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Abstract— An optimization-based procedure for comprehen-
sive performance comparison of alternative compact UWB
antenna topologies is discussed. The assessment of the antenna
performance is conducted with respect to the structure size
and its reflection response. More specifically, the best possible
tradeoffs between these two figures of merit are identified
through multiobjective optimization at the level of full-wave
electromagnetic (EM) simulation. Analysis of Pareto-optimal
designs obtained for various antenna topologies allow for their
fair comparison; particularly in terms of the minimum size, they
can be designed for (assuming acceptable reflection response
levels) or the best attainable reflection characteristics. For the
sake of computational efficiency, the multiobjective optimization
algorithm utilized in this paper exploits sequential domain
patching technique and variable-fidelity EM simulation models,
which is a fully automated procedure that permits finding Pareto
set representations at the cost corresponding to about a hundred
of high-fidelity EM analyses of a given structure. The proposed
approach is demonstrated using three topologies of compact
UWB-monopole antennas. Comparison of antenna with respect to
three objectives (also including total efficiency) is also discussed.
Simulation results are verified using experimental data.

Index Terms— Antenna design, design optimization, multiob-
jective optimization, performance comparison, simulation-driven
design, surrogate modeling, UWB antennas.

I. INTRODUCTION

IZE reduction has become an important criterion in the

design of contemporary UWB antennas. Miniaturization
can be critical for some applications, such as handheld or
wearable devices [1]-[4], or, recently, the growing area of
the Internet of Things [5], [6]. Unfortunately, reduction of
the antenna footprint is normally in conflict with achieving
acceptable electrical performance. The fundamental physical
reason is that shortening of the current path resulting from
structure reduction [7]-[10] leads to degradation of the antenna
matching at lower frequencies.
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Numerous methods have been proposed over the last
years to address the problem of UWB antenna minimization.
The most popular techniques include various ground plane
modifications of monopole-based topologies (e.g., I-shaped,
L-shaped, or meandered stubs [11], [12], structures with
enhanced ground plane [13], or slits below the microstrip
line [11], [12]), uniplanar geometries [10], [14], [15],
quasi self-complementary topologies [16]-[18], or slot anten-
nas [8], [19], [20]. The aforementioned modifications often
allow for considerable reduction of the antenna size. At the
same time, they result in the increased complexity of the
antenna topology as well as additional geometry parameters
that need to be adjusted. Consequently, the design process of
compact UWB antennas becomes quite challenging, because
full-wave electromagnetic (EM) analysis needs to be used
for reliable performance evaluation. Moreover, due to a small
antenna size, inclusion of the environmental components (such
as connectors) into the EM model is mandatory which further
increases the evaluation cost.

Due to the lack of design-ready theoretical models for com-
pact UWB antennas, EM-driven design closure (in the sense of
adjustment of antenna dimensions) is a necessity. As a result of
the difficulties mentioned before, commonly used simulation-
based approaches are hands-on methods exploiting parameter
sweeps guided by engineering experience [1], [18], [19].
Such methods are laborious due to heavy supervision required
from the designer, yet, may lead to acceptable results within
reasonable timeframe. However, they are unable of yield-
ing truly optimum designs. These can only be obtained
by simultaneous adjustment of all relevant parameters using
automated numerical optimization [8], [10], [12]. The latter
is often computationally prohibitive when using conventional
algorithms [21], [22]. Design speedup can be achieved using
surrogate-assisted methods [23]-[26] as well as adjoint sen-
sitivities [27]—-[29] (the latter used to improve efficiency of
gradient-based optimization [29]). Neither of these approaches
are yet widespread in the antenna community.

Difficulties in proper dimension optimization lead to the
situation where the compact UWB antenna designs reported
in the literature are far from being optimum [30], [31]. Conse-
quently, their comparisons in terms of either size or electrical
performance are not quite meaningful. In particular, given
two or more compact UWB antenna structures, it may not
be conclusive to say which one outperforms the others (with
respect to the size or other performance figures), based on
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the results reported in the literature, just because the specific
designs given are usually far from being optimum.

