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This work proposes an objective function to optimize an ultra wideband antenna for adjusting the
bandwidth and coupling with other elements, based on the performance comparison of several objective

Accepted 06 June 2021 functions from the literature. The optimal dimensions of a printed rectangular monopole antenna were
obtained with the Particle Swarm Optimization method to compare such functions. In the results of the
comparison, the linear functions had a mean value of S;; magnitude near the threshold, but they presented

Keywords: a smaller standard deviation than the rest of the functions. The logarithmic and cubic functions showed

Objective Function

Ultra Wideband Antenna
Particles Swarm Optimization
Bandwidth Adjustment

S11 Magnitude

a mean value of S;; magnitude higher than the double of the threshold, but they had superior standard
deviation values, which did not happen with the quadratic function. Hence, the proposed function is the
mean of a logarithmic expression with the quadratic argument. With this function, a bandwidth
adjustment of 130%, a mean S;; magnitude of -22.1 dB and a standard deviation equal to 6.7 dB were
obtained on the resonant band for the designed antenna. In this way, the proposed function can be used

to avoid interference with other wireless systems and to obtain a uniform coupling of the antenna.
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1. INTRODUCTION

The Ultra Wideband (UWB) antennas have achieved
relevance in current wireless communication systems
because numerous devices need an antenna to operate at
different frequencies for several applications. UWB
antennas can substitute multiple narrow band ones,
reducing the number of antennas, consequently
decreasing costs and power consumption [1-2].

However, the design of UWB antennas presents
challenges as spatial limitations, interference, and the
gain performance for multiple wireless applications [3].
Moreover, these antennas can turn up physical
phenomena as resonance and coupling between
components because they have sizes similar to the
wavelength [4].

The mentioned challenges can be resolved with the
optimization in the performance of UWB antennas to
improve the results according to the specific requirement
of the systems [5]. Many optimization methods have
been implemented in the different shapes of UWB
antennas, such as Particle Swarm Optimization (PSO),
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Genetic Algorithm (GA), Surrogate Based Optimization
(SBO) and Fractional Factorial Design (FFD) [6].

These optimization methods have been used because
the antennas have a complex model that makes it difficult
to apply traditional ~mathematical methods of
optimization. Likewise, objective functions are used as
surrogate models for improving the parameters selected
by the designers. The most used optimization parameter
in antennas is the resonant bandwidth [7], the objective
functions mainly depend on Si1 magnitude and many of
them are nonlinear [8-14]. Nevertheless, there is not a
comparison between the performance of the objective
functions and how these adjust the antenna dimensions
for improving its fundamental parameters.

In this work, the performance of several objective
functions, which have been employed in the optimization
of an UWB antenna, are compared for matching the
responses in the adjustment of bandwidth and Sz
magnitude. In this way, the results support the proposal
of an objective function that allows improving such
parameters to avoid interference with other wireless
systems and to obtain a uniform coupling of the antenna.
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2. METHOD OF OPTIMIZATION

In this work, the PSO method was selected because it has
been applied in multiple optimization processes with
antennas for reducing the computation time through the
prevention of next particle generations equal to previous
[15]. The PSO belongs to the family of evolutionary
algorithms and it is one of the fastest heuristic approaches
for finding the optimal solution of a complex problem
[16].

Figure 1 shows the PSO method algorithm, which
was programmed in Visual Basic for invoking a Finite
Elements Methods (FEM) software, the High-Frequency
Structure Simulator (HFSS) from Ansoft. The antenna
dimensions are imported to HFSS and the results are
exported for each particle. With the results, the objective
functions were evaluated and the minimum search
mechanism was applied.

Step 1 comprises the initialization of the PSO method
parameters, which are: N the number of dimensions, M
the number of particles, Nier the number of total
iterations, w the inertial weight, ¢ and ¢, cognitive and
social parameters, 71 and 7, random values between 0 and
1 for each particle and iteration, and V7, the maximum
velocity for each dimension that is calculated with the

following equation:

min

where X7}, is the maximum position and X}};, is the
minimum position of the dimension n.
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Figure 1. Flow diagram of the PSO method

In step 2, the dimensions of the antenna are modified
for the simulation through FEM software, and the
objective function is evaluated with the results. Then, the
value of the objective function is compared with the best
response of the particle (Pp,g, ;) and the swarm (Gp,.) for
each iteration i, with the decisions of step 3.

