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Abstract—An optimization-based procedure for comprehensive 

performance comparison of alternative compact UWB antenna 

topologies is discussed. The assessment of the antenna performance 

is conducted w.r.t. the structure size and its reflection response. 

More specifically, the best possible trade-offs between these two 

figures of merit are identified through multi-objective optimization 

at the level of full-wave electromagnetic (EM) simulation. Analysis 

of Pareto-optimal designs obtained for various antenna topologies 

allows 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 multi-

objective optimization algorithm utilized in this work 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 w.r.t. three objectives (also including total efficiency) is also 

discussed. Simulation results are verified using experimental data. 

 
Index Terms—Antenna design, UWB antennas, design 

optimization, performance comparison, simulation-driven design, 

surrogate modeling, multi-objective optimization. 

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 in 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], [17], [18], or slot antennas [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, also because full-wave 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 

compact 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 

yielding 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 

sensitivities [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]. 

Consequently, their comparison either in terms of size or 

electrical performance is 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 
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(with respect to the size or other performance figures), based 

on the results reported in the literature, just because the 

specific designs given are usually far from being optimum. 

In this work, we propose a comprehensive approach to 

assessment of compact UWB antenna structures by means of 

their rapid multi-objective optimization and comparison of the 

corresponding sets of Pareto-optimal designs representing the 

best possible trade-offs 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 algorithm [32], which 

is a deterministic (non-evolutionary) and fast multi-objective 

optimization method involving variable-fidelity EM simulation 

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 towards 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 performance 

and the antenna size. Electrical performance parameters 

include antenna matching, efficiency, radiation pattern 

stability, 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 

modifications [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 reflection, can be 

obtained by means of multi-objective optimization [32], [33], 

[34]. In practice, this information is obtained in the form of a 

discrete set (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 which 

shows some of 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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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 A1 and A2 based on their Pareto sets P1 

and P2. Some of possible scenarios include: (a) complete domination of P1 over 

P2, (b) complete domination of P2 over P1, (c) partial domination of P1 over P2. 
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A practical problem is that multi-objective 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 antennas. 

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 multi-objective 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 multi-objective antenna design [32], [39], [40]. Their key 

components are utilization of variable-fidelity EM simulations 

[41], as well as auxiliary response surface approximation 

(RSA) models [42] but also initial design space reduction [43]. 

One of these methods, sequential domain patching [32], is 

exploited in this work to execute Pareto set identification and 

subsequent antenna comparison. Its advantage over the earlier 

techniques [39], [40], [43] is that it employs neither 

evolutionary algorithms (at any stage of the design process) 

nor RSA models. It is therefore easy to implement, automated, 

and fully deterministic. 

III. FAST MULTI-OBJECTIVE OPTIMIZATION USING DOMAIN 

PATCHING 

As mentioned in Section II, identification of Pareto sets for 

the considered compact UWB antennas will be realized using 

the sequential domain patching (SDP) algorithm [32]. Below, 

we give a brief outline of SDP. 

A. Multi-Objective Optimization Problem Formulation 

Let Rf(x) denote a response of an accurate EM antenna 

model with x being a vector of design variables. Let Fk(Rf(x)), 

k = 1, …, Nobj, be a kth design objective. If Nobj > 1, the 

solutions are compared using the dominance relation [35] 

defined as: y  x (y dominates over x) if Fk(Rf(y))  Fk(Rf(x)) 

for all k = 1, …, Nobj, and Fk(Rf(y)) < Fk(Rf(x)) for at least one 

k. We aim at finding a representation of a so-called Pareto set 

XP of non-dominated designs so that for any x  XP there is no 

y for which y  x [35]. An example of the Pareto set has been 

shown in Fig. 1. As explained in Section II, Pareto-optimal 

designs represent the best possible trade-offs 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 

 * arg min ( )
x

x R xk k cF                               (1) 

for k = 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 Rc.  

 

The initial representation of the Pareto set is found using the 

procedure outlined below where n stands for the number of 

design variables. Here, Nobj = 2 is assumed, which is the most 

typical situation (e.g., antenna size versus electrical 

performance such as the maximum in-band reflection level).  

The SDP algorithm flow [32]: 

1. Set the patch size d = [d1 … dn]T (cf. Section III.C); 

2. Set the current points xc1 = x1
* and xc2 = x2

*; 

3. Evaluate n perturbations of the size d around xc1
* (towards 

xc2
*) and select the best w.r.t. F2.  

