efficiency, automation, and reliability. This work ad-
dresses fundamental issues of conventional simulation-driven techniques applied to compact
circuit design, namely, the susceptibility to inaccurate equivalent circuit models (neglecting
complex high-frequency phenomena such as cross-coupling effects), and the high computational
cost of EM-based design closure. The numerical efficiency of this technique is ensured by the
ability to arrive at the optimal design solution (assuming the lack of cross-coupling effects with-
in the coupler), and, subsequently, including all the initially neglected phenomena by perform-
ing an SBO-like tuning of the entire structure. Both these components are computationally
cheap, as the former involves EM models of separate coupler elements, while the latter utilizes
aggregated RSA models. Comprehensive numerical and experimental validation of the method-
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ology demonstrates its consistent performance across the range of compact hybrid couplers. The
proposed method is also suitable for handling other decomposable design problems, such as
Wilkinson power dividers in microwave engineering or coupler micro-rings in photonics.
A potential limitation of this technique is when the couplings between the adjacent building
blocks are so strong that discrepancies between the aggregated approximation model and EM
model of the entire structure might not be accommodated through SM. The future work will be
focused on handling such situations.
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Abstract: This study presents a new design method of high-performance broadband equal-split
branch-line couplers with compact footprints. Size reduction as well as wideband operation are
achieved here by using cascaded slow-wave cells in place of conventional transmission lines that
are basic building blocks of a reference structure. The initial stage of the design process involves
numerical optimization of the reference coupler equivalent circuit model to enhance its perfor-
mance and account for practical design limitations. The next stage concerns determination of
a repetition factor of the recurrent slow-wave structure that provides sufficient bandwidth and
phase characteristics to be a suitable substitute for a conventional line. The subsequent steps in-
clude cell optimization using fine electromagnetic simulations, local response surface modeling of
the single cell, and surrogate-based optimization of the recurrent slow-wave structure composed of
cascaded cell approximation models. Additionally, minor T-junction and proximity effects that
deteriorate the performance of the compact coupler are compensated by means of surrogate-
assisted design closure. The proposed method is demonstrated by two numerical examples. The
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compact couplers obtained in this study illustrate the highest bandwidth-to-size ratio when com-
pared against state-of-the-art wideband couplers from the literature. Experimental verification of
one of the examples confirms the reliability of the proposed design approach.

7.1 Introduction

Hybrid branch-line couplers (BLCs) are vital microwave components widely used in balanced-
type applications to provide an equal power split between the output ports with a 90° phase shift
[1]. Planar BLCs are usually preferred over other popular hybrids, i.e., rat-race couplers, as the
latter have non-adjacent output arms and require a crossover to be used in practice [2]. Unfortu-
nately, conventional two-branch BLCs exhibit inherently narrow bandwidth of about 10% [3].
To address this issue, several bandwidth enhancement techniques for BLC structures have been
proposed in the literature, including various applications of A/4 transmission lines (TLs), e.g., as
matching transformers [4], open-circuited coupled lines [5], short-circuited stubs [6], or addi-
tional branches [7]. These techniques offer bandwidth widening, but do not ensure small dimen-
sions. Size reduction is predominantly achieved by circuit decomposition and replacement of its
conventional building blocks, i.e., uniform TLs, with intricate slow-wave structures that offer
a reduced physical length without altering their electrical length [8-10]. As a consequence, the
corresponding design problem becomes particularly complex, with issues such as the high com-
putational cost of an electromagnetic (EM) analysis, the lack of accurate equivalent circuit mod-
els, multi-dimensional and wide-ranged search spaces, as well as counter-intuitive parameter
setups pertaining to high-performance circuit solutions [11-13]. Hence, the solution to the de-
sign problem of compact structures is either roughly approximated by analytical methods [14],
[15] (and, thus, requires fine-tuning) or too expensive to accomplish by means of standard simu-
lation-driven design procedures, solely based on repetitive EM simulations (e.g., parameter
sweeps and numerical optimization). To date, only a few works on the design of compact mi-
crowave couplers have attempted to alleviate the aforementioned obstacles by exploiting the
concept of surrogate-based optimization (SBO) [16-21]. SBO methods such as space mapping
(SM) [21] benefit from executing vast majority of numerical operations using a cheap surrogate
instead of an expensive fine model. The latter is utilized only occasionally to verify the solution
produced by the surrogate or to refine it. The works of [9] and [11] have been specifically tai-
lored to deal with computational demands of narrowband compact couplers, whose constitutive
building blocks can be successfully replaced by single-element slow-wave cells. A decomposi-
tion-based SM technique relying on fast (yet sufficiently accurate) equivalent circuit models has
been proposed in [9] to address the issue of a large number of designable parameters for a com-
pact coupler design. A different approach has been presented in [11], combining direct EM-
based optimization of structure’s building blocks with surrogate-assisted fine-tuning procedure
that utilizes an aggregated surrogate model composed of local response surface approximations
(RSAs). None of these methodologies can be efficiently applied to solve the problem at hand
due to the wideband operation requirements that imply utilization of multi-element slow-wave
structures as building blocks of a compact broadband coupler. This leads to excessive computa-
tional costs of their repeated EM simulations (related to sequential verifications of the entire
structure as in [9] or direct optimization and data acquisition for approximation model construc-
tion as in [11]). In addition, the referred methods are not suitable for establishing the topology
of the recurrent slow-wave structure, namely, the number of its elements, which is critical in
design of compact wideband couplers.

This work aims at mitigating the aforementioned issues by combining cheap equivalent circuit
models with EM and RSA models embedded in a customized SBO procedure for rapid and reli-
able design of cascaded slow-wave structures. An expedited design closure technique is applied
here to compensate the effects that deteriorate the performance of the entire structure. The pro-
posed method is demonstrated by two numerical examples. A comparison with state-of-the-art
BLCs as well as experimental validation of one of the examples is provided.
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7.2 Methodology

In this section, we discuss the design methodology of compact wideband BLCs. The main stag-
es of the design process include: (i) optimizing the reference coupler circuit model, (ii) deter-
mining the repetition factor of the quasi-periodic slow-wave structure, and (iii) performing SBO
of the recurrent slow-wave structure.

7.2.1 Design Flow Overview

To date, the prevailing approach to miniaturization of microwave devices is based on the de-
composition of a conventional circuit, and subsequent replacement of its building blocks (i.e.,
uniform TLs) with slow-wave structures that are specifically designed to mimic electrical prop-
erties of the former in a given frequency range, while offering a diminished physical length [8].
In general, slow-wave structures are periodic TLs with series inductance and shunt capacitance
loadings [22]. Practical implementations follow the concept of spatially separated storage of
magnetic and electric energy realized by high-impedance strips and low-impedance stubs [23].
From the perspective of transmission characteristics, the discussed structures are inherently low
pass, with slow-wave propagation within the passband, which translates into a higher propaga-
tion coefficient with respect to a conventional TL. In practice, the repetition factor of a slow-
wave line is established based on engineering insight, with consideration of the target band-
width [8]. The rule of the thumb is that the repetition factor of 1-2 is used for narrowband ap-
plications; in case of a wideband operation, the repetition factor above 3 is more preferable. The
reason is the location of the cut-off frequency, which is usually restrictively low for small val-
ues of the repetition factor, thus limiting the width of the usable passband.

The fundamental challenge of reliable simulation-driven design of wideband BLCs—
miniaturized by means of slow-wave structures—is the CPU-cost associated with numerous
high-fidelity EM simulations required to accomplish a typical parameter sweep or optimization
process. In that context, evaluation time varies between dozens of minutes to several hours per
design, depending on circuit complexity [8-10]. A parallel problem can be formulated regarding
EM-driven design of multi-section slow-wave structures. In this work, we propose a three-stage
method that alleviates the aforementioned difficulties. Firstly, we execute a gradient-based op-
timization algorithm with constraints to maximize the performance of the underlying equivalent
circuit model with consideration of practical design restrictions, such as lower/upper fabrication
limits. This becomes particularly handy for wideband BLCs of three or more sections, whose
exterior branches usually exceed upper limits of their physical realization [7]. Once the refer-
ence structure is established, we apply circuit decomposition and translate design specifications
pertaining to the entire coupler into design specs for its building blocks [8]. The latter design
criteria are used in the second stage of the design process, where an iterative optimization
scheme is executed to find the smallest repetitive factor of a hand-picked slow-wave structure,
for which certain performance thresholds are not violated. Stages 1 and 2 rely entirely on equiv-
alent circuit models, thus are computationally cheap. The principal design process of quasi-
periodic slow-wave structures is realized in the third stage of the proposed method. We use here
an SBO scheme to alleviate the excessive CPU cost related to the direct EM optimization of
a multi-element slow-wave line. The surrogate model exploited in the SBO process is a space-
mapping-corrected low-fidelity model, con6structed from cascaded local RSAs of the optimized
unitary slow-wave elements. The latter are numerically cheap when compared with the high-
fidelity model of the entire coupler, and their direct EM optimization is feasible. The proposed
design procedure enables a cost-efficient determination a suitable number of elements within
a quasi-periodic slow-wave structure, and adjustment of designable parameters of the latter to
satisfy performance goals at the high-fidelity level, which to date has not been reported in the
literature. This method is also compatible with a rapid fine-tuning technique of [11] that can be
applied in case of minor discrepancies attributed to T-junction or cross-coupling effects, unac-
counted for during the design process. The above-summarized methodology is conceptually
presented by the design flow shown in Figure 7.1.
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Figure 7.1: Design flow of compact wideband BLCs. Stage 1: optimization of the reference circuit; Stage
2: optimization-based process aimed at finding the smallest slow-wave structure repetition factor; Stage 3:
surrogate-assisted optimization of the slow-wave structure.

7.2.2 Reference Coupler Optimization

The main drawback of the known bandwidth enhancement techniques lies in a considerable size
enlargement of the resulting components (three-fold [4], [5] to even nine-fold [5]). Conversely,
the multi-section concept [7] seems more beneficial in that regard as a two-section BLC only
doubles its initial size. Although the proposed methodology can be applied to other reference
structures, the scope of the following discussion is limited—for simplicity—to a two-section
BLC topology.

