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ABSTRACT

Vast majority of practical engineering design problems require simultaneous handling of several cri-
teria. For the sake of simplicity and through a priori preference articulation one can turn many design
tasks into single-objective problems that can be handled using conventional numerical optimization rou-
tines. However, in some situations, acquiring comprehensive knowledge about the system at hand, in
particular, about possible trade-offs between conflicting objectives may be necessary. This calls for multi-
objective optimization that aims at identifying a set of alternative, Pareto-optimal designs. The most
popular solution approaches include population-based metaheuristics. Unfortunately, such methods are
not practical for problems involving expensive computational models. This is particularly the case for
microwave and antenna engineering where design reliability requires utilization of CPU-intensive elec-
tromagnetic (EM) analysis. In this work, we discuss methodologies for expedited multi-objective design
optimization of expensive EM simulation models. The solution approaches that we present here rely on
surrogate-based optimization (SBO) paradigm, where the design speedup is obtained by shifting the opti-
mization burden into a cheap replacement model (the surrogate). The latter is utilized for generating the
initial approximation of the Pareto front representation as well as further front refinement (to elevate it
to the high-fidelity EM simulation model level). We demonstrate several application case studies, includ-
ing a wideband matching transformer, a dielectric resonator antenna and an ultra-wideband monopole
antenna. Dimensionality of the design spaces in the considered examples vary from six to fifteen, and the
design optimization cost is about one hundred of high-fidelity EM simulations of the respective structure,
which is extremely low given the problem complexity.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

reliable way of estimating the system performance with the sim-
plified (e.g., analytical) models either not available or being very

Electromagnetic (EM)-simulation models are nowadays ubiq-
uitous in various fields such as RF and microwave engineering [1],
antenna design [2], photonics [3], design of wireless power trans-
fer systems [4], microwave imaging [5], non-destructive testing
[6], to name just a few. High-fidelity EM analysis permits accu-
rate evaluation of the system performance, however, it might be
computationally expensive, particularly for complex structures. In
many situations, computational models have to account not just
for the structure under design but also its environment that the
system is electromagnetically coupled with, and which affects its
operation [7,8]. As a matter of fact, EM simulation might be the only
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inaccurate.

High cost of high-fidelity EM analysis becomes a fundamental
bottleneck from the simulation-driven design point of view, espe-
cially design automation through numerical optimization. While
relatively simple EM models of individual components (filters,
antennas, couplers, etc.) simulate in a few minutes per design,
more complex structures (antenna arrays, electrically large struc-
tures, components simulated with their environment such as
on-vehicle antennas, integrated photonic devices) require a few
hours up to many days for simulation. Conventional optimiza-
tion algorithms (both gradient-based [9] and derivative-free [10],
particularly population-based metaheuristics such as evolutionary
algorithms [11], particle swarm optimizers [12] or differential evo-
lution [13]) require large number of objective function evaluations
to converge, which is often computationally prohibitive. Conse-
quently, the most popular approaches to simulation-driven design


dx.doi.org/10.1016/j.asoc.2016.05.033
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.05.033&domain=pdf
mailto:koziel@ru.is
mailto:bekasiewicz@ru.is
dx.doi.org/10.1016/j.asoc.2016.05.033

S. Koziel, A. Bekasiewicz / Applied Soft Computing 47 (2016) 332-342 333

are hand-on procedures involving heavy interactions with the
designer [14,15]. A notable example is design through parameter
sweeps (usually, one parameter at a time), guided by engineer-
ing experience. Such methods, although laborious, typically lead
to acceptable (yet not optimum) results in reasonable timeframe
when executed by skilled engineers with sufficient background and
experience in solving a particular class of design tasks.

Clearly, automated design optimization is highly desirable.
Adjoint sensitivity [16,17] is one of technologies that allow speed-
ing up EM-driven optimization process [18,19] by providing
information about the system response and its gradients at lit-
tle extra computational cost. Unfortunately, this technology is not
yet widely used in computational electromagnetic community and
commercially only available through a few EM solvers [20,21].
One of the most promising approaches to computationally efficient
simulation-driven design is surrogate-based optimization (SBO)
[22,23]. In SBO, direct optimization of the expensive simulation
model is replaced by iterative construction and re-optimization
of its cheap representation, referred to as a surrogate [22]. Vari-
ous SBO techniques mostly differ in the way the surrogate model
is constructed. A comprehensive review of surrogate-based tech-
niques for solving expensive real-world problems can be found in
[24]. In [25] a survey of surrogate-assisted optimization from the
perspective of evolutionary computation is presented.

The methods exploiting data-driven (approximation) surro-
gates are usually used for global optimization (EGO-type methods
[26,27], artificial neural networks [42], or SAEA algorithms [28,29]),
where a surrogate model is constructed from sampled simulation
data and subsequently used as a prediction tool for identifying the
most promising designs. The surrogate is updated using suitably
defined infill points aiming either at improvement of the global
accuracy of the model [22] or in exploitation of the promising
regions of the design space [22]. Physics-based surrogate models
are constructed by suitable correction of the underlying low-
fidelity models (such as equivalent circuits [30] or coarse-mesh
EM simulation models [7]). The most popular physics-based SBO
techniques in computational electromagnetics include space map-
ping (SM) [31,32], various response correction methods [33-35],
feature-based optimization [36], as well as adaptively adjusted
design specifications [37]. Because of embedding knowledge about
the system at hand, physics-based models normally exhibit better
generalization capability than approximation surrogates. On the
other hand, due to being relatively expensive, they are better suited
for local optimization [7].

