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Abstract—This letter investigates reliable size reduction of an-
tennas through electromagnetic-driven optimization. It is demon-
strated that conventional formulation of the design task by direct
footprint miniaturization with imposing constraints on electrical
performance parameters may not lead to optimum results. The
reason is that—in a typical antenna structure—only a few geom-
etry parameters explicitly determine the antenna footprint, and
therefore sensitivity of antenna size to other parameters is zero. At
the same time, finding the genuine optimum requires adjustment
of all parameters as the optimum is determined by the tradeoff
between the size and other figures of merit such as reflection char-
acteristic. Here, an alternative design methodology is proposed that
involves relaxation between size reduction and matching improve-
ment. Our methodology is demonstrated using two examples of
ultrawideband antenna structures. It is superior over the conven-
tional approach in terms of the optimized antenna size achieved.
Experimental validation of the results is also provided.

Index Terms—Antenna design, miniaturization, relaxation
algorithm, simulation-driven design, surrogate modeling.

I. INTRODUCTION

CONTEMPORARY antenna design is a complex process
where several objectives have to be taken into account

[1]. Among them, reduction of the physical size of the structure
becomes more and more important in many applications such as
handheld and wearable devices [2] or internet of things [3]. Un-
fortunately, making the antenna structure more compact leads
to degradation of electrical performance parameters, primarily
reflection response, but also radiation figures, efficiency, etc.
Representative examples are ultrawideband (UWB) antennas
where diminishing the footprint is associated with poor match-
ing at the lower frequencies due to shortening of the current path
[4]. This difficulty can be alleviated by means of various topo-
logical modifications of the antenna geometry such as I-shaped
[5] or L-shaped stubs [6], protruded ground plane structures
[7], matching transformers [8], slits below the feedline [6], or
uniplanar monopole designs [9].
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The techniques mentioned above increase geometrical com-
plexity of the antenna and introduce additional parameters that
have to be adjusted to satisfy given performance requirements.
Ideally, all antenna parameters should be tuned simultaneously:
Due to complex interrelations between antenna dimensions
and antenna characteristics, simple means such as parameters
sweeping are very laborious and fail to identify optimum di-
mensions. Automated adjustment of all relevant parameters can
be realized using numerical optimization techniques. For size
reduction, constrained optimization is a necessity because the
required level of electrical performance parameters, in particu-
lar, antenna matching, has to be maintained. A practical way of
implementing such a process is to consider the antenna footprint
as a primary objective while handling the reflection response us-
ing a penalty function approach [10], [11].

Despite conceptual simplicity, the approach of [11] exhibits
a fundamental shortcoming: In many practical problems and
depending on structure parameterization, the antenna size ex-
plicitly depends on only some of the geometry parameters
(e.g., substrate dimensions, etc.) but does not depend on others
(e.g., radiator size and shape, etc.), which leaves only a few
degrees of freedom when optimizing for minimum footprint.
Even though other parameters are involved indirectly through a
penalty function handling reflection response, the optimization
problem becomes very challenging: The constrained objective
function may become multimodal and, consequently, difficult to
handle using local optimization routines [12], [13] (otherwise
preferred due to lower computational complexity over, e.g., evo-
lutionary algorithms [14]).

In this letter, an alternative formulation of the design prob-
lem is proposed along with the optimization algorithm where
minimization with respect to the antenna size and the maxi-
mum in-band reflection are interleaved in the course of the op-
timization run. Switching between size- and matching-oriented
objective functions is realized upon accomplishing successful
iteration of the trust-region-based gradient search and allows for
utilization of all antenna parameters. Both the conventional and
the proposed approach are executed over the same parameter
space. As demonstrated, the proposed approach leads to bet-
ter results, both in terms of the final antenna footprint and the
quality of the antenna response. Numerical results are validated
experimentally.