In this paper, we propose a comprehensive approach to
assessment of compact UWB antenna structures by means
of their rapid multiobjective optimization and comparison of
the corresponding sets of Pareto-optimal designs representing
the best possible tradeoffs between conflicting design criteria,
here, the antenna footprint and its reflection characteristic
(such as the maximum in-band reflection level). A Pareto set
provides the most comprehensive information including such
data as the minimum attainable footprint that still ensures
acceptable in-band reflection or the best attainable reflection
level. In order to yield Pareto sets at low computational cost,
we exploit a sequential domain patching (SDP) algorithm [32],
which is a deterministic (nonevolutionary) and fast multiobjec-
tive optimization method involving variable-fidelity EM simu-
lation models and response correction techniques. Side-by-side
comparison of the Pareto sets corresponding to various antenna
structures allows for fair assessment of their capabilities,
in particular, the minimum attainable size (while maintaining
acceptable reflection levels). Our approach is demonstrated
using three structures of compact UWB-monopole antennas.
Selected designs have been fabricated and measured in order
to provide additional validation of the simulation results.
As a step toward even more comprehensive antenna treatment,
a case study of three-objective comparison has been considered
that involves total efficiency as a design criterion (in addition
to the antenna size and reflection characteristic).

II. ANTENNA PERFORMANCE COMPARISON
USING PARETO SETS

The two most important types of figures of merit that
are subjected to optimization process are electrical perfor-
mance and the antenna size. Electrical performance parameters
include antenna matching, efficiency, radiation pattern stabil-
ity, phase center stability, etc. Here, for the sake of example,
reflection response is considered as an electrical performance
parameter so that the antenna comparison is executed with
respect to two objectives (see Section V for an example of
three-objective comparison).

In most cases, reflection response is optimized directly in
order to ensure acceptable antenna performance whereas small
size is normally a result of the introduced geometry modifica-
tions [7], [13], [31]. Some methods for explicit minimization
of the antenna size have also been recently reported [10], [12].
Regardless of the formulation of the design problem, usually
a single design is produced as the outcome of the optimization
algorithm.

More comprehensive information about capabilities of a
given antenna, e.g., in terms of the best possible trade-offs
between the structure size and the maximum in-band reflec-
tion, can be obtained by means of multiobjective optimiza-
tion [32]-[34]. In practice, this information is obtained in the
form of a discrete set (the so-called Pareto set) of alternative
designs [32], [35] as shown in Fig. 1. Conclusive assessment of
two or more antenna structures can be realized by comparing
their corresponding Pareto sets. This is illustrated in Fig. 2
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Fig. 1. Conceptual illustration of the Pareto set for a compact UWB antenna
with the two design objectives being minimization of the maximum in-band
antenna reflection and minimization of the antenna footprint.
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Fig. 2. Comparison of antenna structures A and A, based on their Pareto
sets P; and P>. Some of possible scenarios. (a) Complete domination of
Py over P;. (b) Complete domination of P, over Pj. (c) Partial domination
of P over P.

which shows some of the possible scenarios concerning Pareto
set allocation. Domination of one of the Pareto sets over
the other indicates that the corresponding antenna structure
outperforms its competitor in both aspects taken into account
(size and reflection response). Partial domination indicates that
one of the antennas exhibits better miniaturization potential,
whereas the other can be designed for superior electrical
performance. The knowledge of the Pareto set also allows
for selecting a design that ensures a specific maximum
in-band reflection level (e.g., —12 dB) that might be important
(as a safety margin) to account for possible manufacturing
tolerances.
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A practical problem is that multiobjective optimization
of antennas is a very challenging task when EM analysis
is used for structure evaluation [36], [37]. Utilization of
EM-simulation models is mandatory in case of compact anten-
nas. Furthermore, the models have to incorporate connectors
(and other relevant environmental components) [8], [10], [38].
This increases computational complexity of EM analysis but
is mandatory to ensure accuracy.

The most popular multiobjective optimization methods, i.e.,
population-based metaheuristics are of limited use because
of their tremendous computational cost. Recently, several
surrogate-assisted techniques have been developed for low-
cost multiobjective antenna design [32], [39], [40]. Their
key components are utilization of variable-fidelity EM sim-
ulations [41], as well as auxiliary response surface approx-
imation (RSA) models [42] but also initial design space
reduction [43]. One of these methods, SDP [32], is exploited
in this work to execute Pareto set identification and sub-
sequent antenna comparison. Its advantage over the earlier
techniques [39], [40], [43] is that it employs neither evolu-
tionary algorithms (at any stage of the design process) nor
RSA models. It is, therefore, easy to implement, automated,
and fully deterministic.