Majority of real-world design problems in computational elec-
tromagnetics require handling multiple criteria. A typical example
that applies particularly to wireless communication systems (espe-
cially portable, battery-operated, and wearable devices [38,39])
is design of miniaturized components that still satisfy stringent
requirement concerning their electrical performance [7,14,18].
In many cases the design task can be converted into a single-
objective optimization problem by appropriate goal prioritization
[7]. However, finding possible trade-offs between conflicting
objectives may be necessary in certain situations, e.g., to obtain
comprehensive information about the capabilities of a given
structure/system. This can only be achieved through genuine multi-
objective optimization yielding a set of alternative solutions that
are Pareto-optimal with respect to given design criteria. Obviously,
it leads to additional challenges from the simulation-driven design
standpoint.

The most popular multi-objective optimization methods are
population-based metaheuristics such as genetic algorithms (GAs)
[11,40], or particle swarm optimizers (PSO) [12,41]. Their most
important advantage is a capability of finding the entire Pareto
set in a single algorithm run. A disadvantage is huge computa-
tional cost (normally hundreds, thousands or tens of thousands of

objective evaluations) which is computationally prohibitive if the
high-fidelity EM simulations are utilized for system evaluation.

Recently, it has been demonstrated that surrogate-based opti-
mization techniques may be extended to handle multi-objective
optimization problems in engineering [7,35]. Particular examples
of using approximation surrogates for solving real-world problems
canbefoundin[42,43].In[42], an artificial neural network has been
utilized in a combination with a Monte Carlo procedure to acceler-
ate multi-objective design of optical networks by 88% with respect
to direct optimization driven by network simulator. Surrogate-
based optimization has been also successfully applied for solving
multi-objective problems in antenna engineering [43]. Because of
relatively high cost of low-fidelity antenna simulations, auxiliary
kriging interpolation models have been exploited in [43] to permit
feasible Pareto front identification using evolutionary methods.

In this paper, we review the approach introduced in [43] and
demonstrate its application—in conjunction with the initial design
space reduction—to the design of various types of microwave and
antenna components. In particular, we consider examples of minia-
turized impedance matching transformer, a dielectric resonator
antenna (with three design objectives), and a compact ultra-
wideband monopole antenna. Our results indicate that utilization
of variable-fidelity EM simulations, approximation modeling, and
response correction techniques, allows for identifying Pareto front
representations at the cost corresponding to less than a hundred
high-fidelity EM simulations of the structures under design. The
critical components of the design optimization process, which
is an enhancement compared to [43], is utilization of the ini-
tial design space reduction. Also, the refinement procedure has
been generalized for arbitrary number of objectives. Moreover, we
demonstrate that possible imperfections and statistical variability
of multi-objective evolutionary optimization of the approximation
surrogate (an intermediate step of the design process leading to
the initial approximation of the Pareto front) has minor influence
on the final Pareto set quality, which is mostly a result of the over-
all optimization flow arrangement (specifically, operating within
a confined region of the design space containing the Pareto front,
and surrogate-assisted front refinement procedures).

2. Multi-objective optimization of expensive
electromagnetic simulation models

In this section, we briefly outline the procedure for expedited
multi-objective optimization of expensive electromagnetic (EM)
simulation models. We start by formulating the multi-objective
design problem, discuss variable-fidelity EM modeling, describe
a simple design space reduction procedure as well as surrogate
model construction using kriging interpolation. We also formulate
the procedure for generating the initial Pareto-optimal set approx-
imation and its refinement strategy.

2.1. Multi-objective design. Problem formulation

We denote by R¢(x) a high-fidelity electromagnetic simulation
of the system/structure under design. The response vector Ry(x)
represent relevant figures of interest, which normally are so-called
scattering parameters evaluated over a frequency band of interest
[43]. Designable parameters (i.e., structure dimensions) are repre-
sented by a vector x.

Let Fi(x), k=1, ..., Nop;, be a k-th design objective. A typi-
cal situation would be to satisfy minimax-type of specifications
such as minimize the reflection coefficient (in particular, to ensure
|S11] < —10dB in a predefined frequency band, in case of antenna
structures [44]). However, other objectives, related to minimiza-



334 S. Koziel, A. Bekasiewicz / Applied Soft Computing 47 (2016) 332-342

tion of geometry (e.g., maximal lateral size, height, the maximal
area of the footprint, volume, etc.) [43].

If Nopi>1 then any two designs xV) and x2) for which
Fi(x1)<F(x2)) and F(x@)<F(x1) for at least one pair k # I,
are not commensurable, i.e., none is better than the other in the
multi-objective sense. In this case, a Pareto dominance relation < is
utilized [11]. We say, for any two designs x and y, that x dominates
over y (x<y) if Fi(x) <F(y) for all k=1, ..., Noy;, and Fi(x)<F(y)
for at least one k. A goal of multi-objective optimization is to find
a representation of a so-called Pareto optimal set Xp composed of
the non-dominated designs from the solution space X, such that for
any x € Xp, thereisnoy € X for whichy<x[11].

Thus, our problem can be formulated as follows: given a set of
decision variables x, our goal is to minimize the objective functions
Fi(x), under the restrictions defined by the lower and upper bounds
for the variables, denoted as I and u, respectively.