II. SIZE REDUCTION BY EM-DRIVEN OPTIMIZATION

In this section, we formulate explicit size reduction prob-
lem and briefly outline the conventional methodology with
a penalty function approach utilized to control the antenna
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reflection response [10]. We also introduce the proposed re-
laxation algorithm alleviating the issue of limited number of
geometry parameters directly affecting the antenna size.

A. Formulation of Size-Reduction-Oriented Design Problem

The full-wave electromagnetic (EM)-simulated model of the
antenna of interest will be denoted as R(x). Here, x repre-
sents independent designable parameters of the structure that
are to be adjusted in the optimization process. We are in-
terested in two figures of merit: antenna size denoted by
A(x), and its reflection characteristic, specifically the maximum
in-band reflection denoted as S(x). For UWB antennas, we have
S(x) = max{|S11(x)|3.1 GHz to 10.6 GHz}.

Explicit reduction of the antenna size, which is the primary
goal, requires that one attempt to minimize A(x) while main-
taining acceptable electrical performance parameters, here rep-
resented by a reflection level, for example, |S11 | ≤ −10 dB in
the entire UWB range. In order to handle both A and S, the
following formulation of the problem was suggested in [10]:

x∗ = arg min
x

UA (R(x)) = arg min
x

UA (A(x), S(x)). (1)

In (1), UA is an objective function that encodes the design
specifications, whereas x∗ is the optimum design to be found.
In [10], UA was defined as

UA (A(x), S(x)) = A(x) + β · c(S(x))2 . (2)

Formulation (2) permits minimization of the antenna size A
and to enforce S to satisfy the −10-dB threshold. Here, β is
a penalty factor (we use β = 1000 in our numerical exper-
iments), whereas c is a penalty function defined as c(S(x))
= max S(x) + 10)/10, 0}. It should be emphasized that c
only contributes to (2) if the reflection requirement is vio-
lated. Also, (2) can be easily generalized to handle multi-
ple performance requirements by defining UA (A(x), . . .) =
A(x) + β1 · c1(x)2 + . . . + βp · cp(x)2 , where p is the total
number of requirements concerning, e.g., reflection, efficiency,
gain, etc.

B. Optimization Algorithm

Problems (1) and (2) can be solved using any available numer-
ical optimization algorithm (e.g., direct or surrogate-based opti-
mization (SBO) approach [15]). Here, a trust-region-embedded
gradient search algorithm is utilized that finds a sequence x(i) , i
= 0, 1, . . . , of approximations to x∗ as

x(i+1) = arg min
x; ||x−x( i ) ||≤δ ( i )

UA (L(i)(x)). (3)

The model L(i) is a linear expansion of R at x(i) defined as

L(i) (x) = R
(
x(i)

)
+ JR

(
x(i)

)
·
(
x − x(i)

)
(4)

where the Jacobian JR is estimated using finite differentia-
tion. The trust region radius δ(i) is adjusted using the stan-
dard rules [16] based on the gain ratio ρ = [UA (R(x(i+1)) −
UA (R(x(i))]/[UA (L(i)(x(i+1)) − UA (L(i)(x(i))]: increased
if ρ > ρincr (typically, ρincr = 0.75), decreased if
ρ < ρdecr (typically, ρdecr = 0.25). The new iteration
point x(i+1)xis only accepted if ρ > 0. Further-
more, because—by definition—we have that JL (x(i)) =

Fig. 1. Geometries of UWB antennas considered for demonstrating the
objective relaxation algorithm: (a) antenna I [17] and (b) antenna II [18].

JR (x(i)), objective function improvement is guaranteed
for sufficiently small values of δ. Note that reduc-
tion of U(R(x)) leads to reducing the antenna footprint
[cf., (2)].