III. FAST MULTIOBJECTIVE OPTIMIZATION
USING DOMAIN PATCHING

As mentioned in Section II, identification of Pareto sets for
the considered compact UWB antennas will be realized using
the SDP algorithm [32]. Below, we give a brief outline of SDP.

A. Multiobjective Optimization Problem Formulation

Let R y(x) denotes a response of an accurate EM antenna
model with x being a vector of design variables. Let
Fr(Rf(x)), k = 1,..., Nobj, be a kth design objective.
If Nobj > 1, the solutions are compared using the domi-
nance relation [35] defined as: y < x(y dominates over x)
if F(Rp(y)) < Fr(Ry(x)) for all k = 1,..., Nopj, and
Fr(Rs(y)) < Fr(Ry(x)) for at least one k. We aim at finding
a representation of a so-called Pareto set X p of nondominated
designs so that for any x € Xp there is no y for which
y < x [35]. An example of the Pareto set is shown in Fig. 1.
As explained in Section II, Pareto-optimal designs represent
the best possible tradeoffs between conflicting objectives.

B. Sequential Domain Patching Algorithm

The SDP algorithm is initialized from the “extreme” points
of the Pareto front found by solving single-objective problems

x; = argmin Fi (R, (x)) 1

fork =1,..., Nobj [43]. In order to reduce the computational
cost, the problem (1) is solved at the level of a coarse-
discretization (low-fidelity) EM model R,.

The initial representation of the Pareto set is found using
the procedure outlined below where n stands for the number
of design variables. Here, Nopj = 2 is assumed, which is
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Fig. 3. Conceptual illustration of the SDP algorithm. The routine is

terminated after closing the path between the extreme designs.

the most typical situation (e.g., antenna size versus electrical
performance such as the maximum in-band reflection level).
The SDP algorithm flow [32] as follows.
1) Set the patch size d = [d] .. .dn]T (see Section III-C).
2) Set the current points x.; = x] and X2 = x3.
3) Evaluate n perturbations of the size d around x7,
(toward x7,) and select the best with respect to F.

4) Center the patch at the point selected in Step 3;
update x.i.

5) Evaluate n perturbations of the size d around x7,
(toward x7;) and select the best with respect to Fj.

6) Center the patch at the point selected in Step 5;
update x.;.

7) If the path is not complete, go to 3.

The algorithm operation is illustrated in Fig. 3. The SDP
procedure produces the initial representation of the Pareto set.
The computational cost of the algorithm depends on the design
space dimensionality n» and on the total number of patches.
Therefore, its upper bound can be estimated as (M —1)-(n—1),
where M = >, , my, and my is the number of intervals
in the direction j.,II,l practice, only the perturbations toward
opposite extreme Pareto designs are evaluated, and thus, the
overall cost is normally lower than the estimation.

C. Patch Size Determination

The distance between the extreme Pareto-optimal solutions
x7 and x7 is split into integer-valued number of intervals. The
number of intervals in each direction is selected to ensure
that the change (e.g., norm wise) of the antenna responses is
similar when making patch-size perturbations with respect to
each direction. In other words, the number of patches is larger
for more sensitive geometry parameters.

In the following, we use the notation x7 = [x],...x],
andx} =[x}, ...x3,17 to identify components of the extreme
points x7 and x}. The numbers my are assigned as follows.

]T
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We start by evaluating R, at n points xgk_)z =[x, ...

X X5 X iy - Xt 0T, k = 1,...,n. Subsequently, one
calculates Erx = |[Re(x(",) — ReGPII/IIR@DIL k = 1,
..., n. In the same way, we evaluate R, at x(zk_)1 = [x%‘_1 o

X X XS - X500 k= 1,...,n, and calculate
By = IIRc(xgk,)l)—Rc(xﬁ)ll/lch(xi)ll, k=1,...,n. Finally,
we set my = max{2, [mmax - Ex 1}, k=1,...,n, where E; =

Eor/max{Eg;: j=1,...,n}, and Eox = (E1x + E24)/2.

The factors Ej; determine the relative response changes
when varying the kth components of the design x7 toward
x5 (similarly for E;y). They give an idea of how much the
antenna responses change when moving from one extreme
Pareto point to another along a specific geometry dimension.
The factors Ej are the average values. The number of intervals
is proportional to E; (the minimum number of intervals is set
to 2; the numbers are rounded up to the nearest integer).