Consider a standard two-section BLC model of Figure 7.2(a), composed of seven quarter-
wavelength TLs of Z,—Z; impedances. Practical figures of merit for microwave couplers with
a wideband operation include (i) fractional bandwidth (BW), defined here as symmetrical—with
respect to the center frequency f—intersection of the return loss and isolation that remain below
the level of —20 dB, and (ii) dS, denoting the absolute difference between the transmission and
coupling at f,. For illustration purposes, we use these quantities to evaluate conventional design
solutions of the Butterworth and Chebyshev [2] type, as shown in Figure 7.2(b). Both designs
exhibit non-zero dS which is a deviation from the desired performance. In addition, convention-
al design solutions of Figure 7.2(b) do not account for any practical design limitations, such as
the constraints put on characteristic impedances to determine ranges of TL physical realization
in available fabrication technology. In this work, we address the aforementioned issues by
means of numerical optimization, i.e., the BLC model of Figure 7.2(a) is optimized to obtain the
maximum BW together with an equal power split between the output ports at the operating fre-
quency fy, i.e., dS = 0. The optimization task of the reference BLC is formulated as:

Xy =arg mxin{—BW(x; f)+p-[dS(x; fo)/O.l]Z} (7.1)
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Figure 7.2: (a) Conventional two-section BLC circuit model (each TL is 90° at fy); (b) bandwidth (circle)
and dS (square) for two conventional BLC design solutions: B — Butterworth type (Z; = 36.3 Q,
Z,=120.5Q, Z;=137.2 Q), and C — Chebyshev type (Z, =26.9 Q, Z, =105.2 Q, Z; =24.3 Q).

where X represents a vector of optimization arguments (more precisely, a vector of adjustable
parameters of the structure at hand, i.e., Z;~Z5 impedances), X  is the optimized reference BLC
design solution, S denotes the penalty factor, while BW(x;f) and dS(x;f,) are the above-defined
bandwidth and transmission-coupling imbalance, respectively. Problem (7.1) is solved directly
using a standard gradient optimization algorithm with constraints. In practice, constraints are
related to fabrication limitations (as the upper impedance bounds) and slow-wave structure de-
sign restrictions (as the lower impedance bounds). The latter result from great transverse dimen-
sions of slow-wave TLs (typically much larger than the width of a conventional line [8]).

7.2.3 Determination of the Slow-Wave Structure Repetition Factor

The reference BLC (either taken from the literature as in Figure 7.2(b) or obtained via optimiza-
tion as in Section 7.2.2) is composed of high- and low-impedance TLs that require length dimi-
nution to achieve circuit size reduction. The high-impedance branches can be shortened by line
folding [8], [24], which is probably the most efficient technique of contracting narrow TLs and
maintaining their wideband operation. On the other hand, abbreviation of quarter-wavelength
low-impedance TLs for small-size and broadband applications is far from trivial. As mentioned
before, it can be accomplished by exploiting quasi-periodic slow-wave lines. One should bear in
mind that single-element 90° slow-wave structures are inherently narrowband [8], which typi-
cally excludes them from use in wideband applications. The utilization of multiple slow-wave
elements (the so-called cells) instead of one results in shifting of the cut-off frequency upwards
and, in turn, leads to bandwidth widening. General guidelines for establishing the number of
slow-wave elements, n, are the following: (i) n should be as small as possible because the in-
crease of n corresponds to the increase of CPU cost associated with slow-wave structure EM
analysis, and (ii) n should be sufficiently large so that the given n-element cascade is capable of
imitating the behavior of its conventional counterpart in a specified frequency range. The de-
termination of a suitable repetition factor of the recurrent slow-wave structure is accomplished
here by means of an iterative process set up in ADS [25] with port impedances set to the low
impedance obtained by (7.1), e.g., Z;. In each iteration, starting from n = 1, we solve a slow-
wave cell optimization task aimed at minimizing the return loss |Sy| at fo, while forcing phase
shift, arg(Sz1), to ¢ = —90°/n at f,. The process optimizes a slow-wave cell equivalent circuit
model and increments n until the following termination conditions are simultaneously satisfied:
(i) BW of the cascaded n-element recurrent network is larger or equal to the BW of the reference
coupler, and (ii) the absolute difference between the transmission phase of a conventional TL
and n-element cascade, Ag, is less than a certain threshold value &. The latter condition is veri-
fied only at the high BW limit, f,.. This is sufficient, as the discrepancy between the conventional
and slow-wave TLs increases with frequency [8]. Formally, the optimization task is defined as:

X, .y = arg m)(in{rp;a%qsn(x; f)|+ﬂ-[arg(521(x; fo))_¢c]2} (7.2)
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where X is substituted by X, which is a vector of designable parameters of the slow-wave cell,
Xccell 1S the optimized design solution pertaining to the slow-wave cell coarse model (equivalent
circuit); Sy1(x;f) and Sy (x;f) denote explicit dependence of S-parameters on frequency, whereas
s the penalty factor. Note that the equivalent circuit representation of slow-wave structures is
typically too inaccurate to be directly used in the main design process, but it may be useful to
find initial design solutions for further EM analysis or to establish certain features of circuit
topology such as the smallest number n that satisfies the aforementioned requirements.

7.2.4 Optimization of Quasi-Periodic Slow-Wave Structures

The principal stage of the proposed design process involves adjustment of geometry parameters
of the quasi-periodic slow-wave structure to satisfy performance requirements imposed by con-
ventional coupler building blocks. The final goal is to reduce the size of the reference BLC
without degrading its frequency characteristics. The main challenge here is that reliable EM
analysis of multi-element slow-wave lines is numerically expensive, which prohibits the use of
standard simulation-driven design strategies. To address this issue, we build a surrogate model
of the quasi-periodic slow-wave structure to be subsequently used in a cost-efficient SBO rou-
tine. First, we decompose the cascaded slow-wave line and execute (7.2) using an EM model of
the single slow-wave cell, assuming ¢, =—-90°/n, with n established in the previous design stage.
The problem (7.2) is solved directly using a pattern search algorithm (cf. [26]). Havmg ob-
tained the optimized design solution pertaining to the slow-wave cell fine model, X cell , WE CON-
struct a local RSA model, Ry, in the vicinity of X; e~ defined as [Xicen — dX, Xt + dx]. It is
developed at the cost of 2m + 1 EM simulations (m = dim(Xcen)) at Xicen® = Xicen™ and at the
pertUEbed designs Xecen® = [Xecens ... Xecen [kl + (_})kdxrk/ﬂ e Xecenm 1, K= 1, ..., 2m, where
Xteeitk and dx, are kth components of the vectors X c and dx, respectively. R ci(X) is a second-
order polynomial without mixed terms

Recen (X) =6 +Zk G X +Zk 4CnacX (7.3)
The parameters ¢, in (7.3) are identified by solving the linear regression problems
Recen (X(fk.zen ) =R can (X(fk.c)eu )’ k=0,1,...,2m (7.4)

where R denotes a high-fidelity (fine) EM model of the cell. Next, a coarse model of the
entire recurrent slow-wave structure, R. s, is developed by cascading n R, models, i.e., local
RSAs of the individual slow-wave cell, and adding a cheap fine model R;1_ of a short TL of Z;
impedance and I;_ length at both ends of the cascade. A conceptual illustration of the cascaded
coarse model is shown in Figure 7.3. Lastly, the surrogate model of the recurrent slow-wave
structure, used in each iteration i of the SBO process, is a space-mapping-corrected [16], [21]
version of the cascade coarse model R, .. and is given by

R (X) =R o (X+q(”) (7.5)
where q” iis the input SM shift vector obtained using a standard parameter extraction procedure [16]

q? argmlnHRfcas (i)) Rccas(x( +qH (7.6)

which aims at the reduction of the misalignment between the coarse and fine cascade models—
Recas and Ryces. Note that R. s does not account for cross-coupling effects between the cells,
which calls for further tuning. This may be realized as the following SBO process [16]

Xg =argminU (Rscas(x)) (7.7)
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Figure 7.3: Schematic diagram of the cascaded slow-wave structure composed of n RSA models of the
cell and two fine EM models of feeding lines of variable length I+, (wy_ is fixed and corresponds to Z;
obtained by process (7.1)). The circuit is loaded with Z; impedance.

The vectors Xes'), i =0, 1, ..., approximate the solution to the cascaded slow-wave structure
direct EM-driven design problem of the form X.,s = argmin{x: U(R; (X))}, where U encodes
design specifications for the recurrent slow-wave structure, and x is a vector of optimization
arguments (in practice, it is substituted by a vector of cascade designable parameters). The pro-
cess (7.7) is cost-effective as the fine cascade model is evaluated only at the beginning and end
of each iteration i [16].

7.3 Case Studies

In this section, we use the methodology of Section 7.2 to showcase complete design cycles of
compact wideband couplers. The proposed approach is demonstrated by two design examples of
BLCs whose conventional high-impedance lines are folded, whereas low-impedance lines are
replaced by cascaded slow-wave cells to achieve size reduction. The specific geometries of the
latter are hand-picked from a wide collection of slow-wave elements found in the literature [8].

The reference coupler of Figure 7.2(a) is additionally simplified by assuming Z; = Z;. This is
done to shorten the following design cycles, as a typical miniaturization procedure requires that
each different element of the reference coupler is substituted by a unique slow-wave structure.
Thus, the CPU cost of the design process is increased with the number of different TLs in the
reference circuit [8], [9].

For the following design cases, all fine EM models are implemented in Sonnet em [27] using
0.01 mm x 0.01 mm grid and fine meshing. Note that for these settings only the slow-wave cell
fine model is relatively cheap (simulation time of ~1 min/freq.) as opposed to the cascade
(~10 min/freq.) and the entire coupler (~5 h/freq.) fine models. Slow-wave cell equivalent cir-
cuit models are implemented and optimized using ADS [25].

Practical design constraints for reference circuit optimization are typically established based on
engineering insight. We assume here that the lower and upper limits of microstrip TL realization
are 0.1 mm and 3.25 mm, respectively. The former corresponds to the minimal width of a mi-
crostrip in our fabrication process, while the latter is chosen arbitrary, considering that the slow-
wave cells are most commonly much wider than their conventional counterparts, which could
pose a difficulty in coupler reassembly.