In step 4, the velocity and position are updated. The
particle velocity is a real variable that must be between a
maximum value (V;;;,,) and a minimum value (—V;,)
[17]. The velocity for the next iteration is determined as
follows:

Vil =wVi™ +cp (Reg i — X™)

i+1 " (2)
+C,77, (Gt = X{™)

The position must be in a confinement interval, hence
it must be verified that its value is in the range
{Lim} .., Lim},.} [18]. The position for the next
iteration is calculated as follows:

XI5 = X"V ©

Finally (in step 5), the convergence criteria are
evaluated. These criteria are that the number of iterations
is equal to the maximum number of total iterations
(Niter), that the difference between the solutions of the
best particle is less than a determined value, and that the
best value of particle does not change in a consecutive
number of iterations (N327°). When any of these three
conditions is accomplished, the process of optimization
ends, and the best position of the swarm is obtained [17].

3. OBJECTIVE FUNCTIONS

There are diverse objective functions to optimize an
antenna, most of them search the optimal value of
dimensions for improving Si1 magnitude and bandwidth.
In the following, different functions that have been
applied in the last five years are described. In this work,
linear and nonlinear functions for the optimization of
UWB antennas in communication systems with single or
multiple bands were selected.

3. 1. Linear Function with the Mean of Su1
Magnitude This function calculates the average of
a set of values for each frequency component, which are
the S11 magnitude or the value K, and the equation is [8,
9]:

OF1=min u{m(f,)}

IS (i (S ()] =[Sl 4)
m(fk){K if (S, (f,)] <[Sul,

where u{m(f;,)} is the mean value of m(f), |S;1]| is the
S11 magnitude for the frequency sample fi, |S11l¢, 1S the
threshold of the S;; magnitude, and K is equal to -10 dB.
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3. 2. Linear Function with Bandwidth and Penalty
Factor This function considers the bandwidth plus
a discrete variable that depends on the Si1 magnitude
surpassing a threshold value [10]. It is determined as
follows:

OF2=max A+0.5B

:{1 it S, (F) 1Sy by
0 if] Sn(fk) [>] Sy |th (5)

f,— f
M’ fM > fmax fm < fmin
B=4 1GHz

0 otherwise

where B is the bandwidth, A is a discrete value that
depends on Si1 magnitude, fu is the maximum frequency
and fy is the minimum frequency.

3.3. Nonlinear Function with Sum of Logarithms of
the Su1 A nonlinear function with the sum of
logarithms of the Si; magnitude with several logarithm
bases was evaluated by Chen [11]. While, obtaining that
high base values improved the impedance coupling in
each frequency sample and the logarithm with base 8 had
the best performance. The equation used is stated as
follows:

OF 3= max kZ’i;log8 (Hsn(fk)H) (6)

3. 4. Nonlinear Function with Mean of Cubic S11
Magnitude This nonlinear function was implemented
to improve the impedance coupling of an UWB antenna
[12], and it uses the mean of the cubic Si11 magnitude of
the frequency components in the design range as follows:

OF 4 =min ,u{‘su(fk )‘3} (N

3. 5. Nonlinear Function with Difference of the
Squared Minimum Frequency This function
seeks to minimize the maximum reflection level and to
control the minimum resonance frequency [13]. It is
expressed as follows:

2
max( f1 - f1ta\rget ! 0)
f} ®)

1target

OF5= max(lz,...,lk)+ﬂ|:

where |, (x) = S,,(f)| =S, |y, B is the penalty factor

equal to 1000, f; is the minimum resonant frequency and
fitarget 1S the minimum frequency of the design.