2.2. Variable-fidelity EM simulation models

High cost of evaluating the high-fidelity model R; makes its
direct multi-objective optimization prohibitive. Computational
speedup can be obtained using surrogate-assisted techniques
|7,43,44], where the optimization burden is shifted into the cheaper
representation of the structure of interest. In some situations,
typically for simple components, development of analytical mod-
els is possible [45,46], in others (particularly for structures such
as microwave filters, couplers or power splitters), equivalent cir-
cuit models can be used [1], [30]. Both types of models are very
fast. Unfortunately, the only generic way of creating lower-fidelity
representation that applies to all types of EM models are those
obtained through coarse-discretization EM simulations [43]. The
design optimization methodology presented in this work relies on
such low-fidelity models, denoted here as R.. By appropriate mesh
density manipulation and possible other simplifications (see, e.g.,
[7,22]), Rc can be made significantly (10-50 times) faster than Ry
[44]. Clearly, thisis achieved at the expense of some accuracy degra-
dation. Despite this speedup, direct multi-objective optimization
using population-based metaheuristics is usually too expensive
even at the R. level, and additional measures have to be taken
to make the optimization process computationally feasible. One of
them is construction of an even faster model using response surface
approximations, specifically, kriging interpolation.

2.3. Kriging interpolation

In this section, we briefly formulate the response surface
approximation (RSA) model exploited in this work, specifically,
kriging interpolation [23,47]. It is utilized by the multi-objective
optimization procedures of Sections 3 and 4 to generate the initial
approximation of the Pareto set and its further refinement [43,44].

LetXp={x!,x2,...,xN} denote abase set, such that the responses
R.(¥) are known forj=1,2, ..., N. Let Re(x)=[Rc 1(x) ... Rem(x)]".
As mentioned before, the components of the model response
vector correspond to certain parameters, in particular, complex
S-parameters of the structure evaluated at a discrete set of m fre-
quency points. Here, we use ordinary kriging [23] that estimates
deterministic function f as fp(x)= +&(x), where p is the mean of
the response at base points, and ¢ is the error with zero expected
value, and with a correlation structure being a function of a gen-
eralized distance between the base points. We use a Gaussian
correlation function of the form

PR N .
R(x', ¥') = exp {Zkl@m’k - x;f} (1)

where 6, are unknown correlation parameters used to fit the model,
while x,' and x;/ are the kth components of the base points x! and
~.

The kriging-based coarse model Rs is defined as

R5(X) = [Re1(%)...Rsm(%)] ()

where

Rgj(x) = i + rT ()R (f; — 1/1)) (3)
Here 1 denotes an N-vector of ones,

fj = [Rej(x"). . .Rej(x™)]" (4)

ris the correlation vector between the point ¥ and base points

rT(x) = [R(x, x1). . R(x, x™)]" (5)

where as R is the correlation matrix between the base points

_ Jxk
R = [R(¥, x )L‘,k=1 ..... N (6)
The mean fi; is given by ji; = (1TR™" ! 1TR™'f;. The correla-
tion parameters 6, are found by maximizing [23]

—[NIn(6?)+In|R|]/2 (7)

in which the variance 6].2 = - 1ﬂj)TR‘1(fj —1j4;)/N and |R]
are both functions of 6,. Here, the kriging model is implemented
using the DACE Toolbox [48].

2.4. Initial design space reduction

The most important advantage of the kriging interpolation sur-
rogate R; is its low evaluation cost. In particular, Rs can be utilized
(cf. Section 2.5) for generating the initial Pareto set by means
of multi-objective evolutionary optimization because the cost of
such optimization can be neglected (compared to evaluation of
the high-fidelity EM model) even if tens of thousands of objective
evaluations are necessary. On the other hand, a serious disad-
vantage of approximation modeling is curse of dimensionality:
the number of the training points necessary to ensure sufficient
model accuracy grows very quickly with the dimensionality of the
search space. Consequently, the cost of setting up the kriging model
may quickly surpass the computational savings due to the entire
surrogate-based multi-objective optimization procedure consid-
ered here. Also, the number of design parameters for contemporary
EM simulation models tend to be large due to complexity of the
respective structures. At the same time, the initial ranges for these
geometry parameters are usually set rather wide to ensure that
the optimum design (or, in case of multi-objective optimization,
the Pareto set) is allocated within the prescribed bounds. Setting
up the RSA model in such large initial spaces, particularly for large
number of adjustable parameters, is virtually impractical. The ini-
tial design space reduction is therefore fundamental for successful
RSA-assisted EM-driven optimization.

Fortunately, the Pareto set normally resides in a very small
region of the initial design space [44]. The aim of the design space
reduction procedure [44] is to limit the ranges of the parameters
so that the reduced space determined by these updated parameter
ranges is as small as possible yet contains possibly large portion of
the Pareto front.

Let I and u be the initially defined lower/upper bounds for the
design parameters. Let

x:Y = arg min Fy (Re(x)) (8)
I<x<u
k=1,..., Nopj be an optimum design of the coarse-mesh model R¢

obtained with respect to the kth objective. In the second stage,
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Fig. 1. Initial design space X reduction through single-objective optimization runs
[44]. The extreme Pareto set points corresponding to the approximate optima of the
coarse-mesh model (M) (cf. (8)) and the high-fidelity model (®) (cf. (9)) determine
the reduced design space (dashed lines).

we obtain the corresponding (approximate) high-fidelity model
optima

x® — arg min F, (Ry(x 9
¢ g min k( % ( )) (9)

The designs x;® are found using surrogate-based opti-
mization (typically, frequency scaling combined with additive
response correction is utilized [43]). The typical cost of such
a process corresponds to a few evaluations of Ry [44]. The
bounds of the reduced design space are then defined as

cf. Fig. 1) " =min@xV, .., & W) x| x:WNor))y andu* =
od cd f f
max{x’c‘y), cony X Noby) x;(l), x;(Nobj)}.