7.3.1 Design Case 1: Compact BLC with T-shaped Slow-Wave Structures

The task here is to design a compact BLC using the TLC-32 dielectric substrate of &, = 3.2 and
h =0.787 mm. The operating frequency is fo = 1 GHz. The first stage of the design process con-
cerns numerical optimization of the reference BLC of Fig. 2(a). For the selected dielectric mate-
rial and the lower/upper limits of TL realization, the available impedance range lies within the
limits of 34.6 and 157 Q. After model simplification, the vector of designable parameters is
given by X = [Z1 Z]". Solving (7.1) subjected to the above constraints, with the penalty factor
S set to 10*, enables maximization of BW while enforcing dS = 0. The optimized reference BLC
design solution, given by x.; = [34.6 118.16]" Q, outperforms conventional designs by provid-
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ing an ideal power split at f, together with BW = 31%. Its microstrip implementation occupies
an excessively large area of 93.23 mm % 51.17 mm.

The second stage of the design process is commenced with the selection of a slow-wave cell for
the construction of a quasi-periodic structure to replace low-impedance (Z; = 34.6 Q) quarter-
wavelength TLs of the optimized reference BLC. Here, we use a unit cell of Figure 7.4(a),
whose geometry is described by the vector Xeen = [I1 15 15 s Wy w,]". Subsequently, an equivalent
circuit model of Figure 7.4(b), representing the selected slow-wave cell, is used to find the
smallest number of the elements in the slow-wave cascade so that the BW of the n-part structure
is larger or equal to BW, = 31%, as well as the absolute difference between the transmission
phase of a conventional TL and the n-element cascade, 4¢, is less than ¢ = 0.5°. This is accom-
plished by executing process (7.2). The family of resulting quasi-periodic slow-wave structures
is compared w.r.t. the above figures of merit. The inspection of Figure 7.4(c) reveals that the
first condition excludes only the case of n = 1. Note that for n = 3, 4, 5, the BW—which is de-
fined as being symmetrical around f—reaches the maximum value of 200%. Considering the
second condition, we can see that only the five-element cascade offers Ap below 0.5° in the
entire bandwidth. Thus, we terminate the iteration process (7.2) and choose n = 5 for the next
design stage. The optimized design solution for n = 5 is used as the starting point for the follow-
ing design process: Xei® = [0.41 0.12 0.14 3.15 0.38 1.78]" mm.

The principal design stage is an SBO process that requires a fast and well-aligned surrogate model of
the recurrent slow-wave structure. To obtain accurate results, we first solve the problem (7.2) using
the fine EM model of the cell. The target phase shift is ¢.= —18° given a five-cell setup for construct-
ing the 90° TL of 34.6-Q impedance. The lower/upper bounds I/u of the search space are given by
=[0.050.10.10.10.10.1]" mm, and u=[11150.55]" mm. The EM model evaluated at the ini-
tial point X returns |Sy| = —25.2 dB, and arg(Sy) = —23.9° at f,, while the final solution, obtained
after ~100 EM simulations, X = [0.16 0.14 0.13 3.93 0.42 1.15]" mm, yields |Sy| = -59.5 dB, and
arg(Sz1) = —18.0° at fo. Next, we construct the local RSA model of the slow-wave cell in the vicinity
of its optimized design by (7.3) and (7.4), and use it to build a coarse model of the cascade. The
vector of cascade designable parameters is given by Xes = [Xean Ir]". Design specifications for the
SBO process, i.e., minimal |[Sy4|, and arg(S,1) = —-90° at f,, are encoded in U function. In this example,
only one iteration of (7.5) is needed to satisfy the design specs with X.,s = [0.14 0.14 0.12 3.89 0.42
1.04 3.34]" mm. Finally, we adjust the dimensions of the folded high-impedance line
(Z,=118.16 Q) by (7.2) assuming ¢ =-90°.

Subsequently, we assemble the compact BLC and perform EM verification of the design. The
performance of the compact BLC developed using the proposed method is shown in Figure
7.5(a). One can see a 40-MHz shift of the |S;4| and |S4;| frequency characteristics and a non-ideal
dS = 0.2 dB. This can be explained by the T-junction effects, omitted during the design process.
However, we can easily fine-tune the structure by means of a rapid design closure of [11]. By
applying minor corrections given by AXcs = [0 0 0.01 0 0-0.06 0]", perfect BLC performance is
achieved, with a BW of 31% and dS=0. The entire process, including the design closure, takes
less than three evaluations of the high-fidelity BLC model. More specifically, the overall design
cost can be broken down into the following components: direct optimization of the slow-wave
cell (100 EM simulations of the cell at f,, ~100 min of CPU time), direct optimization of the
high-impedance branch (50 EM simulations of the branch at fo, ~75 min of CPU time), con-
struction of RSA models (13 EM simulations of the cell with adaptive frequency sweep, ~130
min, and 7 EM simulations of the branch with adaptive frequency sweep, ~105 min), two EM
evaluations of the cascade using adaptive frequency sweep (at Xcas” and Xcss , ~100 min), and
two EM simulations of the entire BLC for the purpose of method numerical validation and final
design fine-tuning (~50 h). The estimated cost of direct optimization exploiting a high-fidelity
EM model of the compact BLC is—approximately—150 EM simulations of the structure,
which corresponds to 3750 h of CPU time.
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For validation, the fine-tuned design has been fabricated and measured. The final BLC layout of
Figure 7.5(b) occupies 46.58 mm x 33.92 mm area, which is only 1/3 of the area of the refer-
ence device. Experimental results confirm our numerical predictions. Small misalignments may
be explained by the susceptibility of compact components to the fabrication tolerance as well as
idealized nature of conducted simulations (e.g., substrate anisotropy has not been included
[28]). The measured values of |Sy| and |Ss| at fo are —3.38 dB and —3.41 dB, respectively. The
phase difference between the output ports of the fabricated BLC is ~90.1° at f,.

7.3.2 Design Case 2: Compact BLC with Dumbbell-Shaped Slow-Wave
Structures

The second design example is realized in accordance to the methodology of Section 7.2. We
choose the Taconic RF-35 dielectric substrate of & = 3.5 and h = 0.762 mm for microstrip im-
plementation. The operating frequency is still f, = 1 GHz. The lower/upper bounds for the refer-
ence coupler characteristic impedances are 34 and 150 Q. The optimized design solution for the
reference coupler, obtained by (7.1) with B = 10% is given by X, = [34 116.19]", which corre-
sponds to BW,¢ = 32% and dS = 0. The physical realization of the reference circuit consumes
a large real estate area of 91.7 mm x 51.0 mm. We select the slow-wave cell of Figure 7.6(a) for
the subsequent construction of the recurrent slow-wave structure. The parameterized cell is de-
scribed by the vector of six designable parameters, Xcen = [l: I, Wy W, w3 g]". The model of Fig-
ure 7.6(b) is exploited in iterated process (7.2) to determine the smallest n, for which the
n-element cascade offers the BW of at least 32% and the phase difference Agp below 0.5°. As
previously, n = 5 is the smallest repetition factor, for which the above design criteria are satis-
fied. Cascades composed of n parts (n ranging from 1 to 5) are compared in Figure 7.6(c). The
subsequent design stages can be summarized as follows: X. = [0.1 0.7 2.0 0.5 6 0.1]" is ob-
tained with (7.2) using Ricen, B = 10% and ¢= —18° X = [0.1 0.7 2.0 0.5 6.4 0.1 3.15]"
(where the vector of cascade parameters is Xeas = [Xcen ]
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Figure 7.4: (a) Parameterized layout of a T-shaped slow-wave cell, and (b) its equivalent circuit model
implemented in ADS [25]; (c) Comparison of n-element cascades (n =1, 2, ..., 5) of slow-wave cell cir-
cuit models: BW (circle) and absolute phase difference between a conventional TL of Z; impedance and
the given n-element cascade at f, (square). Dotted and dashed lines represent BW,¢ and ¢ thresholds, re-
spectively.
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Figure 7.5: (a) S-parameters of compact BLCs based on T-shaped slow-wave structures; (b) Layout of
the fabricated BLC.
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Figure 7.6: (a) Parameterized layout of a dumbbell-shaped slow-wave cell, and (b) its ADS equivalent
circuit model; (c) Comparison of n-element cascades (n =1, 2, ..., 5) of slow-wave cell circuit models:
BW (circle) and absolute phase difference between a conventional TL of Z; impedance and the given
n-element cascade at fy, (square). Dotted and dashed lines represent BW,s and ¢ thresholds, respectively.

The high-impedance line (Z, = 116.19 Q) is folded and optimized using the fine EM model and
(7.2), assuming @.= —90°. The performance and geometry of the compact BLC composed of
optimized low-impedance cascade and high-impedance branch design solutions is shown in
Figure 7.7. Due to possible interactions between adjacent slow-wave structures, as well as addi-
tional T-junctions whose effect has been omitted during the design process, a small 13-MHz
frequency shift of |S;y| and |S4| curves can be observed. The final design has been adjusted by
applying minor corrections given by AXq = [0 0 0 0-0.02 0.01 0]". As a result, the fine-tuned
coupler illustrates a 32% bandwidth and dS = 0 (|Sy;| = |Sz:| = —3.16 dB at fy). The simulated
phase difference between the output ports is approximately 90° at f,. The final compact coupler
occupies about 38% of the reference circuit area. The overall cost of the design procedure is less
than three EM simulations of the final compact BLC.
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The superiority of the designed couplers is evident in the view of comparison with state-of-the-
art designs (Table 7.1). Not only they offer an ideal power split (dS = 0), but also provide the
highest bandwidth-to-size ratio, 7.

7.4 Conclusions

A methodology for expedited and reliable decomposition-based design of compact wideband
BLCs has been presented. Our approach combines the merits of theory-based and simulation-
driven design strategies. The former exploit equivalent circuit models, and are useful for obtain-
ing an improved reference circuit as well as for establishing important features of compact cir-
cuit topology. The latter involve EM modeling and RSA of a single slow-wave cell, together
with the application of SM for cascaded model correction. The principal design stage is an SBO,
developed specifically for the design purpose of wideband couplers with complex topologies.
The proposed BLCs offer superior figures of merit in comparison to competitive designs availa-
ble in the literature.