4. Center the patch at the point selected in Step 3; update xc1; 

5. Evaluate n perturbations of the size d around xc2
* (towards 

xc1
*) and select the best w.r.t. F1.  

6. Center the patch at the point selected in Step 5; update xc2; 

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 = k = 1,…,n mk, and mk is the number of intervals in the 

direction j. In practice, only the perturbations towards 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 

x1
* and x2

* 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. 
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Fig. 3. Conceptual illustration of the sequential domain patching algorithm. 

The routine is terminated after closing the path between the extreme designs. 
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In the following, we use the notation x1
* = [x1.1

* … x1.n
*]T 

and x2
* = [x2.1

* … x2.n
*]T to identify components of the extreme 

points x1
* and x2

*. The numbers mk are assigned as follows. 

We start by evaluating Rc at n points x1-2
(k) = [x1.1

* … x1.k–1
* 

x2.k
* x1.k+1

* … x1.n
*]T, k = 1, …, n. Subsequently, one calculates 

E1.k = ||Rc(x1-2
(k)) – Rc(x1

*)||/||Rc(x1
*)||, k = 1, …, n. In the same 

way, we evaluate Rc at x2-1
(k) = [x2.1

* … x2.k–1
* x1.k

* x2.k+1
* … 

x2.n
*]T, k = 1, …, n, and calculate E2.k = ||Rc(x2-1

(k)) – 

Rc(x2
*)||/||Rc(x2

*)||, k = 1, …, n. Finally, we set mk = 

max{2,mmaxEk}, k = 1, …, n, where Ek = E0k/max{E0j: j = 

1,...,n}, and E0k = (E1.k + E2.k)/2. 

The factors E1.k determine the relative response changes 

when varying the kth components of the design x1
* towards x2

* 

(similarly for E2.k). 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 Ek 

are the average values. The number of intervals is proportional 

to Ek (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 Rc. In 

order to find the high-fidelity Pareto-optimal designs, a subset 

of the selected designs xc
(k), k = 1, …, K, extracted from the 

initial set is refined as follows [32] 

 
( )

2 2

( ) ( ) ( )

1
, ( ) ( )

arg min ( ) [ ( ) ( )]


  
x x x

x R x R x R x
k

f

k k k

f s f f s f
F F

F     (2) 

The process (2) improves the first objective without 

degrading the second one. The starting point for (2) is xf
(k) = 

xc
(k, and the process is iterated until convergence. Usually, two 

iterations are sufficient. Rs is a 2nd-order polynomial 

approximation (without mixed terms) [10] of the low-fidelity 

model Rc set up using the evaluation of Rc at xc
(k) and the 

perturbed designs corresponding to the patch centered 

around xc
(k). 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  

Figure 4 shows geometries of the considered antennas. All 

structures are designed on a 0.762 mm thick Taconic RF-35 

dielectric substrate (εr = 3.5, tanδ = 0.0018). Antenna models 

are implemented in CST Microwave Studio and simulated 

using its time domain solver [45]. The first structure (Antenna 

I) consists of a circular patch fed through a tapered 50 Ohm 

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: xI = [w0 l1 l2 l3 l4 w1 

w2 w3 r or]T, whereas parameters wf = 1.7, lf = 10 and o = 

0.5w0∙r∙or (all dimensions in mm). The high-fidelity antenna 

model Rf consists of ~2,600,000 mesh cells (simulation time 

24 min). The low-fidelity model Rc contains ~370,000 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: lI = [15 2 

–2 10 3 0.2 0.2 0.2 4.5 –1]T and uI = [30 8  2 15 8 1.7 1.2 1.2 

8.5 1]T.  

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 version of 

a single radiator extracted from the MIMO antenna proposed 

in [7]. The vector of design variables is xII = [l0 g a l1 l2 w1 o]T. 

Parameter w0 = 2o + a, whereas the feeding line width wf = 1.7 

mm to ensure 50 ohm input impedance. The unit for all 

dimensions is mm. The EM antenna models are implemented 

in CST Microwave Studio (Rf : ~4,600,000 mesh cells, 

simulation time 40 minutes, and Rc : ~850,000 cells, 2 

minutes). 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: lII = [4 –2 

4 5 1 0.5 0.5]T and uII = [15 2 15 20 10 3.5 5.5]T. 