4. COMPARISON OF OBJECTIVE FUNCTIONS

The comparison consisted of applying different objective
functions to optimize the design of the same antenna and

to analyze the results. In this work, the design
optimization problem for UWB antenna aims to obtain an
adjustment of bandwidth to avoid interference with other
wireless systems, and a smaller value of S1; magnitude as
uniform as possible for improving the impedance
matching in the resonant band of the antenna.

The comparison variables are the mean of Si;
magnitude, the standard deviation of Si; magnitude
between samples and the bandwidth adjustment, which
was determined with the following equation:

B

B.g :100(8 ] (%) 9)

d
where B is the obtained bandwidth and By is the design
bandwidth. The bandwidth adjustment must be equal to
or higher than 100% and it is considered better when its
value is near 100%.

A printed rectangular monopole antenna (PRMA)
with microstrip feeding method was selected because this
has been the most used in applications of UWB wireless
communication systems. The microstrip permits to
obtain a high level of adaptability with devices that work
in the microwaves frequency range. The selected
substrate was the FR4-epoxy given its high level of
relative permittivity that contributes to reduce the
antenna’s dimensions [6].

The characteristics of the substrate are: thickness h =
1.6 mm, relative permittivity €, = 4.4 and tangent of
permittivity loss tan(d) = 0.02. The frequency range of
the design was from 1.7 GHz to 3.7 GHz (|S;1] <
|S111¢n), Which represents a design bandwidth of 2 GHz
considering |S;4|¢» equal to -10 dB.

Before implementing the optimization method with
the different objective functions, the PRMA dimensions
(Figure 2) were calculated, as they determined the central
values of the confinement interval of the optimization.
For calculating the resonant patch dimensions, the
following equation was used [19]:

22W + L= 27| 2
1.15f,

+ pj (cm) (10)
where L is the length of the patch, W is the width of the
patch, p is the separation between the resonant plane and
ground plane and f_ is the minimum frequency of the
design in GHz.

d +|
===1==+ Metal in front <=
=r--+ Subslrate <---

Metal in back
(Ground) ~

Figure 2. Geometry of the UWB PRMA
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In this manner, the dimensions calculated for resonant
patch were: L =22.06 mm,aW =33 mmand ap =2 mm.
The transmission line of the microstrip had a length of a
quarter of the maximum wavelength and a width of 3
mm. With these values, the calculated antenna was
simulated, obtaining a mean of Si1 magnitude in the
design range equal to -10.7 dB, a minimum frequency of
1.7 GHz and a bandwidth of 1.1 GHz, which does not
comply with the design premise of the bandwidth.

Then, the setting of the PSO algorithm applied for
each objective function with the following parameters
was: N = 3 dimensions (L, W, and p), M = 10 particles,
Nier = 120 iterations, Nj2+° = 40 iterations, w varying
between 0.9 and 0.4 during the optimization process, C1
varying from 2.8 to 2, and ¢, from 1.2 to 2. Besides, the
boundary conditions were L = 22.06£20 mm, W = 3320
mm and p = 22 mm. For the simulation, the frequency
was from 1 GHz to 4.5 GHz, and the frequency step
between samples was 100 MHz. In addition, 50
realizations were made for each objective function.

Table 1 shows the obtained values of the mean and
standard deviation of each comparison variable for each
objective function in the design range. The bandwidth
adjustment was over 100% for all objective functions,
achieving the design premise. With OF1, a low value of
bandwidth adjustment was obtained but with a high
standard deviation value. This function had a high value
of S11 magnitude mean near the threshold. The OF3 had
the best performance with 127.5% followed by OF4 with
134% but both had high deviation. In contrast, OF5 had
an adjustment of 136% with a low deviation.

The highest bandwidth adjustment, equal to 150%,
was obtained with OF2, and it presented the highest mean
of Si1 magnitude among all functions. Therefore, this
function is not recommended in the cases when it is
necessary to adjust the bandwidth and to obtain a high
level of coupling.

On the other hand, the nonlinear functions had a better
performance regarding the mean of Si; magnitude,
because lower values were obtained near the double of
the threshold. The lowest value was achieved by OF3,
with -22.6 dB.