TABLE 7.1: COMPARISON WITH STATE-OF-THE-ART WIDEBAND BLCs

Ref. BW* (%) dS(dB) Size(lgxi) 7
[4] 222" 0 0.75x025 118
[5] 47.8 0.64 0.87x0.51 108
[6] 12.4 0 0.75x0.75 22
[14] 46.9 1.38 0.39x037 325
[15] 239 1.22 029 %038 217
[29] 45.2 0.38 083x126 43
P 0 026x019 628
This work

(design case 2) 32 0 0.28 x0.19 602

® Bandwidth is defined as a symmetrical intersection of [Sy| and [Sq1| < —20 dB around f,
# y stands for the bandwidth-to-size ratio
* Design solution with the widest bandwidth based on the theory of [4]
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Figure 7.7: (a) S-parameters of compact BLCs based on dumbbell-shaped slow-wave structures;
(b) Layout of the designed BLC.
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Abstract: In this article, fast electromagnetic (EM) simulation-driven design optimization of
compact microwave couplers is addressed. The main focus is on explicit reduction of the circuit
footprint. Our methodology relies on the penalty function approach, which allows us to minimize
the circuit area while ensuring equal power split between the output ports and providing a suffi-
cient bandwidth with respect to the return loss and isolation around the operating frequency.
Computational efficiency of the design process is achieved by exploiting variable-fidelity EM
simulations, local response surface approximation models, as well as suitable response correction
techniques for design tuning. The technique described in this work is demonstrated using two
examples of compact rat-race couplers. The size-reduction-oriented designs are compared with
performance-oriented ones to illustrate available design trade-offs. Final design solutions of the
former case illustrate ~92% of miniaturization for both coupler examples (with corresponding
fractional bandwidths of 16%). Alternative design solutions pertaining to the latter case show
a lesser size reduction (~90% for both examples), but present a much wider bandwidths (~25% for
both couplers). The overall computational cost of the design procedure corresponds to about 20
and 10 high-fidelity coupler simulations for the first and second design example, respectively.
Numerical results are also validated experimentally.
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8.1 Introduction

Design closure using electromagnetic (EM) simulation tools is a necessary step of the micro-
wave design process, in which geometry parameters of the structure at hand are adjusted to meet
the prescribed performance requirements [1], [2]. The use of EM analysis is indispensable to
account for complex phenomena such as cross-coupling effects (especially for compact circuits
that feature highly compressed layouts) that normally cannot be accurately accounted for by
theoretical means (e.g., equivalent circuits). Design closure can be realized automatically by
numerical optimization [3], [4]. This is preferable when experience-driven approaches based on
repetitive parameter sweeps fail or lead to inferior results, which is particularly true for complex
design problems of compact structures, for example, rat-race couplers (RRCs) [5], [6] or
branch-line couplers [7], [8]. In such instances, the objective is to accurately identify a design
that satisfies given performance criteria, using limited computational resources. The fundamen-
tal obstacle here is the computational cost of high-fidelity EM analysis, which is excessive in
case of complex structures featuring compact layouts (e.g., based on slow-wave resonant lines
[5]). Consequently, direct optimization of high-fidelity EM models using gradient-based algo-
rithms with numerical derivatives [3] or population-based metaheuristics [9], [10] is virtually
prohibitive. The reason being a large number of objective function evaluations necessary to
accomplish the optimization process (from dozens to thousands depending on the problem com-

plexity).
Challenges of reliable simulation-driven design can be addressed using surrogate-based optimi-
zation (SBO) techniques [11], [12] such as space mapping (SM) [13], [14]. These, however,

often rely on cheap and fairly accurate circuit models, which are usually not available for geo-
metrically complex small-size structures [15], [16].

Another issue is a simultaneous control of the size of the structure (which might be of primary
concern) and its electrical performance. This requires handling of multiple, non-commensurable
objectives such as size, bandwidth, power division ratio, and so forth. Approaches such as
weighted sum method are not suitable for solving this particular problem because they only
allow for trading off some of the objectives for others, with no precise control over either of
them. In state-of-the-art works on compact microwave components, circuit miniaturization is
dealt with indirectly (as a result of initial compact circuit topology) [17], [18]. At the same time,
solving this problem using evolutionary multi-objective optimization algorithms requires tens of
thousands of objective function calls and is infeasible for any EM-simulation models used in the
process [9], [10], [19].

In this article, we introduce an explicit miniaturization-oriented formulation of the compact
circuit design using an expanded penalty function approach. The latter allows us to enforce sat-
isfaction of the prescribed design specifications concerning electrical performance of the circuit,
while formulating the entire problem as a single-objective task with the scalar objective func-
tion. The cost of EM-based design optimization is kept at practically acceptable levels by ex-
ploiting a design strategy that involves multiple EM models of variable fidelity as well as local
response surface approximation surrogates [20]. Our approach is demonstrated using two exam-
ples of compact RRCs and compared with the alternative results obtained by reformulating the
objective into electrical-performance-driven design as well as state-of-the-art methods. Experi-
mental validation of the designs is also provided.

8.2 Design Optimization Using Multi-Fidelity Electromagnetic
Models

In this section, we formulate the optimization problem, define the objective function for size-
reduction-oriented design, as well as outline the optimization procedure exploiting multi-fidelity
EM-simulation models. Design case studies as well as experimental validation are presented in
Section 8.3.
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8.2.1 Problem Formulation and Objective Function

We will use the symbol Si(x) = [S11.4X) S214(X) Ss14(X) Sa1¢(X)] to denote the high-fidelity EM-
simulated model of the compact coupler of interest, specifically, its essential S-parameters ver-
sus frequency as functions of geometry parameters represented by a vector x. Let A(x) denote
the coupler footprint area. The goal is to solve the following optimization problem

X; =arg mXinU(A(x),Sf(x)) (8.1)

where U is a given objective function.

Although our primary objective is to minimize A(x), the process is subject to ensuring sufficient
electrical performance of the coupler. The following requirements are considered here:

- ds = 1S206(X) — Sa1(X)| < € at the operating frequency (the threshold value for the examples
considered in Section 8.3 is set to be £=0.2 dB);

- Smax = max(min{S11¢(x),S41.4(x)}) < Sn (we assume S, = -25 dB);

- fs14(X) and fsu14(X), i.e., the frequencies realizing minimum of S;1¢(X) and S4 ¢(X), respec-
tively, are as close to the operating frequency f, as possible.

The above requirements are supposed to ensure (with certain tolerance) an equal power split as
well as sufficient return loss and isolation in the vicinity of the operational frequency. In order
to take these specifications into account, the objective function has been defined as follows:

U (A(X),S; (X)) = A(X)+ B, (max{(d —g)/g,O})2 +
+ 5, (Max{(S e S0 1[S4].0}) + (8.2)
(for, 0= )1 0] 4 Boo|(Fo, ()= 1)/ 1]

It should be noted that the penalty functions are defined so that they only contribute to the ob-
jective function if the aforementioned performance conditions are violated. The coefficients S,
P, Pr, and Sy are chosen so that corresponding functions take noticeable values (when com-
pared to A(x)) for relative violations larger than a few percent. Here, we use 1000 for all g fac-
tors, however, this specific value is not critical. At the same time, the penalty functions are
smooth (in particular, continuous and differentiable) with respect to the respective performance
figures, which is important from the optimization process standpoint.

+ B

It should be emphasized that formulation (8.2) is qualitatively different from, for example,
a weighted sum approach. In (8.2), the footprint size is given a full priority, whereas electrical
performance parameters only affect U if their assumed thresholds are violated. Owing to this
formulation, the optimum design obtained by solving (8.1), (8.2) represents the smallest possi-
ble circuit area which still satisfies the remaining conditions concerning the power split and the
bandwidth.

8.2.2 Multi-Fidelity Optimization Algorithm

The main optimization engine utilized in this work is a multi-fidelity algorithm [21]. Its most
important advantages are as follows:

1. It only relies on EM-simulation models,

2. It allows—because of using variable-fidelity simulations—for considerable savings of the
design cost compared with conventional methods solely based on time-consuming high-
fidelity simulations.

The first feature is important in the context of compact circuit design because the quality (accu-
racy) of lumped-element equivalent circuit models as well as their generalization capabilities are
normally very poor for such structures. This is because compact components are characterized
by intricate topologies, arranged as a composition of high- and low-impedance segments, which
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means that they are too complex to be precisely described by simplified theoretical means. The
second feature permits computationally feasible EM-driven optimization with the final design
obtained in reasonable timeframe.

The multi-fidelity algorithm exploits a family of coarse-discretization EM models of increasing
fidelity {S¢;}, j=1, ..., K, where S¢j.; is finer than S.;, which translates into better accuracy,
but also longer evaluation time. As opposed to lumped-element equivalent circuits, coarse-
discretization models offer relatively good prediction and generalization capabilities [22]. They
are also universally available, being implemented and evaluated by the same simulation tool as
the one used for the high-fidelity model S;. Coarse-discretization EM models are obtained main-
ly by applying relaxed mesh requirements to S; (however, other simplifications are also com-
monly used, e.g., perfect conductor of infinitesimal thickness instead of thick copper, lossless
and/or isotropic dielectric substrate, smaller computational domain, discrete source instead of
waveguide ports, etc.). In practice, the discretization density is directly controlled by customized
solver-dependent mesh settings, that is, through the number of mesh cells per wavelength per-
taining to the highest frequency used during the simulation. Thus, the high-fidelity model S; is
found by increasing the number of circuit mesh cells per wavelength, so that the current distri-
bution at the smallest part of the circuit under analysis changes gradually instead of rapidly. At
this point, further increase of the mesh density does not translate into a notable change in the
response of the structure of interest. Conversely, the decrease of mesh density leads to a dra-
matic CPU cost reduction for a given low-fidelity model, however, obtained at the cost of lesser
accuracy. In general, it is not obvious how to find an appropriate trade-off between model accu-
racy and its evaluation time. The rule of thumb is that the evaluation time of S; should be as
small as possible (preferably two orders of magnitude or more in comparison to S;), assuming
that the performance of the low-fidelity models preserves key features of its high-fidelity coun-
terpart (e.g., shape of frequency characteristics, the occurrence of a resonance within a given
frequency range, etc.), so that the misalignments between the two can be corrected by frequency
scaling or similar mapping techniques [23].