For typical shapes of the Pareto front, the reduced space contains
both the front for the coarse-mesh and the high-fidelity and the
models. The former is important because the RSA model created
in [I', u'] is a representation of R.. The latter is essential to ensure
sufficient room for improving the high-fidelity designs during the
refinement stage (cf. Section 2.6).

2.5. Initial pareto set approximation

The initial approximation of the Pareto front is obtained by
optimizing the kriging surrogate model R; using a multi-objective
evolutionary algorithm (MOEA). Here, we use a standard floating-
point multi-objective evolutionary algorithm is utilized [11,49].
The algorithm is initialized using a randomly generated population.
The individual assessment is based on a Pareto-dominance relation,
which is utilized to rank the individuals. The dynamic fitness shar-
ing mechanism is utilized to prevent clustering of the individuals
within the solution space by penalizing the designs the are allo-
cated too close to each other. The shared fitness of ith individual f;
is defined as [49]:

[ - (10)

here, f; denotes fitness, P stands for the total number of individuals
and SF) is the sharing function of the form

(i.) .
1- (22 itsin < o
or (11)

0 ifsth) > g,

SF(J) —

where §(i) and o, are the Euclidean distance between ith and jth
individual stands and a relation of population size to the size of
Pareto front, respectively.

Generation of the new individuals is based on a Pareto-based
tournament selection mechanism. Mating restrictions are also uti-
lized to ensure that only individuals located in close proximity to
each other can be crossed over. Here, the acceptable range changes
dynamically and it is the same as fitness sharing radius. The prob-
ability of mutation and crossover for selected individuals is 20%
and 50%, respectively. The former is realized as alterations of ran-
domly selected components of an individual, whereas the latter
is arithmetic averaging. Finally, the elitism mechanism utilized in
the MOEA is aimed at preserving of currently non-dominated solu-
tions and the offspring population. More detailed description of
algorithm components can be found in [11,49].

It should be noted that because the RSA model is very fast, one
can afford execution of MOEA at this stage of the process. In partic-
ular, in order to obtain a good representation of the Pareto front, we
utilize a rather large population (500 individuals in the numerical
experiments reported in Section 3). Nevertheless, the computa-
tional cost of MOEA optimization is normally low and corresponds
to one or two evaluations of the high-fidelity EM antenna model.

Anotherimportant aspect of MOEA optimization of R is repeata-
bility of the results. The variance of the obtained Pareto front
representations can be greatly reduced by large population size
mentioned in the previous paragraph to the extent of being prac-
tically insignificant as indicated by our numerical experiments
reported in Section 3. On the other hand, one needs to remember
that the initial Pareto set is subjected to the refinement process
as described in Section 2.6, which further reduces its statistical
variations due to MOEA optimization.

2.6. Pareto set refinement

The Pareto set obtained in Section 2.5 is merely an approxi-
mation of the true Pareto front, corresponding to the RSA model
(which, in turn, is an approximation of the low-fidelity EM simula-
tion model R;). The refinement procedure [43,44] described below
aims at elevating a set of the selected designs x;, k=1, ..., K,
extracted from the initial Pareto set found by MOEA to the high-
fidelity EM model level. The refinement stage exploits the additive
response correction (output space mapping, OSM) [22,31,43] of the
form:

KD — argminFy (Ry(x) + [Ry() - Re(x))) (12)
subject to
Fo(%) < Fo(x("), q=2.. . ., Ny (13)

The optimization process (12) is constrained not to increase the
remaining objectives as compared to x;(). The surrogate model
Rs is corrected using the OSM term Ry(xs)-Rs(xs(k) (here,
x;(k0) = x(k)). Consequently, the corrected surrogate coincides with
Ry at the beginning of each iteration. In practice, 2 or 3 iterations of
(12) are sufficient to find a refined high-fidelity model design x;(*).
After completing this stage, a set of Pareto-optimal high-fidelity
model designs is created. This set is the final outcome of the multi-
objective optimization process.

2.7. Optimization flow

The entire multi-objective design optimization algorithm can be
summarized as follows [44]:



336 S. Koziel, A. Bekasiewicz / Applied Soft Computing 47 (2016) 332-342

START

Reduce design space l{--} =

Acquire R, data I{--} =>

¢ S multi-objective

.
of® % | Surrogate-assisted

optimization algorithm

Construct R, model

o[-

R_model

R, model

Optimize R using MOEA |4..> “ o

il

R_model

Refine R, using SBO ]{--} * —

END

Fig. 2. Flowchart of the surrogate-assisted multi-objective antenna design optimization process.

. Perform design space reduction (Section 2.4)

. Sample the design space and acquire the R, data;

. Construct the kriging interpolation model R (Section 2.3);

. Obtain the initial Pareto set by optimizing R using MOEA (Sec-
tion 2.5);

5. Refine selected elements of the Pareto set, x5(), to obtain the

corresponding high-fidelity model designs xf(") (Section 2.6).

AW N =

It is worth noticing that the high-fidelity model Ry is not eval-
uated until the refinement stage (Step 5 above). Furthermore, the
cost of finding the high-fidelity model Pareto-optimal set is only
about three evaluations of the high-fidelity model per design and
it is pretty much independent of the dimensionality of the design
space. Fig. 2 shows the flow diagram of the entire optimization
process.

3. Numerical studies

In this section we present three design case studies concern-
ing a wideband impedance matching transformer (Section 3.1), a
dielectric resonator antenna (Section 3.2), and an ultra-wideband
monopole antenna (Section 3.3). In each case, we describe the
experimental setup, numerical results, as well as the statistical
analysis concerning MOEA optimization of the kriging interpolation
surrogate model R;.