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 (CPW). Also the 

structure has an open-slot geometry [31]. The design variables 

are: xIII = [l0 l1 l2r l3r l4 l5 w1 w2 w3 w4 g]T. Parameters wf = 3.5 

and s = 0.16, whereas variables l2 = (0.5wf + s + w1)∙max{l2r, 

l3r} and l3 = (0.5wf + s + w1)∙l3r.  
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Fig. 4. Geometries of UWB antennas considered in our comparative study: (a) 

Antenna I [30], (b) Antenna II [44], and (c) Antenna III [31]. 



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2700044, IEEE
Transactions on Antennas and Propagation

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

5 

The low-fidelity antenna model consists of ~215,000 cells 

(simulation time 67 s), whereas the high-fidelity one is 

composed of ~1,600,000 cells (simulation time 10 min). The 

ranges of design parameters are: lIII = [5 15 0.2 0.2 4 8 7 0.5 

0.2 0.2 0.2]T and uIII = [15 25 1 0.8 11 16 15 3.5 2.5 2 2]T. 

Based on the structure dimensions from [7], [30], and [31] 

one can conclude that Antenna III is noticeable larger (766 

mm2) than Antenna I (673 mm2). At the same time, the 

footprint of the Antenna II is only 390 mm2. 

The following two design objectives are considered to 

compare the designs: F1 – minimization of reflection in 3.1 

GHz to 10.6 GHz band and F2 – minimization of footprint. 

The latter is defined as AI(xI) = w0∙max{lf + l1 +2r – 0.05r, lf + 

l1 – 0.05r + l2 + l3 + w3}, AII(xII) = (a + 2o)(l0 + l1 + w1), and 

AIII(xIII) = (l0 + l1)∙(2s + 2w1 + wf) for Antennas I through III, 

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 

Figure 5 shows the Pareto fronts obtained using the SDP 

algorithm for the three antenna structures considered. Figure 6 

shows their reflection characteristics for the selected Pareto-

optimal designs. Corresponding dimensions have been 

gathered in Tables I, II and III for the Antenna I, II and III, 

respectively. The computational cost of the multi-objective 

optimization process is low and corresponds to only 128 high-

fidelity model simulations for Antenna I (including 944 

evaluations of Rc and 30 evaluations of Rf). The cost for 

Antenna II corresponds to 72 evaluations of the high-fidelity 

model (831  Rc and 30  Rf). Finally, the cost for Antenna III 

corresponds to 132 evaluations of the high-fidelity model (914 

 Rc and 30  Rf). 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 multi-objective evolutionary 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 Rc (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 Rf (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 Rc, 1402 Rc, and 10000 Rc, 

respectively. Corresponding costs for Antenna II are 399 Rc, 1202 

Rc and 10000 Rc. 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 multi-objective design approaches. 

Figure 6 shows comparison of the Pareto sets obtained for 

both antennas. The discrepancies between the fronts along 

objective F1 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 Rc model is slightly 

dominated by the remaining ones which is due to terminating 

the algorithm after 10,000 model evaluations (necessary due to 

computational budget limitations, yet insufficient for 

convergence). 

C. Structure Comparison 

The results presented in Figs. 5 and 7 as well as in Tables I 

through III indicate that Antenna I is entirely dominated by 

Antenna II, whereas Antenna III is dominated by Antenna I 

(consequently, Antenna II dominates over Antenna III as well) in 

the multi-objective 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 mm2 versus 438 mm2 for Antenna III) 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 mm2 for the smallest 

design with acceptable reflection). Furthermore, it provides a 

broader range of changes along objective F1 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 through III are 392 mm2, 

255 mm2 and 465 mm2, 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 mm2, 27 mm2 less than 

the smallest realization of Antenna I. This indicates that 

seemingly 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 

reflection 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 F2 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. 

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 mm2, 

121 mm2 and 230 mm2 smaller for the Antenna I, II, and III, 

respectively [7], [30], [31]. In other words, the designs provided 
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in the literature are not optimal and could have been improved 

by applying appropriate numerical techniques. At the same time, 

non-optimality 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., xf
(1), xf

(4), xf
(7), xf

(10)) 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.  
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Fig. 5. Comparison of the high-fidelity Pareto sets for Antenna I, (□) Antenna 

II () and Antenna III (○). 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. 

