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A Comparative Study of the Computation Efficiency of a GPU-Based Ray
Launching Algorithm for UAV-Assisted Wireless Communications

Maximilian J. Arpaio, Enrico M. Vitucci, and Franco Fuschini

Department of Electrical, Electronic and Information Engineering “G. Marconi”
Alma Mater Studiorum University of Bologna, Bologna, 40136, Italy
{maximilian.arpaio, enricomaria.vitucci, franco.fuschini}@unibo.it

Abstract — Graphics Processing Units (GPU), have
opened up new opportunities for speeding up general-
purpose parallel computing applications. In this paper,
we present the computation efficiency in terms of time
performances of a novel ray launching field prediction
algorithm which relies on NVIDIA GPUs and its Compute
Unified Device Architecture (CUDA). The software tool
assesses the propagation losses between a wireless
transmitter - carried by an Unmanned Air Vehicle (UAV) -
over a 3D urban environment. Together with other
effective features, the software tool is shown to reduce
by several orders of magnitude the computation time of
simulations. Performances and cost-benefit analysis of
three different NVIDIA GPU configurations are thus
investigated over three different urban scenarios, taken
as test-cases for Air-to-Ground (A2G) communications
for 5G applications and beyond.

Index Terms — 5G, Air-To-Ground (A2G) propagation,
GPU, NVIDIA, ray launching, UAV.

I. INTRODUCTION

Deterministic wave propagation modelling represents
a state-of-the-art technique for RF channel analysis. The
accuracy of site-specific propagation models, like ray
tracing or ray launching, has seen great improvements
in the last few decades thanks to better characterization
of propagation mechanisms [1]. Although the compute
capability of modern processors is constantly increasing,
deterministic models still require significant runtimes
to achieve accurate results, which has motivated the
research community to extensive look for optimized and
efficient acceleration methods [2]. Unfortunately, the
complex mechanisms of electromagnetic waves as well
as the huge amount of geometric calculations can make
Central Processing Unit (CPU) computation inefficient.
It has been argued that standard models - lacking of
any speeding-up expedient - take more than an hour
to retrieve channel characteristics across a kilometre-
scale scenario with a single radio source [3]. Parallel
computing — on the contrary - is a process of decomposing
a large serial task into smaller sub-tasks, which can be

Submitted On: April 26, 2020
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calculated concurrently. Multi-core processors are
currently the most commonly available and exploited
parallel computing platform, allowing much faster
computations compared to a single core, as long as
the computer code is optimized to take advantage from
the multiple cores [4]. Furthermore, interest has grown
rapidly in recent years towards harnessing the power of
graphic hardware to perform general-purpose parallel
computing. This alternative approach has become
widespread and is based on the use of the GPU—in
addition to the CPU—for general purpose computing.

Having effectively reached a limit in the
improvement of the single-core frequency of CPUs,
GPU computing has become the method of choice for
applications with high computational demands. Although
GPUs have been known in the computing industry for
over 40 years, they haven’t represented a breakthrough
until programmable and general purpose (GPGPU) have
been developed. Since then, the computation potential
has gained increasing acknowledgement, and GPUs
have become far more than an embedded device for
display operations: their special design allows us to
perform many operations simultaneously and to perform
computation-heavy tasks that would otherwise require a
large computer cluster. Moreover, modern GPUs are
equipped for double-precision mathematical operations
in parallel configuration, which extends the range of
applications even further. It is anyway important to note
that even if parallelisation is not always guaranteed by
simply having installed a GPU card and using CUDA
language, it can be potentially achieved at a high- or low-
level scale for many applications [5].

By means of a comparative study of the computation
efficiency in terms of calculation time, this paper aims at
shedding light on the crucial benefits that GPU computing
can bring to the characterization of electromagnetic
propagation between an UAV flying over an urban area
and users roaming at street level. To the best of the
authors’ knowledge, no papers have been published so far
with comparative, detailed, cost-benefit analyses of GPU
architectures applied to electromagnetic computation
problems. This represents the main novel contribution of

https://doi.org/10.47037/2020.ACES.J.351201
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this paper; surprisingly, high-end, more powerful GPU
card might not always provide the greatest computation
efficiency as it will be shown in the next sections.