W23

A T,
ME P

Fig. 3. Geometry of a compact 50 ohm to 130 ohm matching transformer composed
of three T-shaped slow-wave resonant structure sections.

3.1. Multi-objective optimization of wideband impedance
matching transformer

The first design example is a wideband microstrip matching
transformer shown in Fig. 3 [50]. The circuit is composed of a
cascade of three T-shaped slow-wave resonant structures and it
is supposed to match the 50 ohm input to the 130 ohm load. The
transformer is implemented on a 0.762 mm thick Taconic RF-35
dielectric substrate (&;=3.5; tan 8=0.0018). The design is repre-
sented by the following 15-variable parameter vector:

T
X = [Wiiwaw31la1l31W1aWaa w3l l3W 3wz waslaslss]

The variables in the vector x are in three groups, each of which
describe one T-shaped section of the transformer. Parameters wp
and Iy, (where m is the number of the respective parameter in a
group and n denotes section number) determine the widths and the
lengths of the T-shape, respectively. It should be noted that param-
eters w;1 =1.7 and wj; =0.15 remain fixed to ensure the required
source and load impedances. All parameters are in mm.

The generic design optimization procedure of Section 2 involves
two EM models of the transformer. The high-fidelity model Ry(x)
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consists of about 1,200,000 hexahedral mesh cells and its average
simulation time on a 2.1 GHz Intel Xeon CPU with 64 GB RAM
is 12 min. The low-fidelity R.4(x) representation of the structure
contains ~55,000 cells (average simulation time: 49s). Both
models are designed in CST Microwave Studio and simulated
using its time domain solver [21]. Two design objectives are
considered in the optimization process: (i) F1(x) — miniaturiza-
tion of the transformer footprint defined as A x B rectangle, where
A=2(ly1 +131)+Wa1 +wip +2:(lp +132) + Wpp +Wi3 +2:(lp3 +133) + w3
and B=wqq +wsq +131, as well as (ii) F,(x) - minimization of return
loss over the 3.1 GHz to 10.6 GHz band of interest. The latter is
defined as max(|S11/3.1GHzto10.6GHz)- The objective F»(x) is con-
strained to ensure that the Pareto-optimal set is composed of
designs that fulfill requirements upon acceptable return loss
below the threshold value |S;|=-10dB. The penalty function is

given by:
})

with the experimentally selected penalty factor 8, =10. Initial
lower/upper bounds l/u for the design variables are:

St — Fix
t

U (x) = Fa(x) + B2 (max {

(14)

1 = [0.150.150.150.50.150.150.150.150.50.150.150.150.150.50.15]"

and
u = [1.01.01.05.00.51.01.01.05.00.51.01.01.05.00.5]"

The refined design space is obtained using procedure of Section
2.4. The obtained reduced design bounds are as follows:

I* = [0.240.490.860.360.150.211.730.150.160.151.80.14]"

us* = [0.390.891.660.440.160.252.330.150.170.202.320.15]7

It should be noted that the dimensionality of the problem has
been effectively reduced to 12 independent variables because the
updated lower and upper bounds have the same values for cer-
tain parameters. In particular, the parameters wy; =0.15, 31 =0.15
and w3 =0.15 became fixed according to the new bounds [44]. The
final design space is 16 orders smaller than the initial one (volume-
wise). In the next step, a total of 1002 training samples allocated
using Latin Hypercube Sampling technique have been utilized for
a construction of the kriging interpolation model R;. The cross-
validation error of obtained models is 2% which is sufficient for
reliable representation of circuit behavior.

Subsequently, the RSA model has been optimized using multi-
objective evolutionary algorithm (cf. Section 2.5). The algorithm
setup is: population size 500 and 50 generations. Next, a set of 10
designs has been selected along the obtained initial Pareto-optimal
set and refined using response correction technique of Section 2.6.
A comparison of the high- and the low-fidelity representation of

max(BI . ) [dB]
5

\
=
S

= |

10 12 14 16 18 20
Occupied area [mmz]

Fig. 4. Comparison of high-(J) and low-fidelity (x ) representations of Pareto front.
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Fig. 5. Retund loss responses of selected matching transformer designs: 2, - (—),
%@ - (= 2),%® - (), %® - (0O00), 1 - (OO O).

the Pareto front is shown in Fig. 4. The frequency responses of
the five refined designs are shown in Fig. 5, whereas their detailed
dimensions and objective values with respect to both objectives are
gathered in Table 1. It should be noted that the variability of F; and
F, along the high-fidelity Pareto set is from —10dB to —14.4 dB. The
transformer size is changes from 11 mm? to over 19.5mm? (43%).

A total numerical cost of transformer optimization corresponds
to 133 Ry model evaluations (~27 h) and it includes: 520 R.q simu-
lations for the design space reduction, 1000 R, evaluations during
data acquisition step as well as 30 Ry simulations for the refine-
ment of selected samples, respectively. The cost of multi-objective
optimization is negligible since it is performed using the fast RSA
model. The overall CPU-time required by the discussed method is
significantly lower than the estimated cost of direct multi-objective
optimization of the Ry model (>25,000 evaluations).

It should be noted that quality of the results obtained at the stage
of initial Pareto set generation (MOEA optimization of the kriging
surrogate) is not critical. The designs selected from the Pareto set
are exploited as starting points and subsequently are elevated to the
high-fidelity model level using SBO-based refinement algorithm.