D. Pareto Set Refinement

The initial approximation of the Pareto set generated by
the SDP algorithm is obtained for the low-fidelity model R..
In order to find the high-ﬁdelitgl Pareto-optimal designs, a
subset of the selected designs xck), k=1,..., K, extracted
from the initial set is refined as follows [32]:

ng) < argmin  Fi(Ry(x) + [Ry (xg‘)) —R; (ng))])

x, b(x)<F (xg,k))

2

The process (2) improves the first objective without df(:kgrad-
) —

ing the second one. The starting point for (2) is Xy o=

xgk, and the process is iterated until convergence. Usually,

two iterations are sufficient. Ry is a second-order polynomial
approximation (without mixed terms) [10] of the low-fidelity
. . (k)
model R. setup using the evaluation of R, at x;  and
the perturbed designs corresponding to the patch centered
around xgk) . Because of good correlation between the low- and
high-fidelity models, only two iterations of (2) are normally
sufficient to find the refined design.

IV. CASE STUDIES: UWB MONOPOLES

In this section, we consider three structures of compact
UWB antennas recently proposed in the literature [30], [31],
[44], and carry out their comprehensive comparison using the
methodology of Sections II and III.

A. Antenna Structures

Fig. 4 shows geometries of the considered antennas. All
structures are designed on a 0.762-mm-thick Taconic RF-35
dielectric substrate (¢, = 3.5, tand = 0.0018). Antenna
models are implemented in CST Microwave Studio and sim-
ulated using its time domain solver [45]. The first structure
(Antenna I) consists of a circular patch fed through a tapered
50-Q microstrip line and modified ground plane with
L-shaped strip aimed at enhancement of the current path within
the compact geometry [30]. The design variables are: x; =
[wo 1 Iz I3 14 w1 wa w3 r 0,]7, whereas parameters wy = 1.7,

Fig. 4. Geometries of UWB antennas considered in our comparative study.
(a) Antenna I [30]. (b) Antenna II [44]. (¢c) Antenna III [31].

Iy =10, and 0 = 0.5wg - 7 - o, (all dimensions in mm). The
high-fidelity antenna model R s consists of ~2600000 mesh
cells (simulation time 24 min). The low-fidelity model R,
contains ~370000 cells (simulation time 150 s). The models
include the SMA connector to ensure reliability of antenna
evaluation. The ranges of design variables for considered
design are: I1 = [152 -2 10 3 0.2 0.2 0.2 4.5 —1]17 and
uy =[30821581.71212851]".

The second structure (Antenna II) consists of a rectangular
radiator and a ground plane with L-shaped strip for current
path enhancement [44]. The structure is a simplified ver-
sion of a single radiator extracted from the MIMO antenna
proposed in [7]. The vector of design variables is x; =
[logali I wi0]T . Parameter wo = 20+a, whereas the feeding
linewidth w y = 1.7 mm to ensure 50-€ input impedance. The
unit for all dimensions is mm. The EM antenna models are
implemented in CST Microwave Studio (R s: ~4 600 000 mesh
cells, simulation time 40 min, and R.: ~850000 cells,
2 min). Similarly as for Antenna I, the models include the
SMA connector to ensure reliability of antenna evaluation.
The ranges of design variables for considered design are:
In=1[4-24510505]" and uy =[1521520103.55.5]".

The third design (Antenna III) is a uniplanar structure
composed of a driven element in the form of fork-shaped
radiator fed through a coplanar waveguide. Also the structure
has an open-slot geometry [31]. The design variables are:
xm = [lo 1 by I3y Is I5 w1 wy w3 wa g]T. Parameters
wy = 3.5 and s = 0.16, whereas variables [ = (0.5wy +
s +w1) - max{ly,, 3.} and I3 = (0.5wr + s + w1) - I3,
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Fig. 5. Comparison of the high-fidelity Pareto sets for Antenna I (LJ),

Antenna II (V), and Antenna III (o). Gray symbols denote designs of the
considered antennas obtained based on the literature. Note that, for each case,
they are dominated by the respective Pareto sets.

The low-fidelity antenna model consists of ~215000 cells
(simulation time 67 s), whereas the high-fidelity one is com-
posed of ~1600000 cells (simulation time 10 min). The
ranges of design parameters are: Iy = [5 150.20.24 8 70.5
0.20.20.2]7 and uy = [15251 0.8 11 16 153.52.522]7.