C. Improved Formulation: Objective Relaxation

Formulation (2), although simple and straightforward, does
not take into account the fact that in a typical antenna struc-
ture, the footprint explicitly depends on only a few geometry
parameters [e.g., on two out of six parameters in the structure of
Fig. 1(a)]. At the same time, electrical performance usually de-
pends on all parameters. As a consequence, minimization of UA

becomes a difficult problem and may lead to a local optimum
(note that gradient of the primary objective A(x) is zero for all
variables that do not directly determine the antenna footprint!).
The primary issue is that formulation (2) introduces high non-
linearity of the functional landscape to be handled in the course
of the optimization process along the boundary of the feasible
region (i.e., where S(x) � −10).

As a mean to alleviate this difficulty, in this letter, we propose
a different approach, where minimization of the objective UA is
interleaved with minimization of the maximum reflection, i.e.,
the objective function

US (R (x)) = US (S (x)) = S (x) . (5)

The algorithm works as follows:
1) Find x(0) = argmin{x : S(x)};
2) Set i = 0;
3) Solve one iteration of (3) to find x(i+1) ;
4) Solve

x(i+2) =

arg min
x; ||x−x( i + 1 ) ||≤δ

( i )
S , A(x)≤A(x( i + 1 ) )

US (L(i+1)(x)).

(6)

5) Set i = i + 2;
6) If termination condition is not satisfied, go to 3, else END.
The optimization process begins in Step 1 by optimizing the

antenna for best matching, which provides a feasible (from
the point of view of the requirement S(x(0)) � −10) start-
ing point for subsequent miniaturization. Steps 3 and 4 in
the above-mentioned algorithm are executed until the itera-
tion is successful, i.e., the gain ratio {e.g., [UA (R(x(i+1)) −
UA (R(x(i))]/[UA (L(i)(x(i+1)) − UA (L(i)(x(i))] in case of
(3)} is positive. The trust region radii δ and δS are independent
for (3) and (6) because the functional landscapes of UA and
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Fig. 2. Reflection responses of antennas I and II, optimization for best match-
ing (- - -), optimization for size using relaxation (—): (a) antenna I and
(b) antenna II.

US are generally different and the steps taken by the respective
optimizers may be different. Interleaving reduction of the an-
tenna footprint with matching improvement allows us to push
the current iteration point back to the interior of the feasible
region (from the point of view of the condition S(x) � −10),
which facilitates further size reduction after switching back to
the objective function (2). When using only (2), the optimiza-
tion algorithm may have difficulties in exploring the boundary
of the feasible region. It should also be reiterated that both the
original and the proposed method operate in the same design
space.

III. DESIGN CASE STUDIES

Here, we demonstrate the proposed objective relaxation
algorithm using two examples of planar UWB antennas. We
also provide comparison to the conventional approach as well
as experimental verification of the optimized designs.

A. Antenna Structures

Both considered antennas are implemented on Taconic
RF-35 substrate (h = 0.76 mm, εr = 3.5). The first struc-
ture, a circular slot antenna with a rectangular patch (an-
tenna I [17]) is shown in Fig. 2(a). The design variables
are xI = [a l h rl r m]T . Here, variables a and h are relative
with respect to rl , W = 2rl + 2m is dependent, whereas
w1 = 2.8 mm is fixed to ensure 50-Ω line impedance. The
computational model of the structure is implemented in CST
(∼870 000 mesh cells, simulation time 3 min). The second an-
tenna {antenna II [18], Fig. 1(b)} is a uniplanar structure com-
posed of a driven element in the form of fork-shaped radiator
fed through a coplanar waveguide and an open slot. The design
variables are: xII = [l0 l1 l2r l3r l4 l5 w1 w2 w3 w4 g]T . Param-
eters wf = 3.5 and s = 0.16 to ensure 50 Ω input impedance,
whereas variables l2 = (0.5wf + s + w1) · max l2r , l3r and
l3 = (0.5wf + s + w1) · l3r . The EM model of the antenna
is also implemented in CST (∼400 000 mesh cells, simulation
time 2 min).