Table 1
Three-section matching transformer optimization results.
Selected designs x;2) x4 x6) X8 x,10)
F1-[S11] [dB] -10.7 -11.8 -12.5 -13.1 —14.44
F, - area [mm?] 11.0 129 14.2 15.0 19.15
Design variables (all w11 0.38 0.38 0.33 0.39 0.39
parameters in w3 0.50 0.57 0.71 0.84 0.77
millimeters) Iy 0.87 1.17 1.50 1.56 1.61
Wiz 0.42 041 0.36 0.42 0.40
W 0.15 0.15 0.15 0.15 0.15
W3y 0.25 0.22 0.22 0.21 0.23
L 1.73 1.74 1.73 220 2.02
I3, 0.15 0.15 0.15 0.15 0.15
w13 0.16 0.16 0.17 0.16 0.16
w33 0.15 0.15 0.16 0.17 0.17
7%} 1.80 2.03 1.80 2.18 2.05
I33 0.15 0.15 0.15 0.15 0.15
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Fig. 6. The Pareto-optimal sets obtained in 50 runs of MOEA (gray lines) and the
average (black line). Discrepancies between individual runs are insignificant from
the engineering point of view, particularly given the range of variability for the
design objectives.

Nonetheless, the outcome of the optimization process is influenced
by the stochastic nature of the utilized evolutionary algorithm. For
that reason a statistical analysis has been performed based on 50
runs of the MOEA routine. The results shown in Fig. 6 indicate minor
variability of the Pareto front across the runs.

The largest discrepancy between the individual Pareto set and
the average is around 0.7 dB which is considered negligible from
the circuit operation standpoint. Moreover, the standard devia-
tion of the results and average distance from the mean value are
0.14dB and 0.16dB, respectively. Consequently, the influence of
the evolutionary algorithm on the refinement stage, as well as on
overall results of the design optimization procedure is considered
negligible.

3.2. Multi-objective optimization of quasi-isotropic dielectric
resonator antenna

The next design example is a compact, quasi-isotropic dielectric
resonator antenna shown in Fig. 7 [15]. The structure is imple-
mented using a Taconic CER-10 cuboid-shape dielectric resonator
(&r=10 and tan §=0.0035) with a driven element in the form of
a coaxial probe localized within the material. The probe is fed
through a coaxial 50 ohm transmission line. The antenna is rep-
resented by a six-variable vector: x=[a b ¢ 0; 0, [;]T, whereas
dimensions d=1.26 and g=0.82 remain fixed to ensure 50 ohm
inputimpedance. Parameters a, b and c represent width, length and
height of the dielectric resonator, respectively. Variables 01 and o0,
denote distance of the probe with respect to center of the dielectric

(@)

resonator (see Fig. 1(b)), whereas dimension [; represents length
of the probe.

The design optimization procedure described in this work
requires utilization of two antenna models (both evaluated using
CST Microwave Studio). The high-fidelity Ry representation of
the structure consists of 1,000,000 hexahedral mesh cells and its
typical evaluation time is around 21 min. Its low-fidelity counter-
part R; is constructed using ~55,000 mesh cells (evaluation time
35s). Three design objectives are considered: F;-minimization
of the maximum |S11|; F,—-minimization of AG defined as differ-
ence between minimal and maximal E-field strength in x-z plane;
F3-minimization of antenna volume A=a x b x c. It should be noted
that F; is considered within 2.4 GHz to 2.5 GHz frequency band,
whereas F, is evaluated at 2.45 GHz. Moreover, only the designs
that maintain return loss (objective F;) below the acceptable level
of —10dB are of interest from the optimization standpoint.

The initial design space is defined by the following bounds: I=[3
33-0.45.a-0.45-b0]" andu=[3030200.45-a 0.45-b c]". The linear
constraints are necessary to ensure allocation of the probe within
the resonator. The multi-objective optimization of the antenna is
performed by following the flow described in Section 2.7. The tech-
nique of Section 2.4 is utilized to yield the reduced design bounds:
I*=[3.324.514.5-0.03-a0.37-b 0.63-c]T and u* =[29.8 30 15.8 0.16.-a
0.45-b 0.98-]". The reduced solution space is 10* smaller (volume-
wise) in comparison with the initial one.

In the next step, a kriging interpolation model Rs is constructed
within refined bounds using 576 low-fidelity model samples. The
obtained average relative RMS error of the model—calculates using
cross-validation technique [23]—is 3%. The initial Pareto front is
obtained using MOEA. Algorithm setup is as follows: 2000 individ-
uals involved in optimization process and 50 iterations.

After the optimization a set of 14 designs selected from the ini-
tial front are subjected to the refinement procedure of Section 2.6.
Fig. 8 shows the initial front and the refined high-fidelity model
designs. The detailed dimensions of selected Pareto optimal designs
are gathered in Table 2, whereas their corresponding frequency
responses and radiation patterns are shown in Fig. 9. The ranges
of variability of selected high-fidelity designs with respect to Fy,
F,, and F; along the Pareto front are 3.2dB, 2.8 dB and 6201 mm?3
(over 61%), respectively. It should be emphasized that significant
reduction of antenna size can be obtained (from almost 11,000 mm?3
to less than 3000 mm?). On the other hand, miniaturization influ-
ences on deterioration of the second objective AG (from about
5dB to over 8 dB), which may or may not be acceptable depend-

>

ll <+ 0, —r
7
1

X L
L

(b)

Fig. 7. Geometry of the compact DRA: (a) 3D visualization; (b) geometrical details. Light and dark gray in (b) represents dielectric resonator and metallization (copper),

respectively.
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Table 2
Selected Pareto-optimal designs of the DRA.