Concerning the standard deviation of S;1 magnitude,
the linear functions presented low values of this variable,
and the OF2 had the lowest value. The quadratic function

TABLE 1. Results of the UWB antenna optimization with the
objective functions

Function Baqj(%0) [S11lmean(dB)  [S11]5ea(dB)
OF1 133.5+£21.9 -16.8+2.6 49+2.4
OF2 150.0£0.0 -16.6+1.5 4.3+1.8
OF3 127.548.6 -22.6+0.6 8.7+1.9
OF4 134.0+£10.8 -22.5+1.0 13.1+1.5
OF5 136.0£3.2 -19.8+1.4 4.9+2.6

was the second with lower deviation, but its mean of S1;
magnitude was higher than other nonlinear functions,
which exhibited better performance.

In general, to accomplish bandwidth adjustment it is
necessary to implement linear objective functions that
consider the sum or mean of S1; magnitude in the design
range. Additionally, logarithmic functions can be used to
improve this adjustment. The quadratic function had a
good performance in the S;1 magnitude and low standard
deviation, which can be employed to improve the
coupling performance.

5. PROPOSAL OF OBJECTIVE FUNCTION

According to the results obtained in section 4, a novel
objective function was proposed. This is a nonlinear
function that calculates the mean of the base 8 logarithm
of the squared difference between S;; magnitude and its
threshold when the specified criterion is accomplished,
as presented in the following equation:

OF 6= max 41{C,.logs (1)1, ))]

o [t it [su(fl<[sul, (11
“" |0 otherwise

The purpose of this function is to maximize the
performance of the UWB antenna, considering the
Equations (4), (6) and (8) for a good bandwidth
adjustment, a good coupling and a low standard deviation
of S11 magnitude, in the design bandwidth.

The UWB antenna was optimized using the PSO
method with the proposed function for 50 realizations as
it was made with the rest of the functions, and the results
are shown in Table 2. Low values of standard deviation
were obtained for each one of the comparison variables.

Figure 3 shows the box and whisker plot for the
bandwidth adjustment of each objective function with its
median and mean, where the proposed function has a
central distribution with similar values of mean and
median, and with few variations in the results obtained.
This performance is also presented by the OF2 but with
a higher mean of bandwidth adjustment.

The proposed function has the second best mean
value of adjustment after the OF3, which showed the
lowest mean value but with high deviation. Regarding the
mean of Si; magnitude for each objective function, the
proposed function presented closer mean and median
values in comparison with the rest of the functions,
obtaining a central distribution as it is shown in Figure 4.

TABLE 2. Results of the UWB antenna optimization with the
proposed objective function

Badj(%)

Function |Slllmeun(dB) |slllstd(dB)

-22.1+0.6 6.7+1.0

OF6 130.0£3.3
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Furthermore, this function showed a behavior similar
to the other nonlinear functions in this variable, i.e. a
mean of Si; magnitude lower than the double of the
threshold. However, it obtained the smallest standard
deviation value of all functions, which implies the
optimal responses are very close to each other even
though they have different initial points.

Concerning the standard deviation of Si; magnitude
in the design range, the statistical results obtained are
shown in Figure 5. The OF3 had higher median and mean
values than OF1 and OF2, OF5, and the proposed
function (OF®6).

170

Median - - - - Mean

160 -
150 — -_—
£ 140t
k-3
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120
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100 . .
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Figure 3. Box and whisker plot for the bandwidth
adjustment of each objective function, indicating its median

and mean
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This is a disadvantage of the OF3, which had the best
response in the other comparison variables. Between the
nonlinear objective functions, the proposed function had
the second best performance, after the OF5, but it
obtained a lower variation between the results of the
realizations. With the function proposed in this research,
a more uniform coupling of the antenna in different
frequency components in the design range was obtained.

Figure 6 shows the mean of Si1 magnitude as a
function of the standard deviation of Si; magnitude
resulting from optimization with all the objective
functions and for the antenna with the calculated
dimensions, which permits to affirm the performance of
the proposed objective function is between the best
alternatives to minimize both variables.