The multi-fidelity algorithm works as follows. Starting from the initial design x©, the coarse-
discretization EM model of the lowest fidelity, S., is optimized to arrive at XD which is the
first approximation of the high-fidelity model optimum. The initial design is typically chosen
based on experience-guided preliminary studies (e.g., sparse parameter sweeps) done on a very
cheap physics-based model (e.g., equivalent circuit). Additionally, the lower and upper bounds
for the optimization are determined based on engineering insight and to ensure sufficient flexi-
bility of the structure under design. Having obtained x®), it is subsequently used as the starting
point for the optimization of the second (finer) model, S ., to produce a more accurate approxi-
mation of the high-fidelity model optimum, x'®. The process continues until the optimum x® of
the finest coarse-discretization model S is found. Typically, only a few S, models are needed
for fast convergence of the discussed algorithm. Here, we use K = 2. The models are optimized
by conventional means (here, using the pattern search algorithm [24]) [20]. The particular im-
plementation of the pattern search algorithm utilized here follows [25]. It is a stencil-based
search using a rectangular grid, equipped with a grid-restricted line search (utilizing gradient
estimation obtained from the pattern-based design perturbations).

Having the optimized design x* of the finest coarse-discretization model S., we evaluate it at
perturbed designs around x®, that is, at x* = [x,* ... x+ sign(k)-dy ... x.*1", k= —n, -n + 1,
..., N =1, n. We use the notation S® = S «(x). This data is used to refine the final design
without directly optimizing S;. Instead, we set up an approximation model based on S®, and
optimize it in the neighborhood of x* defined as [x® — d, x*) + d], where d = [d; d; ... d,]".

The approximation is performed using a reduced quadratic model q(x) = [q; 02 ... qn]", defined
as [20], [26]

q;(x)=q, ([X1 X ]T ) =20 Do A+ D A (8.3)

Coefficients 4;, can be found analytically [21] by solving a system of linear regression problems
of the form g;(x ") = Scx(x") fork=-n, ..., 0, ..., n.

*
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In the final step, the refined design is found as

oo, i, 0[ate) () =

where the output SM term Aq(x®) = S(x®) — S k(x*)) [13] accounts for misalignment between
Sck and S;. The optional frequency scaling of g [13] is also possible to account for frequency shift
between S.k and S;. If necessary, step (8.4) can be repeated starting from a refined design, that is,
X" =argmin{x® —d <x <x® +d: U(q(x) + Aq(x") (each iteration requires only one evaluation of
Sy¢). Figure 8.1 shows the flow diagram of the multi-fidelity optimization algorithm.

8.3 Design Case Studies

In this section, we demonstrate the design optimization approach of Section 8.2 using two exam-
ples of compact microstrip RRCs with equal power split. The operating frequency is
fo = 1 GHz. Both designs are implemented on a Taconic RF-35 dielectric substrate (e = 3.5,
tand = 0.0018, h = 0.762 mm) and fed using 50-Q transmission lines of width wy = 1.7 mm and
length Iy = 15 mm. For the sake of comparison, a reference coupler of a rectangle shape [27] is de-
signed based on the above specifications. The structure footprint is 4536 mm? (47.5 mm x 95.5 mm).

8.3.1 Rat-Race Coupler Based on Slow-Wave Resonant Structures

Our first design example is a RRC constructed using slow-wave resonant structures (SWRSs)
[28], [29]. The RRC geometry is shown in Figure 8.2. Each SWRS is built using a cascade of
two low-impedance stubs connected by high-impedance meander lines. The design variables are
X = [wy |y Wy I, ws]™. The parameters I3 = 19w, + 18W,+ Wa— Iy, s = 5wy + 6W, + |, + wa, |s = 3w,
+ 4w, and W, = 9w; + 8w,. The unit for all dimensions is mm. The initial design is: xX® = [0.35 4
0.35 2 0.35]". The lower/upper bounds I/u are: | =[0.220.210.15]", and u=[0.550.53 0.5]".

| START o setx® |

1=1

J =J—>[+1 Optimize S,(x"™) ]4—

model S_,(X)
model S, (X)

A

Evaluate
designs around x

v v
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v
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'
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Figure 8.1: Flowchart of the multi-fidelity EM-driven design optimization algorithm.
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Figure 8.2: Layout of the compact RRC composed of slow-wave resonant structures.

Three models of the RRC, that is, two low- and one high-fidelity, are prepared in CST Micro-
wave Studio and simulated using its frequency domain solver [30]. The S.; comprises about
44,500 mesh cells and its average simulation time is 100 s. Model S, consists of ~120,000 cells
and its evaluation time is 312 s. The high-fidelity structure S; is constructed using ~302,000
mesh cells (simulation time: 30 min). For the sake of comparison, a circuit representation of the
RRC is prepared in Agilent ADS [31]. Responses of all models at the selected initial design are
shown in Figure 8.3. Note that the poor quality of the network representation makes it virtually
useless for anything other than yielding an initial design. This is mostly due to considerable
cross-couplings within the structure that can only be accounted for by means of full-wave EM
simulations [27], [32].

The main goal of the design process is miniaturization of the coupler, however, we also consider
electrical performance to illustrate the trade-offs of compact RRCs. The first objective is maxi-
mization of the coupler bandwidth (defined as the frequency range where both return loss |Sy|
and isolation |S,;| are below —20 dB level). The second goal is miniaturization of the coupler
footprint using the objective function (8.2) of Section 8.2.1. The area is defined as a rectangle
A x B where A = 2l, + 8w, + 7w, and B = 42w, + 3w; + 40ws.

The circuit is optimized using the algorithm of Section 8.2.2. Dimensions of the structure opti-
mized with respect to bandwidth are x” = [0.38 4.04 0.2 2.58 0.32]". The structure exhibits over
25% bandwidth for the center frequency and simultaneously offers 90.7% miniaturization
(17.2 x 24.5 = 422 mm®) compared with the conventional RRC. The dimensions of the minia-
turized coupler are x” = [0.33 2.4 0.21 2.51 0.1]". The corresponding operational bandwidth of
the structure is 16%, whereas its area reduction rate is 92.4% (15.7 x 22.0 = 346 mm?). Both
optimized RRCs were fabricated and measured. The comparison of their simulated and meas-
ured characteristics is shown in Figure 8.4. For the structure optimized with respect to the
bandwidth, the obtained insertion loss at the center frequency is 2.93 dB and 3.24 dB for the
simulation and measurement, respectively, whereas the coupling values are 3.13 dB and
3.32 dB, respectively. The miniaturized circuit features insertion loss and coupling of 2.94 dB
and 3.18 dB for simulation, as well as 3.11 dB and 3.38 dB for measurements, respectively. It
should be noted that the measured circuit exhibits about 0.21-dB higher loss in comparison to
the simulation results. The reason is probably the lack of SMA connectors in the EM model
used here. Overall, the simulation and measurement results are in good agreement.

The total aggregated cost of coupler optimization with respect to bandwidth corresponds to about
19.3 S; simulations (~9.7 h) and it includes: 60 and 70 simulations of S.; and S, during the first
two steps of the optimization process, as well as 11 S, required for construction of approximation
model g. The cost of the refinement stage is 2 S; evaluations. The miniaturization of RRC required
about 22.1 S; (~11.5 h) including 60 simulations of S ;, a total of 91 S, evaluations and 3 S; simu-
lations for model correction. The detailed cost breakdown is reported in Table 8.1.
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Figure 8.4: Simulated (gray lines) and measured (black lines) frequency characteristics of a compact
SWRS-based RRC: (a) design optimized for bandwidth; (b) coupler optimized for size reduction.

Reduction of the CPU time is not the aim of this work; however, it is a highly desirable byprod-
uct of the automated multi-fidelity algorithm utilized in the process. The computational effi-
ciency of the proposed approach—in case of bandwidth-oriented RRC design—is compared
with other competitive SBO methods, including implicit space mapping (ISM) and sequential
space mapping (SSM), previously utilized for the design of compact structures. Moreover,
a conventional direct optimization of the S; model is performed. The obtained results are gath-
ered in Table 8.2.

While the numerical cost of the variable-fidelity method is comparable to other SBO ap-
proaches, the latter are more difficult to implement and require considerable engineering
insight. This is because ISM and SSM exploit circuit model representation of the structure
which cannot accurately mimic the behavior of complex design. In both approaches, the
problem is mitigated by utilization of implicit parameters that are iteratively optimized to fit
the surrogate to the response of the high-fidelity model. Unfortunately, ranges of implicit
parameters depend on the specific problem and they are to be defined manually based on
a number of tests. Additionally, the former of the competitive techniques suffers from con-
vergence issues, so that it cannot always guarantee effective optimization. Even if the re-
sults are close to optimum, the algorithm needs to be terminated manually. In contrast, the
method discussed in this work is more generic and automated. Consequently, it is attractive
in comparison to other SBO approaches. It should be noted that direct optimization of the
circuit is virtually impractical.
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TABLE 8.1: OPTIMIZATION COST OF THE SWRS-BASED RRC

Evaluation Time

. . Number of
Design Case Algorithm Step Model Evaluations  apsolute [min] ~ Relative to S;

Optimization of S¢; 60 x S 100 3.3
Optimization of S, 70 x S¢» 364 12.1

Optimization for
electrical performance Setup of model q 11 % Sez 57 1.9
Evaluation of S 2 xS 60 2.0
Total time N/A 581 19.3
Optimization of S ; 60 x S¢ 1 100 3.3
Optimization of S, 80 x S¢» 416 13.9

Optimization for
reduced size Setup of model q 11 %S¢, 57 19
Evaluation of S 3 xS 90 3.0
Total time N/A 663 221

TABLE 8.2: COMPUTATIONAL COST OF RRC OPTIMIZATION USING DIFFERENT ROUTINES

o Cost of Number of Evaluation time
Of;ém'j;af” low-fidelity ~high-fidelity T Toml cost
evaluations  evaluations Absolute [min] (relative to S,)
This work 173 x S 2% S, 581 193
ISM [23] 74xS; 15 x S 702 224
SSM [33] 63xS  13xS 621 193
Direct optimization [24] N/A 236 x S 7080 236

8.3.2 Folded Rat-Race Coupler

Consider a folded RRC illustrated in Figure 8.5 [34]. The structure is composed of four 70.7-Q
sections (the same impedance as in a conventional RRC) that are folded to reduce the structure
footprint. The design variables of the circuit are represented by a vector x = [l I, I3 d w]". The
high-fidelity model S; comprises about 210,000 mesh cells and its average simulation time is
20 min. Additionally, two low-fidelity models of the structure are prepared, that is, S.1 (~7,100
mesh cells, 40 s average evaluation time) and S;, (~21,000 cells, simulation time of 110 s). All
models are implemented in CST Microwave Studio.