339

F1[dB] F,[dB] F3[mm?3] Design Variables [mm]
a b c 01 02 I
-10.0 5.0 9780 25.5 25.5 15.1 1.0 11.0 9.9
-10.2 5.9 6564 16.1 27.2 15.0 1.0 11.8 9.9
-10.4 6.9 4792 11.3 28.5 14.8 0.8 11.6 10.2
-11.8 7.8 3962 9.2 29.7 14.6 1.0 121 10.0
-13.2 5.4 10163 26.6 26.3 14.5 1.3 111 9.2
-12.6 6.0 7870 19.9 27.3 14.5 1.6 12.3 9.2
E
2 11.5-
g
G 114
> _ L
“g 105+
B =
w« 10+
'y
95 4.8
8
-7

Fig. 8. The initial (x) and refined (O) Pareto set representation obtained by the
multi-objective optimization procedure of Section 2. Thick-line circles denote
selected designs listed in Table 2.

ing on the application. Note that all designs on the Pareto front
satisfy the fundamental requirement |S11| < —-10dB for 2.4 GHz to
2.5 GHz band, however, for certain designs it is possible to obtain
max|Si1]2.4-256Hz < —13dB. In general, the multi-objective opti-
mization results in a form of a Pareto set provide comprehensive
information about the capabilities of the considered antenna struc-
ture.

A total cost of multi-objective antenna optimization corre-
sponds to only about 75 Ry simulations (~26.3 h of CPU-time) and
it includes: 610 R. simulations for design space reduction, 567 R
evaluations for construction of the RSA model, and a total of 42
Ry simulations required for refinement of selected Pareto-optimal
designs. It should be noted that estimated cost of direct multi-
objective optimization of considered DRA antenna (~100,000 Ry
evaluations) is almost 4 years. Clearly, such a cost makes direct
optimization computationally infeasible on a single PC machine.

The influence of the MOEA optimization step on the results of
the design optimization algorithm has been verified using statisti-
cal analysis. The MOEA has been run 50 times within the refined

5
_ 10
m
=
Zl:
15
2 T
95 23 24 25 26 27 28

Frequency [GHz]

(@)

=L / 51
11 x\%
.13 52

F, [dB]
F, [dB]

Fig. 10. Projections of the Pareto-optimal sets obtained in 50 runs of MOEA (gray
lines) and the average (black line). Discrepancies between individual runs are
insignificant from the engineering point of view, particularly given the range of
variability for the design objectives. It should be noted that the results behind the
transparent plane violate the requirements upon maximum acceptable in-band |Sy1|
(assumed to be below —10dB), so that they are of no interest.

solution space. It should be noted that the Pareto front for the three-
objective case is a three-dimensional manifold so that the results
of statistical analysis and their mean are shown only for selected
planes (see Fig. 10 for plots). The calculated standard deviation
and average distance from the mean value are 0.04 dB and 0.03 dB,
respectively. At the same time, the largest discrepancy between the
obtained Pareto sets and the mean within defined solution space is
0.32 dB. Such variability of the results has no meaningful influence
on the structure behavior from the engineering standpoint. Con-
sequently, the effect of the MOEA operation on the results of the
discussed multi-objective optimization scheme is negligible.

00
B
45° -45°
-5
90° - ; -90°
-5
135° 0d -135°
180°

(b)

Fig. 9. Responses of selected Pareto-optimal designs of DRA antenna: (a) return loss characteristics; and (b) E-field radiation patterns in x-z plane.
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Fig. 11. Geometry of 13-variable planar UWB monopole antenna [51].

3.3. Multi-objective optimization of compact ultra-wideband
monopole antenna

The last design example is 13-variable ultra-wideband (UWB)
monopole antenna shown in Fig. 11. The structure is composed
of a driven element in the form of three stacked trapezoids fed
by a 50 ohm microstrip line [51]. The antenna is implemented on
a 0.762 mm thick Taconic RF-35 dielectric substrate (&, =3.5 tan
8=0.0018). The design is represented by the 13-variable vector:
x=[ay ay a3 a4 as ag b1 by b3 wy 1d 0]7, whereas parameter wy =1.7
remains fixed to ensure the 50 ohm input impedance (all dimen-
sions are in mm). Parameters a; —ag and b;-b3 represent width and
lengths of stacked trapezoid-shape monopole radiator, whereas w
and | denote width and length of the substrate. Dimension d stands
for agap between the ground plane and the radiator. Finally, param-
eter o allows controlling offset between the radiator and substrate
edge.

Both the high-fidelity model Ry and the low-fidelity model
R; are simulated in CST Microwave Studio [21]. Average eval-
uation time of the former is 10 min (~2,500,000 mesh cells),
whereas the simulation of the latter takes 22s (~33,600 mesh
cells). The structure is to be optimized with respect to two design
objectives: F;—-minimization of return loss |S;1| <—10dB within
3.1-10.6 GHz frequency band of interest, and F,-reduction of
antenna footprint. The latter is defined as A x B rectangle, where
A=l+d+by+by+bs+0and B=w, +o.

Initial bounds for the design parameters are:

| = [5555551110.28.020.05.0]T
and
u= [25.025.025.025.025.025.015.015.015.02.015.040.010.0]T.

The design optimization procedure follows the general flow
of Section 2.7, whereas solution space is reduced using tech-
nique of Section 2.4. The refined solution space obtained based on
dimensions of the extreme designs is represented by the following
bounds:

1 = [10.0721.6322.221.020.822.73.23.812.320.578.322.075.0]"

and

u = [11.321.9624.3024.1521.2724.63.94.013.080.7411.239.355.75]"

The refined space is 14 orders of magnitude smaller (volume-
wise) than the initial one. Moreover, the ranges for most of the
parameters are notably flattened [44].