Based on the structure dimensions from [7], [30], and [31]
one can conclude that Antenna III is noticeable larger
(766 mmz) than Antenna I (673 mmz). At the same time,
the footprint of the Antenna II is only 390 mm?.

The following two design objectives are considered to
compare the designs: F1—minimization of reflection in 3.1- to
10.6-GHz band and F>,—minimization of footprint. The latter
is defined as Aj(x;) = wo - max{ly +1; +2r — 0.05r, 1 +
l1 —0.057 + I + I3 + w3}, Aulxn) = (@ +20)(lo + 11 + w1),
and Am(xm) = (o+11)- (2s+2w1 +w ) for Antennas I-II,
respectively. It should be noted that only the antenna responses
for which in-band reflection is below —10 dB level are
considered acceptable.

B. Pareto Set Identification Using SDP

Fig. 5 shows the Pareto fronts obtained using the SDP
algorithm for the three antenna structures considered. Fig. 6
shows their reflection characteristics for the selected Pareto-
optimal designs. Corresponding dimensions have been gath-
ered in Tables I-III for the Antennas I, II, and III, respectively.
The computational cost of the multiobjective optimization
process is low and corresponds to only 128 high-fidelity
model simulations for Antenna I (including 944 evaluations
of R. and 30 evaluations of Ry). The cost for Antenna II
corresponds to 72 evaluations of the high-fidelity model
(831 x R. and 30 x Ry). Finally, the cost for Antenna III
corresponds to 132 evaluations of the high-fidelity model
(914 x R and 30 x Ry). Note that the costs are similar for
all structures.

The computational costs of the SDP algorithm obtained
for Antennas I and II have been compared with two
benchmark techniques exploiting multiobjective evolutionary
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Fig. 6.  Frequency responses of the high-fidelity model. (a) Antenna I
for the designs listed in Table I. (b) Antenna II for the designs from
Table II. (c) Antenna III for the designs from Table III. For all structures, the

designs are as follows: xgcl)—(——), x(;’)—(——), x(;))—(- SRR x(;)—(— ),
(10
and x ¥ —(0).

algorithm (MOEA) [35]. The MOEA-based optimizations
have been performed within the search space regions defined
in Section IV-A. In the first approach, MOEA has been
executed on a kriging interpolation model constructed from
low-fidelity model samples acquired within the region of
interest (algorithm setup: population size: 1000, number of
iterations: 50) [43]. In the second method, MOEA optimization
is performed directly on the low-fidelity model R. (setup:
population size 100, number of iterations: 100). The reason
for comparing the methods at the low-fidelity model level
is an unacceptably high cost of MOEA optimization of the
high-fidelity model Ry (estimated to be about ~167 and
~278 CPU-days for Antenna I and II, respectively).

For Antenna I, the numerical cost of SDP, kriging-based
MOEA, and direct MOEA are 372 R, 1402 R, and 10000 R..,
respectively. Corresponding costs for Antenna II are 399 R,
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TABLE I
ANTENNA I: SELECTED PARETO-OPTIMAL DESIGNS

Design Variables [mm]

F1 Fz
Wo l b I3 Iy Wy Wy w3 r o,

xV —16.9 630 22.24 4.36 —0.17 13.24 6.14 0.23 0.97 1.20 5.79 0.22
x 163 570 20.37 4.34 —0.11 12.94 5.86 0.21 0.57 1.07 5.54 0.36
x —15.4 549 2024 4.14 -0.11 12.32 5.90 0.20 0.50 1.05 5.35 0.35
x¥ 152 525 19.43 4.01 —0.09 12.32 5.86 0.20 0.49 1.05 528 0.39
x —14.5 500 18.49 4.01 —0.07 12.32 5.86 0.20 0.49 1.06 525 0.50
X9 —13.6 467 17.42 3.77 —0.04 12.32 6.00 0.22 0.48 1.03 5.18 0.60
x7 —13.0 443 16.61 3.60 —0.03 12.32 5.86 0.27 0.42 1.07 5.06 0.64
x® —11.5 408 15.54 3.18 —0.03 12.32 5.86 0.24 0.42 1.01 4.95 0.63
x? —11.2 392 15.54 2.44 —0.03 12.01 5.89 0.23 0.43 1.04 4.88 0.65
x' -10.3 381 15.27 2.53 —0.13 11.81 6.01 0.20 0.52 1.02 4.92 0.64