The lower and upper bounds are: | = [2 10 17 0.2 0.5]", and u = [12 20 28 1.2 2.5]". Initial
design parameters are set to x© = [7 15 22.5 0.7 1.5]". The design objectives are the same
as in Section 8.3.1, that is, (i) maximization of bandwidth, and (ii) minimization of size.
The coupler area is defined as a rectangle A x B, where A= 6w + 7d and B = 8w + 7d + 2w,
+1+ 1+ 15

The optimal design parameters pertaining to (i) and (ii) are x” = [3.67 13 20.6 0.75 0.87]" and
X" =[4.3511.9 22.05 0.36 0.83]", respectively. The former circuit exhibits 26% bandwidth and
simultaneously offers 89.4% miniaturization (8.9 x 53.7 = 480 mm?) comparing to the reference
structure. The miniaturization rate of the latter RRC is 92.3% (6.8 x 51.7 = 349 mm?), whereas
the corresponding bandwidth is 16%. Note that a substantial area reduction is obtained at the
expense of a shifted center frequency. Nonetheless, the design still satisfies the requirements
defined in Section 8.2.1. Both optimized structures have been fabricated and measured (cf. Fig-
ure 8.6). The comparison of the simulated and measured characteristics is shown in Figure 8.7.
The results are in good agreement. In case of bandwidth-oriented design, the insertion loss at the
center frequency is 2.96 dB and 3.21 dB for simulation and measurement, respectively, whereas
the coupling values are 3.1 dB and 3.3 dB. At the same time, the simulated response of the cou-
pler optimized for footprint reduction exhibits 2.9 dB and 3.21 dB of insertion loss and cou-

96 Explicit Size Reduction Technique


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
Z -
e

Expedited Surrogate-Assisted Design of Miniaturized Hybrid Couplers

pling, respectively. The corresponding measured values are 3.13 dB and 3.35 dB. Similarly to
the previous design example, the EM model lacks SMA connectors, which is a probable reason
for additional losses of 0.2 dB.

The total cost of coupler optimization with respect to (i) corresponds to 9.5 S; evaluations
(including a total of 60 x S.;, 71 XS ,, and 2 x S¢ simulations), whereas the cost of (ii) is
about 12.4 S; evaluations (60 x S¢ 1, 81 x S;,, and 3 x S). The detailed data concerning the
optimization cost of both designs are provided in Table 8.3. The efficiency of the algorithm
is compared with ISM technique and a direct search approach (the SSM method is not suit-
able for the considered coupler). Although the computational efficiency of the compared
SBO techniques is similar, the discussed approach is more attractive to design optimization
of compact circuits. The reasons have been stated in Section 8.3.1 while discussing the pre-
vious example. The cost of direct optimization is two orders higher than SBO, so that it is
impractical from the numerical standpoint. The detailed results are listed in Table 8.4.

Figure 8.5: Layout of the folded RRC.

(@) (b)
Figure 8.6: Photograph of the fabricated folded RRCs: (a) bandwidth-oriented and (b) area-reduction-
oriented designs.

S-parameters [dB]
S-parameters [dB]

“B’s 0.75 1 1.25 15 85 0.75 1 1.25 15
Frequency [GHZ] Frequency [GHZ]
(@) (b)

Figure 8.7: Simulated (gray lines) and measured (black lines) frequency characteristics of two folded
RRC designs. Responses of a coupler: (a) optimized for bandwidth; (b) optimized for size reduction.
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TABLE 8.3: OPTIMIZATION COST OF THE FOLDED RRC
Evaluation Time

Design Case Algorithm Step Nurgbelr of_ModeI - -
valuations Absolute [min]  Relative to S
Optimization of S¢; 60 x S 40 2.0
Optimization for Optimization of S, 60 x S, 110 55
electrical Setup of model g 11 xS, 20 1.0
performance Evaluation of S 2x S 40 2.0
Total time N/A 190 9.5
Optimization of S¢; 60 x S 40 2.0
Optimization of S, 70 x S, 128 6.4
Optimization for

reduced size Setup of model q 11 x S;» 20 1.0
Evaluation of S 3 xS 60 3.0
Total time N/A 248 124

TABLE 8.4: CosT OF RRC OPTIMIZATION USING DIFFERENT ROUTINES

Optimization Co§t Of_ l_\luml?er 9f Evaluation time
i oty Y ey TS
This work 75x%x S 2 xS 190 9.5
ISM [23] 2.9 x S 6 x S 168 8.9
Direct optimization [24] N/A 103 x S¢ 2060 103

8.4 Conclusion

In this work, we have addressed the issue of optimization-driven size reduction of microwave
couplers. We presented a cost function formulation that explicitly aims at circuit area minimiza-
tion, with penalty components ensuring a required output power division ratio as well as suffi-
cient bandwidth determined for the return loss and isolation. Our approach allows for direct size
minimization while controlling electrical performance of the circuit. As demonstrated through
examples, low CPU cost of the design process can be maintained by embedding it into the vari-
able-fidelity optimization scheme. The technique described in the article can also be utilized
(upon appropriate modification of the objective function) for design optimization of other pas-
sive components.
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Abstract: This work presents a rigorous methodology for expedited simulation-driven multi-
objective design of microwave couplers with compact footprints. The proposed approach is
a viable alternative for computationally expensive population-based metaheuristics and exploits
a surrogate-assisted point-by-point Pareto set determination scheme that utilizes—for the sake
of computational efficiency—space-mapping-corrected equivalent circuit models. The tech-
nique is showcased using a complex design example of a compact rat-race coupler, for which
a set of nine alternative design solutions is efficiently identified. The latter design solutions
illustrate the best possible trade-offs between conflicting design objectives for the structure at
hand, that is, its operational bandwidth and the layout area. The overall design cost corresponds
to approximately twenty high-fidelity electromagnetic simulations of the miniaturized coupler.
Several selected trade-off designs have been manufactured and measured for the purpose of
method validation.
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9.1 Introduction

Reliable design of compact microwave circuits for modern wireless communication systems is
a challenging task that involves simultaneous adjustment of multiple designable parameters of
the structure at hand to satisfy several, often conflicting, objectives such as size, bandwidth,
phase response, etc. [1-3]. A common feature of such circuits, e.g., folded or fractal-shaped
couplers [4-7], is a high computational cost of their accurate electromagnetic (EM) analysis that
results from geometric complexity of miniaturized layouts. This proves to be a fundamental
issue for simulation-driven design of compact components, especially when using conventional
design strategies, such as repetitive parameter sweeps or direct single-objective optimization,
both requiring numerous EM simulations to obtain satisfactory results [8]. On the other hand,
alternative means of circuit analysis (e.g., exploiting transmission line theory) are grossly inac-
curate and—for the most part—merely capable of providing initial design solutions [9]. This is
particularly the case for highly miniaturized microwave circuits with strongly coupled building
blocks (e.g., [10]).

To some extent, these shortcomings can be alleviated by surrogate-based optimization (SBO)
techniques [11], such as space mapping (SM) [12], which have repeatedly demonstrated their
computational superiority over commonly exploited direct optimization algorithms applied to
design of conventional microwave circuits. SBO schemes benefit from low-cost surrogates that
are well aligned with the high-fidelity EM models through adaptive corrections [13]. Taking
advantage of the fact that vast majority of numerical operations are executed at the level of the
suitably enhanced low-fidelity models, whereas their high-fidelity counterpart is used exclusive-
ly for occasional design verification and the surrogate model update, the overall computational
cost of the SBO process might be kept low [14].

As opposed to conventional microwave circuits, compact devices are typically developed
using novel topologies (e.g. [15]), for which the relationship between the size of the struc-
ture and its electrical parameters cannot be established prior to design itself. This signifi-
cantly increases the risk of design failure, especially when excessively stringent specifica-
tions are applied to the prototype circuit. To formally address this issue, multi-objective
optimization is required [3], [5]; the process aims at finding a so-called Pareto set that rep-
resents the best possible trade-offs between non-commensurable objectives [16]. The most
popular solution approaches to this problem include population-based metaheuristics, such
as genetic algorithms [16]. While capable of determining the entire Pareto set in a single
algorithm run, these methods are of limited use for design of compact circuits due to a large
number of objective function evaluations involved in the process (typically tens of thou-
sands [16]).

In this work, a procedure for rapid multi-objective design optimization of computationally de-
manding compact microwave couplers is presented. The proposed method is an SBO scheme
that exploits an equivalent circuit model of the structure of interest, and SM as the fundamental
tool of low-fidelity model correction to identify a discrete representation of the Pareto front
which contains the trade-off solutions between the operational bandwidth and the layout area of
the structure. The approach is demonstrated by a compact rat-race coupler design example. Ex-
perimental verification of several trade-off designs is provided.

9.2 Case Study: Compact Rat-Race Coupler

In this section, we define a complex design problem of a compact rat-race coupler (RRC). It is
used to demonstrate the application of the multi-objective optimization methodology presented
in Section 9.3. An RRC is a popular microwave coupler that splits an input signal between the
output ports with a 0°/180° phase shift or combines two input signals [17]. A conventional RRC
is a ring-shaped structure that is composed of six 90°-sections of transmission lines (TLS),
which makes it a suitable candidate for circuit miniaturization [18-20].
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Let us consider a compact RRC shown in Figure 9.1(a). Size reduction has been achieved here
by replacing conventional TL sections with folded shunt-stub-based lines, whose parameterized
layouts are given in Figure 9.1(b). The coupler geometry can be described by seven designable
parameters denoted as x = [w d; d, I; I, 15 1,]". We choose a Taconic RF-35 dielectric substrate
(er = 3.5, h = 0.762 mm, tano = 0.0018) for circuit implementation. The operation frequency is
set to fy = 1 GHz. For the above specifications, the width and the length of the coupler feeding
lines are fixed to 1.7 and 15 mm, respectively.