 

TABLE I   ANTENNA I: SELECTED PARETO-OPTIMAL DESIGNS 

 F1 F2 
Design Variables [mm] 

w0 l1 l2 l3 l4 w1 w2 w3 r or 

xf
(1) –16.9 630 22.24 4.36 –0.17 13.24 6.14 0.23 0.97 1.20 5.79 0.22 

xf
(2) –16.3 570 20.37 4.34 –0.11 12.94 5.86 0.21 0.57 1.07 5.54 0.36 

xf
(3) –15.4 549 20.24 4.14 –0.11 12.32 5.90 0.20 0.50 1.05 5.35 0.35 

xf
(4) –15.2 525 19.43 4.01 –0.09 12.32 5.86 0.20 0.49 1.05 5.28 0.39 

xf
(5) –14.5 500 18.49 4.01 –0.07 12.32 5.86 0.20 0.49 1.06 5.25 0.50 

xf
(6) –13.6 467 17.42 3.77 –0.04 12.32 6.00 0.22 0.48 1.03 5.18 0.60 

xf
(7) –13.0 443 16.61 3.60 –0.03 12.32 5.86 0.27 0.42 1.07 5.06 0.64 

xf
(8) –11.5 408 15.54 3.18 –0.03 12.32 5.86 0.24 0.42 1.01 4.95 0.63 

xf
(9) –11.2 392 15.54 2.44 –0.03 12.01 5.89 0.23 0.43 1.04 4.88 0.65 

xf
(10) –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 

 F1 F2 
Design Variables [mm] 

l0 g a l1 l2 w1 o 

xf
(1) –15.5 355 4.56 1.19 9.80 14.04 4.57 2.96 3.32 

xf
(2) –15.3 344 4.62 1.19 9.72 13.99 4.68 2.77 3.20 

xf
(3) –14.7 341 4.54 1.20 9.60 13.62 5.08 2.96 3.28 

xf
(4) –13.8 329 4.39 1.20 9.31 13.35 5.29 2.96 3.28 

xf
(5) –13.6 319 4.39 1.17 9.25 13.02 5.78 2.96 3.19 

xf
(6) –12.7 307 4.39 1.20 9.09 12.95 6.10 2.78 3.09 

xf
(7) –12.3 291 4.39 1.20 9.09 12.95 6.30 2.43 2.80 

xf
(8) –11.4 269 4.34 1.29 9.04 13.45 6.03 1.86 2.32 

xf
(9) –10.9 255 4.41 1.28 9.09 13.45 6.12 1.49 2.04 

xf
(10) –10.0 245 4.39 1.20 8.88 12.68 6.91 1.55 2.13 

TABLE III   ANTENNA III: SELECTED PARETO-OPTIMAL DESIGNS 

 F1 F2 
Design Variables [mm] 

l0 l1 l2r l3r l4 l5 w1 w2 w3 w4 g 

xf
(1) –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 

xf
(2) –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 

xf
(3) –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 

xf
(4) –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 

xf
(5) –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 

xf
(6) –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 

xf
(7) –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 

xf
(8) –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 

xf
(9) –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 

xf
(10) –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 
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Fig. 6. Frequency responses of the high-fidelity model of: (a) Antenna I for 

the designs listed in Table I; (b) Antenna II for the designs from Table II, and 

(c) Antenna III for the designs from Table III. For all structures, the designs 

are as follows: xf
(1) – (––), xf

(3) – (– –), xf
(6) – (∙∙∙), xf

(8) – (– ∙), xf
(10) – (○). 

 

Photographs of the manufactured designs of Antenna I are 

shown in Fig. 8, whereas 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 |S11| response. The 

results are in good agreement. For the selected designs, the 
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maximum measured in-band reflection levels are –14.8 dB, –

13.5 dB, –11.5 dB, and –10 dB, respectively. Therefore, the 

peak vertical discrepancies between the simulation and 

measurement results are 2 dB, 1.6 dB, 1.4 dB, and 0.3 dB for 

xf
(1), xf

(4), xf
(7), and xf

(10). 

Figure 10 shows the photographs of the fabricated Antenna II 

designs, whereas comparison of their simulated and measured 

characteristics is shown in Fig. 11. Similarly as for previous 

structure, the agreement between the results is acceptable. The 

maximum measured in-band |S11| for the antenna designs are –

14.4 dB, –12.9 dB, –11 dB, and –9.9, dB, respectively. The 

peak vertical misalignment between the responses is 1 dB, 0.9 

dB, 0.5 dB, and 0.2 dB for xf
(1), xf

(4), xf
(7), and xf

(10). 