TABLE II
ANTENNA II: SELECTED PARETO-OPTIMAL DESIGNS

F Fz Design Variables [mm]

ly g a l L wi o
xV 155 355 456 119 9.80 14.04 457 296 3.32
x?  —153 344 462 1.19 972 1399 468 277 320
x® 147 341 454 120 960 13.62 508 296 3.28
x  -138 329 439 120 931 1335 529 296 3.8
x®  -13.6 319 439 117 925 13.02 578 296 3.19
x9 127 307 439 120 9.09 1295 610 278 3.09
x7 123 291 439 120 9.09 1295 630 243 280
x® 114 269 434 129 904 1345 603 186 232
x2  -109 255 441 128 9.09 1345 612 149 2.04
x'9  -10.0 245 439 120 888 1268 691 155 2.13

TABLE III
ANTENNA III: SELECTED PARETO-OPTIMAL DESIGNS

R Design Variables [mm]

L L Ly Ly LI ow o owy, ows o ows g
xV —14.0 727 9.04 18.3 0.89 0.61 8.40 14.7 11.4 2.89 0.49 1.46 0.52
x —13.7 698 9.04 18.0 0.88 0.58 8.53 14.6 11.0 2.91 0.45 1.31 0.49
x —13.4 661 9.04 17.5 0.90 0.69 8.31 14.6 10.5 2.86 0.42 1.04 0.48
x¥ —13.4 637 8.98 17.5 0.86 0.67 8.35 14.6 10.1 2.74 0.48 0.90 0.50
x —~13.0 618 8.95 17.5 0.91 0.72 8.22 14.6 9.78 2.91 0.42 0.82 0.48
x© —12.7 573 8.76 17.5 0.82 0.76 8.34 14.5 9.00 2.91 0.42 0.61 0.46
x7 —11.9 517 9.04 16.9 0.91 0.68 8.53 14.7 8.08 2.91 0.43 0.38 0.45
x® —11.8 505 9.02 16.6 0.87 0.77 8.13 14.5 7.95 2.91 0.42 0.35 0.45
x? —11.1 465 8.78 16.5 0.84 0.82 8.13 14.3 7.29 2.63 0.52 0.25 0.40
x!'Y 9.6 438 7.80 16.7 0.71 0.83 8.17 14.5 7.02 2.91 0.52 0.22 0.44

1202 R, and 10000 R.. The results indicate that, for the
considered antenna structures, the SDP approach is from 7
to 26 times faster compared to state-of-the-art multiobjective
design approaches.

Fig. 6 shows the comparison of the Pareto sets obtained
from both antennas. The discrepancies between the fronts
along objective F; are below 2 dB which is minor from
practical point of view. It should be noted that the Pareto
set obtained by direct MOEA optimization of the R. model
is slightly dominated by the remaining ones which is due to
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Fig. 7. Comparison of low-fidelity Pareto sets obtained using the SDP algo-

rithm (OJ), MOEA optimization of the kriging model (x), and direct MOEA
optimization of the low-fidelity model (o). (a) Antenna I. (b) Antenna II.

terminating the algorithm after 10000 model evaluations (nec-
essary due to computational budget limitations, yet insufficient
for convergence).

C. Structure Comparison

The results presented in Figs. 5 and 7 and Tables I-III
indicate that Antenna I is entirely dominated by Antenna II,
whereas Antenna III is dominated by Antenna I (consequently,
Antenna IT dominates over Antenna III as well) in the multiob-
jective sense. This means that Antenna I allows for achieving
lower reflection level (around —17 dB in the UWB range for
one of the extreme Pareto-optimal designs versus only about
—14 dB for Antenna III), but it can also be designed for
smaller size (381 mm? versus 438 mm? for Antenna IIT) while
still maintaining acceptable level of —10 dB in-band reflection.
At the same time, Antenna II exhibits the smallest footprint
among the compared structures (only 245 mm? for the smallest
design with acceptable reflection). Furthermore, it provides a
broader range of changes along objective F7 than Antenna III
(5.6 dB versus 4.3 dB). Finally, for the in-band reflection level
of —11 dB, the footprints of Antennas I-III are 392, 255, and
465 mm?, respectively.

It should be noted that the largest design from the Pareto set
obtained for Antenna II is characterized by in-band reflection
of —15.5 dB and the size of only 355 mmz, 27 mm? less than
the smallest realization of Antenna I. This indicates that seem-
ingly minor geometrical variations may significantly influence
the antenna performance. (The topological differences between
Antenna I and II are only in different radiator and feed line
shapes; see also Fig. 4.)