The kriging interpolation model R; is generated using a total of
1500 R, training samples. Subsequently, the obtained RSA model
has been utilized as an evaluation engine for MOEA optimiza-
tion. The high-fidelity representation consisting of 10 designs has
been found using the refinement procedure described in Section

6 (cf. (12)). The minimum antenna footprint that satisfies the
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Fig. 12. The high- (O) and low-fidelity (x) representations of the Pareto front
obtained using the discussed multi-objective optimization procedure.
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Fig. 13. The Pareto-optimal sets obtained in 50 runs of MOEA (gray lines) and the
average (black line). Note minor discrepancies between consecutive runs and the
mean value that are negligible from the engineering point of view.

requirements upon return loss is 1134 mm?2. At the same time, the
minimum in-band |Sy1] is only —14.9 dB. Moreover, the minimum
size of the antenna, which satisfies requirements upon return loss,
is almost 20% smaller than the structure optimized with respect
to |S11]. Fig. 12 shows the Pareto sets of the low- and high-fidelity
models, whereas detailed dimensions of the selected designs are
gathered in Table 3.

The total computational cost of multi-objective design of the
considered UWB monopole antenna corresponds to about 122 eval-
uations of the high-fidelity model (~20.4 h of the CPU time). The
cost includes: 800 R. and 4 Ry evaluations for the design space
reduction, 1500 R; samples acquired to form the training set for
identification of the RSA model, and 30 Ry evaluations for the
refinement of the 10 selected antenna designs. The above cost is
negligible compared to the estimated CPU-time required by 25000
evaluations during direct MOEA optimization of the high-fidelity
model Ry.

Statistical analysis has been performed, in order to verify impact
of the MOEA step on the final results of the design optimization
algorithm. The results have been obtained based on fifty runs of
MOEA within refined solution space (see Fig. 13 for plots of the
fronts and mean). The largest discrepancy between the Pareto sets
and the mean value is around 0.55 dB, whereas corresponding stan-
dard deviation and average distance from the mean are 0.1 dB and
0.14 dB, respectively. It should be noted that such level of variabil-
ity is negligible from engineering standpoint. Consequently, it has
no meaningful influence on the outcome of the design procedure
of Section 2.

4. Discussion and conclusion

In the paper, we investigated cost-efficient design optimiza-
tion of expensive computational electromagnetic (EM) models.
We demonstrated that a suitable combination of various con-
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Table 3
Optimization results of the UWB monopole antenna.
Antenna designs
%0 o) x® x® 2® x©® P x® x® 2,(10)

F; [dB] -10.0 -10.4 -11.0 -12.1 -12.7 -13.5 -14.1 —14.8 -14.9 -15.2
F, [mm?] 1134 1159 1185 1226 1261 1315 1342 1371 1405 1475

Antenna Parameters a; 10.07 10.09 10.38 11.06 11.11 11.14 11.11 10.95 10.97 10.90
a; 21.63 21.68 21.69 21.69 21.70 21.94 21.91 21.82 21.76 21.77
as 22.20 22.20 22.20 22.20 22.20 22.20 22.20 22.23 22.20 22.38
as 21.00 21.00 21.00 21.00 21.32 21.36 21.64 22.00 22.79 22.44
as 20.80 20.87 20.98 21.02 21.04 20.93 20.94 20.92 21.01 20.88
ag 22.70 22.70 23.12 24.25 24.07 24.15 23.80 2428 23.70 24.07
b1 3.90 3.90 3.87 3.54 3.64 3.83 3.86 3.88 3.90 3.89
b, 3.80 3.80 3.80 3.80 3.89 3.95 3.93 3.99 3.92 3.99
bs 12.32 12.32 12.32 12.32 12.38 12.62 12.72 13.01 13.02 13.08
wp 0.60 0.60 0.61 0.61 0.62 0.64 0.65 0.63 0.67 0.65
1 11.15 11.15 1112 11.04 11.05 10.82 10.74 10.62 10.60 10.59
d 28.34 29.03 29.77 31.28 31.99 33.18 33.87 34.40 35.35 37.00
o 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.02 5.00 5.09

cepts borrowed from surrogate-based modeling and optimization
such as utilization of variable-fidelity EM simulations, response
correction techniques, as well as response surface approximation
modeling, allows for expedited identification of Pareto-optimal
designs at the cost corresponding to just a few dozen of high-
fidelity EM model evaluations. Our methodology can be applied
in various fields exploiting computational electromagnetics such
as microwave and antenna engineering, wireless power transfer,
microwave photonics, etc. We discussed several specific applica-
tions, including multi-objective design of a wideband impedance
matching transformer and two antenna structures. A potentially
high cost of evolutionary-algorithm-based optimization required
to identify the Pareto front has been mitigated by executing the
search at the level of a fast kriging interpolation model and subse-
quent Pareto set refinement (also realized with surrogate-based
optimization). Design space reduction applied as the first stage
of the process allows for handling higher-dimensional problems.
Also, suitable statistical studies demonstrated that the potential
issue of lack of repeatability of Pareto front identification with
population-based metaheuristics is well controlled by the remain-
ing stages of the optimization process. Overall, the framework
discussed in this work may be considered as a step towards
computationally-efficient automation of multi-objective design
optimization processes involving expensive simulation models.
Although showcased for problems in computational electromag-
netics, it might also be useful for handling design tasks in other
engineering fields.
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