Moreover, Figure 7 shows the results of optimization
with all the objective functions and the initially
calculated antenna through the relationship of two
comparison variables, the mean of S;1 magnitude and the
bandwidth adjustment. The proposed function had a good
adjustment, which permits to avoid interference of other
communication systems that are out of the bands.

In summary, with the proposed objective function a
good performance of the UWB antenna according to the
bandwidth adjustment and mean of S1; magnitude can be
obtained. With the first one, a better adjustment than most
of the objective functions was obtained. While with the
second one, better uniformity of the frequency
components in the design range was achieved.
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6. CONCLUSIONS

In this work, linear and nonlinear objective functions that
have been used in the process of optimization of UWB
antennas were compared. The solutions from the linear
objective functions had high levels of the mean of Si;
magnitude that were near the threshold, while the
nonlinear functions solutions had levels around the
double of the threshold. Therefore, the last ones permit to
enhance the coupling of the antenna. Concerning the
standard deviation of Si; magnitude and the bandwidth
adjustment, there was no clear trend of these variables for
the different objective functions.

An objective function for the optimization of UWB
antennas was proposed with basis on the relevant results
of the comparison of diverse parameters. This function
improves the performance of the optimized antenna
according to the mean and standard deviation of Si;
magnitude and it has a good bandwidth adjustment. It
means that this is a trade-off solution of the three
variables. In consequence, the proposed function can be
used to avoid interference with other wireless
communication systems, whose reception is not
necessary, and to obtain a more uniform coupling of the
antenna in the frequency components in the whole design
range.

It is important to consider that these results have been
obtained under a particular set of conditions, which have
been described in section 4. Results could be different for
PSO with a different number of particles, different
dimensions, or another optimization method. Future
work can be conducted for the evaluation of different
configurations and methods, as well as the multi-
objective formulation of the design problem, considering
the bandwidth and the S1; magnitude simultaneously.

7. REFERENCES

1. Ahmed, F., Feng, Y., and Li, R., “A Multiband Multiple-input
Multipleoutput Antenna System for Long Term Evolution and
Wireless Local Area Networks Handsets”, International Journal
of Engineering. Transactions B: Applications, Vol. 29, No. 8,
(2016), 1087-1093. DOI: 10.5829/idosi.ije.2016.29.08b.08

2. Ghobadi, Ch., and Majidzadeh, M., “Multi Attribute Analysisofa
Novel Compact UWB Antennawith Via-fed Elements for Dual
Band Notch Function”, International Journal of Engineering.
Transactions A: Basics, Vol. 27, No. 10, (2014), 1565-1572.
DOI: 10.5829/idosi.ije.2014.27.10a.10

3. Liang, X. L., Ultra Wideband Antennas and Design. Rijeki:
InTech, 2012.

4. Sorrentino, R., and Bianchi, G., Microwave and RF engineering.
Chichester: John Wiley & Sons Ltd, 2010.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Zich, R. E., Mussetta, M., Grimaccia, F., Albi, R., Carbonara, A.,
Antuono, P. D., Guffanti, T., and Zucchelli, E., “Comparison of
different optimization techniques in antenna design — Part ,” in
IEEE Antennas and Propagation Society International
Symposium  (APSURSI), Chicago, 7-8, (2012). DOI:
10.1109/APS.2012.6348756

Contreras, A., and Urdaneta, M., “Ultra wideband antennas for
communications systems on microwave frequency bands: A
review”, Revista Ingenieria UC, Vol. 25, No. 2, (2018), 134-148.

Balanis, C., Antenna theory. Analysis and design. New Jersey:
John Wiley & Sons Ltd, 2016.

Li, Q., Dong, J., Yang, J., Zhuang, X., Yu, X., Hu, G., and Guo,
Y. “Automated Topology Optimization of Internal Antenna
Design Using Improved BPSO”, in International Applied
Computational Electromagnetics Society Symposium (ACES),
Suzhou, 4-5, (2017).