The goal is to find a set of design solutions that represent the best possible trade-offs between
the following objectives: F; — maximization of the operational bandwidth, where the bandwidth
(BW) is defined as a symmetrical—with respect to the center frequency fo—intersection of |Sy|
and |S4| that remain below the level of —20 dB, and F, — minimization of the layout area occu-
pied by the coupler. An equal power division between the output ports at f, is not considered
here as a separate design objective. Instead, it is ensured by means of a suitably defined penalty
function included in F;.

SBO requires a fast low-fidelity model of a given structure that is also sufficiently aligned with
its high-fidelity counterpart [11]. Here, we use an equivalent circuit of Figure 9.2 to serve this
purpose. The high-fidelity model is implemented in CST Microwave studio [21] (~350,000
mesh cells, ~25 minute simulation time per design). The solution space is determined by the
following lower/upper bounds: | = [0.2 0.1 0.1 10 10 0.1 0.1]" and u = [1.5 1.2 4 20 20 20 20]"
(all dimensions in mm).

Although the methodology of Section 9.3 is demonstrated here using a compact RRC design
example, it is also valid for other types of microwave circuits, provided that a sufficiently fast
and accurate equivalent circuit model can be developed.

9.3 Methodology

In this section, we formulate and discuss the methodology for computationally efficient multi-
objective design optimization of compact microwave couplers.

(@) *

I,

l

P <
2.5w+2d,+d,

1%y

y

d,
(b)

Figure 9.1: (a) Layout of the example compact RRC based on [4]; (b) Parameterized layouts of shunt-
stub-based TLs.
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port 2« port 1+&= port 3 &=
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Figure 9.2: Equivalent circuit model of the example compact RRC, implemented in Agilent ADS [22].
Highlighted components have different sets of implicit space mapping parameters p assigned to them
(dark grey: &, hy; grey: e, hy, white: &3, h).

9.3.1 Problem Formulation

Let R¢(x) denote a response of a fine model of the structure under consideration, where X is a
vector of its designable parameters. Typically, R¢(x) is obtained by a computationally expensive
high-fidelity EM simulation, and represents complex S-parameters of the given design solution.

Let Fu(Ri(x)), where k =1, ..., Noy;, be a kth design objective. Considering a class of compact
microwave couplers, typical objectives include minimization of the layout area and maximiza-
tion of the bandwidth, with a specified power division ratio at f.

The goal of a multi-objective scheme is to identify a representation of a so-called Pareto-optimal
set Xp, which is composed of non-dominated designs such that for any x € Xp, there is no other

design y for which the relation y < x is satisfied. Design y dominates X (y < X) if Fy(Ri(y)) <
Fu(Ri(x)) forall k=1, ..., Nopj, and Fy(Ri(y)) < Fu(R«(x)) for at least one k) [23].

9.3.2 Surrogate Model

The high-fidelity EM-simulated model of the structure under consideration is too expensive to
be directly handled by any population-based metaheuristic algorithm, which typically requires
tens of thousands objective function evaluations to converge [16]. Thus, we exploit here a fast
auxiliary equivalent circuit of Figure 9.2 as the low-fidelity model R, of the structure at hand. In
order to increase the accuracy of R., we apply implicit and frequency SM [24] to construct a Ry
well-aligned surrogate model R, to be subsequently utilized in the optimization process. More
specifically, the surrogate is defined as

R(X)=R.c(x; f,p) (9.1)

where R.g is a frequency-scaled coarse model, whereas f and p denote frequency and implicit
SM parameters, respectively. Let Re(X) = [Re(X,@1) Re(X, @) ... Re(X,@m)]", where Ry(x,a) is
evaluation of the circuit model at a frequency @, Then, R.e(X;f,p) = [Re(X,fo + @n-fi,p) ...
Re(X, fo + an-f,p)]", with f, and f, being frequency scaling parameters. Here, the implicit SM
parameters are p = [e; &, &5 hy h, h3]" (substrate permittivity and thickness of equivalent circuit
components). They are extracted to minimize misalignment between R, and R; as follows:

[f*, p*:|=a1rgr‘rf1yip||Rf (X)=Ree(x; f, p)” (9.2)
The improved accuracy of R is limited to the vicinity of the design X, at which the implicit SM param-
eters have been extracted. Note that it is not possible to find a single set of SM parameters that would

ensure surrogate accuracy across the entire design space. Consequently, in order to lead towards a satis-
factory design, the surrogate has to be iteratively refined during the optimization process.

9.3.3 Optimization Procedure

For the sake of computational efficiency, our design approach is based on a point-by-point iden-
tification of the Pareto set. First, we execute unconstrained optimization for F; objective only
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(here, BW maximization). The optimum design xp(l) obtained this way is used to determine the
feature space extreme point of the Pareto set as (Fy(Ri(x,"")); F2(Ri(x,™))).

In the subsequent steps, we set the threshold values for the second objective F,?, and optimize
the structure with respect to the first objective so that the above threshold value is preserved:

x)=arg  min )Fl(R, (x)) 9.3)

%, Fy(Ry (x))<F!
Here, x,” is the jth design space element of the Pareto set. The process is continued until
Fl(Rf(xp(”)) is still satisfactory from the point of view of given design specifications.

The problem (9.3) is solved using the SM surrogate model (cf. Section 9.3.2) and it is itself
realized as an iterative process

x{") =arg min Fl(RS”"‘)(x)) (9.4)

x, Fy (RO (x))<F{D

where
jo.k)(x): R, (x; f(j-k), p(i-k)) (9.5)

and

(ik) ik ] = i
[f P ]_argrrfw’lp

R, (X)) =R (x; £, p) (9.6)

The starting point for the algorithm (9.4) is xp“’l). Typically, two iterations of (9.4) are sufficient
to obtain xp“), which is because the starting point is already a good approximation of the opti-
mum. In practice, the thresholds F,? can be obtained as F,¥ = o F,9Y with « < 1 (e.g.,
a =0.95), or F,9 = F,0 — gwith #> 0 (e.g., B = 0.05-F,). Central-frequency equal power
split between the output ports is secured by adding to F; in (9.4) the terms proportional to
(IS21] + 3)? and (Ss1| + 3)° (at fo), which penalize the designs violating this requirement.

9.4 Numerical and Experimental Results

The methodology of Section 9.3 is showcased here using a compact RRC desigh example de-
scribed in detail in Section 9.2. The process (9.4) has been applied to identify nine Pareto-
optimal design solutions, illustrating the trade-offs between BW and the layout area of the struc-
ture under consideration. The first design, obtained without any area constraints, features BW
and the layout area of 258 MHz and 841 mm?, respectively. Eight consecutive design solutions
have been acquired by setting up F,% to 800, 725, 650, 575, 500, 425, 400, and 375 mm?, re-
spectively. The last two threshold values have been set with higher resolution, after failing to
obtain a positive value of BW for the 350 mm? layout. Figure 9.3 shows the obtained represen-
tation of the Pareto-optimal set. Numerical results are listed in detail in Table 9.1. One can ob-
serve that the scale of circuit miniaturization ranges from 86.4% to 94.3%, which corresponds to
compact designs that offer broadest and narrowest BWSs, respectively. Several trade-off designs
have been manufactured and measured to validate the proposed methodology. The simulated
and measured characteristics of the selected design solutions are shown in Figure 9.4(a)—(d).
One can observe that the experimental data fits the simulated results in a reasonable manner.
Minor discrepancies are due to fabrication tolerance as well as the idealized nature of conducted
simulations, where SMA connectors or substrate anisotropy have not been included. The meas-
ured values of S-parameters at the center frequency are collected in Table 9.2. The total cost of
the design process corresponds to about twenty fine model evaluations, including the overhead
related to multiple evaluations of the coarse model (the latter does not exceed ten percent of the
overall EM simulation cost). In comparison with any type of metaheuristic algorithm applied to
direct optimization of the compact RRC fine model, the overall cost of the presented method is
orders of magnitude lower [1].
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Figure 9.3: Pareto-optimal set representing the best possible trade-offs between bandwidth and layout
area of the compact RRC, acquired by means of the presented multi-objective optimization procedure.
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Figure 9.4: Simulated and measured S-parameters for selected design solutions with layout areas of:
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(a) 841 mm?, (b) 703 mm?, (c) 409 mm?, and (c) 353 mmZ.
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9.5 Conclusions

This work presents a technique for rapid multi-objective optimization of compact microwave
couplers. The main components of the method include an iterative identification of the Pareto-
optimal set, using a constrained single-objective SBO scheme with the space-mapping-corrected
equivalent circuit model as the underlying surrogate model. Computational efficiency of the
presented method is illustrated using a complex design example of a compact RRC. The ob-
tained Pareto set demonstrates trade-offs between conflicting design objective, here, the BW
and the layout area. Measurement results of several selected trade-off design solutions confirm
the reliability of the proposed design method.

TABLE 9.1: NUMERICAL RESULTS OF MULTI-OBJECTIVE OPTIMIZATION OF COMPACT RRC

Designable parameters [mm] Design objectives L

BW ; MlnlatL(J)rlzatIOI’]
w d; d, Iy I, I3 1, [MHz] Area [mm?] [%]
0.61 0.3 290 13.16 13.16 155 0.83 258 841 86.4
0.55 0.3 260 1350 1350 385 171 232 763 87.7
050 027 207 1544 1544 6.11 3.03 208 703 88.6
0.45 0.2 207 1452 1452 9.09 287 184 604 90.2
0.39 0.2 193 1423 1423 1257 3.09 156 534 914
037 017 171 1451 1451 1436 8.11 143 483 92.2
035 015 126 15.00 1500 1485 6.21 114 409 93.4
031 015 120 1553 1553 1537 5.78 90 387 93.7
028 015 1.07 1571 1571 1555 6.02 36 353 94.3

“w.r.t. conventional RRC designed for f, = 1 GHz and the same substrate: radius = 44.39 mm, size = 6190 mm?