The simulated and measured Pareto sets obtained for both 

considered antenna structures are shown in Fig. 12. Although 

the shapes of both sets are similar, increasing vertical 

misalignment 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.  
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        (a)               (b) 

Fig. 7. Comparison of low-fidelity Pareto sets obtained using the SDP 

algorithm (□), MOEA optimization of the kriging model (×), direct MOEA 

optimization of the low-fidelity model (○): (a) Antenna I, and (b) Antenna II. 

 

 
        (a)              (b)               (c)       (d) 

Fig. 8. Antenna I: photographs of the manufactured prototypes of the designs 

selected from Table I: (a) xf
(1); (b) xf

(4); (c) xf
(7); and (d) xf

(10). 
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Fig. 9. Antenna I: comparison of simulated (gray lines) and measured (black 

lines) reflection characteristics obtained for the designs selected from Table I: 

(a) xf
(1); (b) xf

(4); (c) xf
(7); and (d) xf

(10). 

 

 
       (a)                    (b)               (c)       (d) 

Fig. 10. Antenna II: photographs of the manufactured prototypes of the 

designs selected from Table II: (a) xf
(1); (b) xf

(4); (c) xf
(7); and (d) xf

(10). 

V. CASE STUDY: THREE-OBJECTIVE ANTENNA 

COMPARISON  

In this section, we demonstrate antenna multi-objective-

optimization-based antenna comparison involving three 

objectives: the reflection response, and the average total 

efficiency in 3.1 GHz to 10.6 GHz range, and the size. In this 

case, the Pareto fronts are obtained using surrogate-based 

optimization scheme involving three stages: (i) identification of 

the extreme Pareto designs (as in (1)), (ii) construction of the 

reliable data-driven surrogate using kriging interpolation and 

EM simulation data sampled in the region spanned by the 

extreme designs, and (iii) multi-objective optimization of the 

surrogate using multi-objective evolutionary algorithm [46]. For 

the sake of demonstration, we compare Antenna II (cf. Fig. 4(b)) 

and Antenna IV shown in Fig. 13. Antenna IV is a version of 

Antenna II where the square radiator has been replaced by the 
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elliptical one. Also, the number of design parameters has been 

increased by one to xIV = [l0 g a1 a2 l1 l2 w1 o]T. 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: lII = [4 –2 4 

5 1 0.5 0.5]T and uII = [15 2 15 20 10 3.5 5.5]T. 

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, the smallest size around 115 

mm2 vs. 230 mm2 for Antenna IV at the –5 dB level, etc.). 

Overall, as indicated in Fig. 14(b), the front for Antenna IV is 

entirely dominated by that of Antenna II. The obtained results 

suggests that, despite lower number of degrees of freedom, 

rectangular  radiator allows for obtaining better performance 

(in terms of possible design trade-offs) than the elliptical one. 
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Fig. 11. Antenna II: comparison of simulated (gray) and measured (black) |S11| 

responses of designs selected from Table II: (a) xf
(1); (b) xf

(4); (c) xf
(7); and (d) 

xf
(10). 
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Fig. 12. Comparison of the simulated (gray) and measured (black) Pareto sets 

obtained for Antenna I (□) and Antenna II (). Filled markers denote designs 

xf
(1), xf

(4), xf
(7), and xf

(10). 
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Fig. 13. Geometry of Antenna IV: (a) 3D view, (b) front view with geometry 

parameters marked. 
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(b) 

Fig. 14. Pareto fronts for Antenna II (o) and Antenna IV (): (a) the view 

showing the ranges of the objectives along the front, and (b) the view 

indicating that Antenna IV is entirely dominated by Antenna II. 

VI. CONCLUSION  

In this paper, a methodology for comprehensive 

performance 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 

performance. 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 multi-objective 

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. 
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As demonstrated using three examples of compact UWB 

antennas, fast multi-objective optimization permits the most 

comprehensive and conclusive comparison of alternative 

antenna topologies that can be executed in reasonable 

timeframe. 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 

non-optimal for both structures) indicates the importance of 

proper geometry optimization in order to ensure the best 

possible performance. A separate case study has been provided 

concerning three design objectives (size, matching, and 

efficiency). Clearly, increasing the number of objectives makes 

the design optimization (especially multi-objective one) quite 

challenging. Future research will be focused on considering 

even more comprehensive set of criteria. 

For additional verification, simulation results provided in 

the 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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