Another important observation is that—for the considered
structures—the size change has different impact on the reflec-
tion responses. The slope of the Pareto-optimal set obtained for
the Antenna II is the highest among the compared structures.
It means that the change of the reflection characteristics
have limited impact on the structure size (for the Antenna II
the change of F, along Pareto front is 30% compared to
40% for Antennas I and III). Such information is valuable,
e.g., for space limited applications where small changes of
antenna footprint for large variations of other objectives may
be desirable. It should be reiterated that direct assessment of
Pareto fronts is conclusive in terms of performance comparison
of considered antennas.


http://mostwiedzy.pl

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

e

(@
Fig. 8. Antenna I: photogra g)hs of the ma.nufactured prototypes of the designs

selected from Table 1. (a) Xy (b) x (c) x(7). (d) x(lo)

An even more important aspect is that in all cases, the initial
designs based on the literature are dominated by the designs
corresponding to the Pareto sets found for both antennas
(see Fig. 4). The Pareto-optimal designs featuring in-band
reflection characteristics similar to the reference structures are
290, 121, and 230 mm? smaller for the Antenna I, 11, and III,
respectively [7], [30], [31]. In other words, the designs
provided in the literature are not optimal and could have
been improved by applying appropriate numerical techniques.
At the same time, nonoptimality of these designs (which is
actually the case for majority of the designs presented in the
literature) makes various comparisons involving the literature

data of limited use.

D. Experimental Validation

Selected Pareto designs (i.e., x}l), x?),xm, xgcm)) of

Antenna I and II have been fabricated and measured. Detailed
dimensions of the chosen structures realizations can be found
in Tables I and II.

Photographs of the manufactured designs of Antenna I are
shown in Fig. 8, whereas the comparison of their simulated
and measured reflection characteristics can be found in Fig. 9.
The obtained results indicate that the measured designs fulfill
the requirements upon acceptable in-band |Sii| response.
The results are in good agreement. For the selected designs,
the maximum measured in-band reflection levels are —14.8,
—13.5, —11.5, and —10 dB, respectively. Therefore, the peak
vertical discrepancies between the simulation and measure-

ment results are 2, 1.6, 1.4, and 0.3 dB for xﬁc]),x?’),x?),

and x(lo).

Fig. 10 shows the photographs of the fabricated Antenna II
designs, whereas the comparison of their simulated and mea-
sured characteristics is shown in Fig. 11. Similarly as for previ-
ous structure, the agreement between the results is acceptable.
The maximum measured in-band |S11| for the antenna designs
are —14.4, —12.9, —11, and —9.9 dB, respectively. The peak
vertical misalignment between the responses is 1 dB, 0.9, 0.5,
and 0.2 dB for x(l) (4) (7) , and xgc
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Fig. 9. Antenna I: comparison of simulated (gray line) and measured (black
line) reﬂectlon characterlstlcs obtamed for the designs selected from Table I.

(b)x ®

(a) x . (©) x (d) xy (10

(© (d

Fig. 10. Antenna II: photographs of the manufactured protot}(l)]ges of the
designs selected from Table II. (a) Xy M . (b) x(4) (c) Xy 9 . (d) x

The simulated and measured Pareto sets obtained from both
considered antenna structures are shown in Fig. 12. Although
the shapes of both sets are similar, increasing vertical misalign-
ment between antenna responses for lower reflection levels
can be observed. The discrepancies between the simulated and
measured responses for both antennas are due to fabrication
tolerances, imperfections of the structure assembly as well as
electrically large measurement setup. It should be emphasized
that the considered structures are electrically small. Therefore,
the aforementioned factors noticeably influence the measured
responses.