TABLE 9.2: MEASURED S-PARAMETERS OF SELECTED TRADE-OFF DESIGNS

Measured S-parameters at 1 GHz

Pareto-optimal

solution of: [S11| [dB] [S24| [dB] [Sa1| [dB] [Sa1 [dB]

Figure 9.4(a) —21.85 327 ~3.19 2761

Figure 9.4(b) -34.17 -3.27 -3.16 -29.72

Figure 9.4(c) -25.39 -3.37 -3.28 -217.27

Figure 9.4(d) ~17.55 -3.41 -3.45 -29.76
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10 CONCLUSIONS AND
FUTURE WORK

This dissertation presents several original methodologies for reliable and computationally effi-
cient design of miniaturized hybrid couplers. The proposed methods exploit a generic SBO
scheme and employ a number of customized techniques for the development of fast surrogates
with improved accuracy to be subsequently utilized in the design process. These techniques
include circuit decomposition, hierarchical design, EM modeling, equivalent circuits, response
surface approximations, and space mapping technology. The discussed methods are equipped
with built-in mechanisms that account for internal EM couplings, otherwise resulting in lower
model accuracy. Apart from the above, a surrogate-assisted fine-tuning technique that can be
used as a stand-alone procedure is also provided. Moreover, some original developments in-
cluded in this thesis consider circuit size reduction as an explicit design goal with the remaining
performance-related goals controlled using a penalty function approach. This new functionality
has been implemented both in a single-objective and a multi-objective setting.

The presented methods have been extensively validated on a case-study basis. In total, 25 de-
sign solutions have been numerical obtained with 20 of them regarding hybrid couplers. The
complementary design examples concern multi-section matching transformers, and have been
added to showcase the extended applicability of the developed methodologies. The design com-
plexity expressed as the search space dimensionality ranges from 5 up to 14 for hybrid couplers
and from 12 up to 27 for multi-section matching transformers. A suite of novel hybrid couplers
have been devised that demonstrate outstanding miniaturization ratios between 82% and 94%
for the vast majority of them as well as a high EM-validated performance. These findings have
been also confirmed by experimental verification of 12 coupler prototypes. The comparison
with state-of-the-art compact couplers reveals that the fabricated structures presented in this
thesis offer not only superior frequency characteristics (the assessment based on strictly defined
figures of merit), but also one of the best miniaturization coefficients. Furthermore, the pro-
posed methods exhibit a dramatic reduction in the computational cost, offering—on average—
25 times speedup in comparison to direct EM optimization. In relative terms, the cost of the
design optimization process executed by the original methods presented here is very low and
typically does not exceed a few EM simulations of the respective compact coupler.

The most important original contributions of this work include:
1. Development of several methodologies for reliable, automated and computationally ef-
ficient design of miniaturized hybrid couplers. These include sequential space mapping
technique, nested space mapping technique, and surrogate-assisted EM-driven optimiza-
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tion technique (with its extension to wideband coupler applications). Each of the enu-
merated methods employs a number of general-purpose SBO techniques, specifically
adapted here to form a consistent design methodology.

2. Development of a surrogate-based design closure technique for miniaturized hybrid
couplers.

3. Development of a new objective function formulation for explicit size reduction of hy-
brid couplers.

4. Development of a novel multi-objective optimization technique for an expedited identi-
fication of design objective trade-offs for miniaturized hybrid couplers.

The presented methods provide comprehensive solutions to most of the pressing issues listed in
the introductory section to this work, which—to the best of author’s knowledge—have not been
addressed in the scientific literature on miniaturization so far. The numerical results presented in
this work and validated by experimental investigations indicate that the goals defined in Section
1.2 have been accomplished and the theses put forward herein have been positively verified.

The methodologies presented in this dissertation operate within a commonly accepted frame-
work for microwave circuit miniaturization, which includes (i) selection of a reference design,
(ii) decomposition of the circuit into its fundamental building blocks, and (iii) their replacement
with compact cells whose role is to duplicate the performance of these original components. The
methods included in this thesis cover phase (iii) of the outlined routine. An implicit assumption
made here is that a specific compact cell to be used as a substitution for original circuit building
blocks is already given at the start of the design process. In practice, a particular cell geometry
is chosen completely arbitrary by the designer without the definite knowledge of its applicabil-
ity or possible outcomes. This appears to be a major weak point of the exploited approach as the
underlying cell topology is likely to have a great impact on the obtainable circuit size reduction.
However, the unavailability of methodological tools for comparison, assessment, classification
and application-specific selection of compact cell geometries leaves no room for alternative.
Future work will focus on addressing these issues, although some preliminary studies on the
subject are already accepted for presentation at major international conferences this year (see
the list below for details).

1. P. Kurgan and S. Koziel, “EM-driven compact cell topology selection for explicit size
reduction of hybrid rat-race couplers,” accepted for presentation at European Micro-
wave Conference, 2017.

2. S. Koziel and P. Kurgan, “On elementary cell selection for miniaturized microstrip rat-
race coupler design,” accepted for presentation at International Conference on Electro-
magnetics in Advanced Applications, 2017.
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APPENDIX 1 APPLICATION OF NSM TO DESIGN OF
MINIATURIZED RAT-RACE COUPLER

*kk

This appendix showcases an application of the nested space mapping algorithm of Chapter 5 to
computationally efficient design of a miniaturized rat-race coupler composed of compact cells.
We use here the same notation as in Chapter 5. Numerical data presented below have been orig-
inally included in a book chapter on NSM co-authored by P. Kurgan [98].

*k*k

Consider a miniaturized RRC of Figure Al.1. The initial circuit size reduction is obtained by
replacing transmission lines of a conventional RRC with compact cells, whose parameterized
layouts are shown in Figure Al.2(a). The presented cells are devised according to the engineer-
ing approach of Chapter 2 using a T-type network (cf. Figure 2.5). The vectors of designable
parameters pertaining to each considered cell are: y® = [wy; Iy lpy 131 1y1]" for the first one, and
y@ = [Wy, Iy 1y, Is 14p]" for the second one. Note that dimensions wi = 0.75, |1 = 4.3, |y = 0.4
of Figure Al1.1 are established by a designer and fixed to ensure coupler layout consistency (all
geometry dimensions are in mm).

The high-fidelity cell models Rieen™, n =1, 2, as well as their corresponding low-fidelity mod-
els Recen™ [see Figure A1.2(b)] are implemented in CST Microwave Studio and Agilent ADS,
respectively. The dielectric substrate used for EM model implementation is RF-35 (¢, = 3.5,
h =0.762 mm, tano = 0.0018).

The goal is to achieve |Sy;| and |S4| < —20 dB between 0.9 GHz and 1.1 GHz, as well as |S,| =
Ss1| at 1 GHz. The search space is defined by the following lower/upper bounds: 1V = [0.2 0.2
0.20.20.2]",u”=[05054054]", and 1¥ =[0.20.20.20.20.2]", uU®=[05170.57]".

To this end, the NSM technique is applied to construct the nested surrogate model R of the
miniaturized coupler. In the first step, the inner surrogate models R ™ and Ry ® are devel-
oped at the level of individual compact cells. Each R, "™ surrogate is a composition of Rg e
and a combination of SM corrections (here, input, frequency, and implicit SM). The sufficient
matching of the inner surrogate models to their high-fidelity counterparts is ensured by a multi-
point parameter extraction (PE) procedure based on a star-distributed training set covering the
entire range of parameters y™ (see Figure A1.3). The PE process pertaining to each cell involves
18 extractable SM parameters. In the second step, the surrogate model R, of the entire coupler is
developed by cascading four Rgcen” and two R cen® inner-level surrogates (cf. Figure Al.1) and
applying outer SM correction with a limited number of global parameters to compensate for EM
cross-couplings between the cells. The designable parameters of the assembled coupler are the
fOIIOWing: X= [Wll Ill |21 |31 |41 W12 |12 |22 |32 |42]T. Relative parameters are defined as: Wy = 18'11
+ 21wy, and wy, = 615, + 7wy, A schematic diagram of the generic surrogate model R; g of the
entire coupler is shown in Figure Al.4.

The obtained R, surrogate model of the RRC is subsequently utilized in a typical SBO process.
The initial design is x® = [0.2 0.2 2.5 0.2 2.5 0.2 0.2 5.0 0.2 5.0]". The final design x = [0.24
0.26 3.35 0.28 2.04 0.25 0.29 6.52 0.29 5.63]" is obtained after four iterations of the algorithm.
The optimized RRC exhibits |Sy;| and |S4| < —20 dB between 0.915 GHz and 1.115 GHz as well
as an equal power division at 1 GHz with approximation to the user-defined termination condi-
tion of the SBO process. The EM-validated performance of the obtained coupler is shown in
Figure A1.5. The footprint of the miniaturized structure is 17 mm by 27.3 mm (464 mm?),
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which is about 10% of the real estate designated for the conventional RRC implemented for
comparison purposes (47.5 mm x 95.5 mm ~ 4536 mm?).

A total cost of the miniaturized RRC design optimization process corresponds to 6.5 evaluations
of the its high-fidelity EM model R; implemented in CST Microwave Studio (~800,000 mesh
cells, simulation time: 75 min). The computational efficiency of NSM is compared with ISM
(a standard SBO methodology), SSM (cf. Chapter 3), and a direct EM-driven approach based on
pattern search (a conventional design approach). For the considered case study, NSM involves
the smallest CPU cost to yield an optimized design (for details see Table Al1.1).

Figure A1.1: Initial layout of miniaturized RRC including designer-dependent geometry parameters.

(b)
Figure Al1.2: (a) Parameterized layouts of compact cells (on the left — first cell, on the right — second
one); (b) generic equivalent circuit cell model.

TABLE Al.1: MINIATURIZED RRC: DESIGN OPTIMIZATION COST

Model Optimization algorithm
Evaluations NSM ISM SSM Direct Search
Res cell 0.9 x Ry N/A N/A N/A
Rf'ce” 1.3 % Rf N/A N/A N/A
RS 0.3 x Rf 3.9 x Rf 3.2 % Rf N/A
R¢ 4 x Ry 16 x Ry 12 x Ry 286 x Ry
Total cost 6.5 x R¢ 18.9 x R¢ 15.2 x R¢ 286 x R
Total cost [hours] 8.6 26.5 18.7 363.6
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Figure A1.3: Nested SM modeling of compact cells. Responses of coarse model (----), fine model (—),
and inner SM model (c°°) at several selected test designs: (a) the first cell; (b) the second cell.
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Figure Al.4: Schematic diagram of compact RRC global model R;4(x,P) composed of four Rqcen® and
two R cen® inner-level surrogates.
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Figure A1.5: EM-validated performance of the optimized compact RRC.
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