Jayasinghe, J. M., Anguera, J., Uduwawala, D. N., and Andujar,
A., “Nonuniform Overlapping Method in Designing Microstrip
Patch Antennas Using Genetic Algorithm Optimization”,
International Journal of Antennas and Propagation, Vol. 2015,
(2015), 1-8. DOI: 10.1155/2015/805820

Yu, C, Xu, T, and Liu, C., “Design of a Novel UWB
Omnidirectional Antenna Using Particle Swarm Optimization”,
International Journal of Antennas and Propagation, Vol. 2015,
(2015), 1-8. DOI: 10.1155/2015/303195

Chen, Y., “A Two-Stage Optimization Technique for Multiband
Antenna Design”, in 12th European Conference on Antennas and
Propagation  (EuCAP), London, 2-5, (2018). DOIL:
10.1049/cp.2018.1112

Chiu, Y., and Chen, Y., “Multi-objective optimization for UWB
antennas in impedance matching, gain, and fidelity factor,” in
IEEE International Symposium on Antennas and Propagation &
USNC/URSI National Radio Science Meeting, VVancouver, 1940—
1941, (2015). DOI: 10.1109/APS.2015.7305359

Koziel, S., and Bekasiewicz, A., “Fast design optimization of
UWB antennas using response features,” in 21st International
Conference on Microwave, Radar and Wireless Communications,
Krakow, 4-7, (2016). DOI: 10.1109/MIKON.2016.7492066

Radiom, S., Aliakbarian, H., Vandenbosch, G., and Gielen, G.,
“Optimised small-size tapered monopole antenna for pulsed ultra-
wideband applications designed by a genetic algorithm”, IET
Microwaves, Antennas & Propagation, Vol. 3, No. 4, (2009),
663-672. DOI: 10.1049/iet-map.2008.0195

Robinson, J.,, and Rahmat-Samii, Y., “Particle Swarm
Optimization in Electromagnetics”, IEEE Transactions on
Antennas and Propagation, Vol. 52, No. 2, (2004), 397-407.
DOI: 10.1109/TAP.2004.823969

Nahvi, H., and Mohagheghian, 1., “A Particle Swarm
Optimization  Algorithm for Mixed Variable Nonlinear
Problems”, International Journal of Engineering. Transactions
A: Basics, Vol. 24, No. 1, (2011), 65-78.

Parsopoulos, K. E., and Vrahatis, M. N., Particle Swarm
Optimization and Intelligence. Advances and Applications.
Hershey: 1GI, 2010.

Clerc, M., Particle Swarm Optimization. London: ISTE, 2006.
Ray, K. P., “Design Aspects of Printed Monopole Antennas for
Ultra-Wide Band Applications”, International Journal of

Antennas and Propagation, Vol. 2008, (2008), 1-8. DOI:
10.1155/2008/713858



1749 A. Contreras/ IJE TRANSACTIONS A: Basics Vol. 34, No. 7, (July 2021) 1743-1749

Persian Abstract

ol S

b 5l Bus g i 3 Shas alis el ¢ olie ple b Uil 5 UL sl iS5l i KL G5 3T 3l e sl ) Ss 3 Shes S
c\;‘ww@uﬁ.uwwcgﬁw“u,,énﬂ:,\Jsr\;-;;lé,-u%u;,,,-mmwwb.\;:,\%Wé@ucyixwgwn.uwgw
5 5,5 811 ;@p,\mw}@;{,@@j .JJ.;\.:ASUC\}SA.ju_4_1Q,..JLQJ:J@U}[:MM_%.J;Jb\gg\jsﬁél:.jk;\.isjjssll Sl lads glyls ot
Vsl b o 80 Ll S0l (onlendig b « 5y ol 513l Gl pys s b LS ¢ iz 5 3 Bkl Bl sl (g1l LT Ll ¢ Lsls OLas 1) bl Ll 53
Sy ki b Sy s PV bas Sl 5 b s S11- 22,1 631l 580k 5 A0 L sl G cs Shas pl Sl ealizad el g3 4z
T el pS Il S 0550 s 5 K05 o 2 G e 3 S S sk (51 Mgty 3 St 51015 o el el ey s b

23S eslaxul