B. Numerical Results and Benchmarking

Antennas I and II have been optimized for minimum size us-
ing the reference approach of Sections II-A and II-B, then using
the proposed methodology of Section II-C. The termination con-
dition for the optimization process is ||x(i+1) − x(i) || < ε1

OR δ(i) < ε2 OR δ
(i)
S < ε3 ; here, we use ε1 = ε2 = ε3 =

10−2 . In both cases, the starting point was the optimum design
with respect to the minimum reflection level. The results are

TABLE I
ANTENNA OPTIMIZATION: NUMERICAL RESULTS

Problem formulation and
optimization algorithm

Optimization results: size and max|S1 1 |

Antenna I Antenna II

Minimization of |S1 1 | A = 765 mm2

S = −15.5 dB
A = 702 mm2

S = −14.8 dB

Size reduction
[formulation (2),
Sections II-A and II-B]

A = 606 mm2

S = −9.0 dB
A = 589 mm2

S = −9.1 dB

Size reduction (this
work: objective
relaxation, Section II-C)

A = 583 mm2

S = −9.9 dB
A = 335 mm2

S = −9.6 dB

Fig. 3. Photographs of the fabricated antenna prototypes: (a) antenna II opti-
mized for best matching, and (b) antenna II optimized for size using the proposed
objective relaxation method.

gathered in Table I (see also Fig. 2). For both antennas, the pro-
posed relaxation approach results in a smaller footprint of the
final design; for antenna II, the difference is dramatic (335 mm2

versus 589 mm2), which is due to the fact that this structure is
much more complex than antenna I.

At the same time, the proposed methodology allows for better
satisfaction of the reflection requirement. It should be noted that
this requirement cannot be satisfied exactly because the reflec-
tion constrained is not handled as a hard constraint; instead, it is
controlled using a penalty function approach. The typical cost
of the optimization process is between 10 and 20 iterations (3),
which corresponds to 60–200 evaluations of the respective EM
antenna model.

C. Experimental Validation

For the sake of experimental validation, two designs of an-
tenna II have been fabricated and measured in the anechoic
chamber of Reykjavik University, Iceland. In order to achieve
better agreement with simulation, the antenna has been re-
designed with the SMA connector included in the computational
model (the results of Section III-B were obtained without the
connector). The first design (optimized for best matching) fea-
tures 742 mm2 footprint, whereas the area of the second design
(optimized for size using the proposed relaxation method) is
329 mm2. Fig. 3 shows the photographs of the antenna proto-
types. Simulated and measured reflection characteristics have
been shown in Fig. 4. Fig. 5 shows the simulated and measured
H-plane radiation patterns for frequencies of 4, 6, 8, and 10 GHz.
The agreement between simulation and measurements is accept-
able. The primary reasons for misalignment are fabrication and
assembly tolerances.

It can be observed that both antennas exhibit omnidirec-
tional characteristics, particularly for frequencies 4 and 6 GHz.
Reduction of the antenna size does not lead to any degradation
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Fig. 4. Simulated (- - -) and measured (—) reflection characteristics for
(a) antenna II optimized for best matching, and (b) antenna II optimized for
size using the proposed objective relaxation method.

Fig. 5. Simulated (- - -) and measured (—) H-plane radiation patterns for
antenna II optimized for best matching (left panel), and antenna II optimized for
size using the proposed objective relaxation method (right panel): (a) 4 GHz,
(b) 6 GHz, (c) 8 GHz, and (d) 10 GHz.

of the patterns. On the contrary, the miniaturized design exhibits
even more regular characteristic than the structure optimized for
best matching.

IV. CONCLUSION

A technique for reliable EM-driven size reduction of an-
tenna structures has been proposed. Our approach exploits
relaxation of design objectives, which allows for achieving
smaller footprint area compared to conventional formulation
of the design problem as demonstrated by examples. Numer-
ical results have been validated experimentally. The future
work will include more comprehensive validation of the tech-
nique as well as application for design cases with multiple
constraints.
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