V. CASE STUDY: THREE-OBJECTIVE
ANTENNA COMPARISON

In this section, we demonstrate antenna multiobjective-
optimization-based antenna comparison involving three


http://mostwiedzy.pl

A\ MOST

]
-5 -5 :
|
— -10 — -10 |
/M /M |
= = |
= -5 = -5 |
— — |
2 90 2 90 ;
-25 -25 |
|
_ _ |
302 4 6 8 10 12 302 4 6 8 10 12
Frequency [GHz] Frequency [GHz]
(@ (b)
0 0
-5 -5
— -10 — -10
/M an)
= =)
= -I5 = 15
g 90 290
25 -25
%4 6 8 10 12 %4 6 8 10 12
Frequency [GHz] Frequency [GHz]
(c) (d)

Fig. 11. Antenna II: comparison of simulated (gray line) and measured (black
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Fig. 12. Comparison of the simulated (gray symbols) and measured

(black symbols) Pareto sets obtained for Antenna I ([J) and Antenna II (V).
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objectives: the reflection response, and the average total
efficiency in 3.1 to 10.6 GHz range, and the size. In this
case, the Pareto fronts are obtained using surrogate-based
optimization scheme involving three stages: 1) identification
of the extreme Pareto designs [as in (1)]; 2) construction of
the reliable data-driven surrogate using kriging interpolation
and EM simulation data sampled in the region spanned by
the extreme designs; and 3) multiobjective optimization of the
surrogate using MOEA [46]. For the sake of demonstration,
we compare Antenna II [see Fig. 4(b)] and Antenna IV as
shown in Fig. 13. Antenna IV is a version of Antenna II where
the square radiator has been replaced by the elliptical one.
Also, the number of design parameters has been increased by

— l]
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-
- % Zz

— *'Vl o) —
f t

(@) (b)

Fig. 13. Geometry of Antenna IV. (a) 3-D view. (b) Front view with geometry
parameters marked.
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Fig. 14. Pareto fronts for Antenna Il (0) and Antenna IV (0). (a) View

showing the ranges of the objectives along the front. (b) View indicating that
Antenna IV is entirely dominated by Antenna II.

one to xpy = [lp g a1 ax 11 Lhw olT. Computational models
for both structures contain the same SMA connector, included
to ensure reliability of the simulation results. The ranges of
design variables for considered design are: Iy = [4 —24 5 1
0.5 0.5]7 and uy = [15 2 1520 10 3.5 5.5]7.

The Pareto fronts for Antenna II and Antenna IV are shown
in Fig. 14. It can be observed that the front of Antenna II
spans much wider than the one of Antenna IV (e.g., the best
maximum in-band reflection value of —12.6 dB for Antenna II
and —11.5 dB for Antenna IV, and the smallest size around
115 mm? versus 230 mm? for Antenna IV at the —5 dB level).
Overall, as indicated in Fig. 14(b), the front for Antenna IV is
entirely dominated by that of Antenna II. The obtained results
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suggests that despite lower number of degrees of freedom,
rectangular radiator allows for obtaining better performance
(in terms of possible design tradeoffs) than the elliptical
one.

VI. CONCLUSION

In this paper, a methodology for comprehensive perfor-
mance comparison of UWB antenna structures in terms of
possible design trade-offs has been presented. The objectives
of interest are the structure size and its electrical perfor-
mance. For the sake of illustration, reflection characteristics
(specifically, the maximum in-band reflection level), as well
as antenna efficiency, are utilized as the figures of interest.
Our approach exploits fast multiobjective optimization that
permits identification of the Pareto set representation at the
computational cost corresponding to about a hundred of
EM analyses of the antenna. Comparison of the obtained
Pareto sets allows for verifying antenna capabilities in terms
of possible miniaturization rates as well as the best possible
in-band reflection levels.

As demonstrated using three examples of compact UWB
antennas, fast multiobjective optimization permits the most
comprehensive and conclusive comparison of alternative
antenna topologies that can be executed in reasonable time-
frame. The obtained results indicate that the structures can
be ordered in the sense of Pareto dominance relation with
the best antenna entirely dominating the other two, and the
second dominating the third one. This means, in particular,
that one of the structures is the best both in terms of the
minimum attainable size (while ensuring acceptable matching)
and the minimum in-band reflection level. At the same time,
comparison with the initial designs from the literature (clearly
nonoptimal for both structures) indicates the importance of
proper geometry optimization in order to ensure the best
possible performance. A separate case study has been pro-
vided concerning three design objectives (size, matching, and
efficiency). Clearly, increasing the number of objectives makes
the design optimization (especially multiobjective one) quite
challenging. Future research will be focused on considering
even more comprehensive set of criteria.

For additional verification, simulation results provided in
this paper have been supported by experimental data for
several fabricated prototypes of selected antenna structures.
The simulated and measured Pareto sets are in good agreement
which is an additional evidence to confirm the usefulness of
the method.
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