As a matter of fact, while UAV assisted wireless
communications are currently envisaged in the framework
of 5G and beyond [6], experimental investigations of the
A2G link are extremely challenging and complex due to
the limited payload, the problem in powering up flying
transceivers and the regulations to comply with at
national/international level especially within inhabited
areas. Therefore, ray-launching simulations can represent
an easier and cheaper way to improve awareness about
A2G propagation properties, as long as the corresponding
computation effort is worth it. In this regard, a key
characteristic of the ray launching approach is that rays
do not interact each other along their own propagation
paths. From departure to arrival, ray paths can be
independently traced, which is of great advantage
for GPU-based computation thanks to the intrinsic
parallelisation degree within the whole propagation
process.

This document is structured as follows: in Section Il
we provide general details of the ray-launching software
while in Section 11l we introduce the hardware and
software configurations, with a particular focus on the
NVIDIA GPU cards. In Section 1V we go through the
main results in terms of computation time and speed-up
factors, both for isotropic and directive antennas. The
final Section V summarises the results while briefly
drawing the main conclusions.

I1. PRINCIPLES OF RAY-LAUNCHING
ACCELERATION

Due to the increase in the computational demands
of modern applications, many developers are currently
looking for different ways to accelerate their applications
beyond the — limited — speed that conventional CPUs can
provide. Among all the possible solutions, the baseline
for the GPU-based A2G propagation assessment proposed
within this paper is the Discrete Environment-Driven
Ray Launching model (DED-RL), which has been
introduced for the first time in [7] together with the
related computational theory. As with all RL algorithms,
DED-RL is suitable for prediction over large areas or
volumes. More specifically, it has been designed to
perform fast deterministic propagation prediction on 3-
D outdoor surfaces of all buildings and streets in a given
target area, to enable multi frequency RF coverage
design and optimization.

The software relies on a digitalised 3D urban model

ACES JOURNAL, Vol. 35, No. 12, December 2020

where each building is a polygon prism with a defined
shape, material, position and height. The model is totally
discrete, i.e., the building walls are properly discretized
into “tiles” with a predetermined size. DED-RL has also
inherited some advanced features from a pre-existing
RT model developed at the University of Bologna, such
as the Effective Roughness (ER) diffuse-scattering
model. In addition to the environment discretization, the
algorithm is also “environment-driven”, meaning that
ray tubes are launched only towards the tiles that are
visible from the transmitter, and these ray tubes are then
bounced toward tiles that are visible to each other.
Another advantage of the discretization is that all the
visibility relations among the tiles can be pre-computed
and properly stored into a “visibility matrix” since the
tile centres can be assumed as fixed points. This visibility
pre-processing takes advantage of GPU parallelization
and must be done only one time for a single simulation
scenario. Once the pre-processing is done, ray bouncing
can be performed very efficiently for any transmitter
location in the same environment. All these features
are implemented in DED-RL through the CUDA C++
language for NVIDIA GPUs. Using the combination of
the above-mentioned techniques in addition to GPU
parallelization, DED-RL is thus able to achieve very
high levels of computational efficiency — up to four
orders of magnitude compared to a conventional ray-
tracing algorithm — while retaining a good level of
accuracy, despite the intrinsic error introduced by the
environment discretization [8].

All the main features of DED-RL algorithm
described above — visibility pre-processing, launching
of ray tubes, ray bouncing, and field computation — are
suitable for code parallelization via GPU acceleration
and thus may benefit significantly from GPU-based
computation due to its ability to process vectors or
matrices with extreme efficiency, as it will be shown in
the following sections.

11l. HARDWARE CONFIGURATION AND
SIMULATION MODELLING

In order to investigate the computation time for
UAV A2G propagation, we performed worst-case ray-
launching simulations of a full three-dimensional (3D)
scenario. DED-RL simulations were run by means of
dedicated scripts withina MATLAB R2017B (Update 9)
environment. The purpose of the scripts was to automate
in a simple and efficient way the different runs
concerning UAV positions and flight levels, as well as
its transmitting frequencies.
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Table 1: NVIDIA GPUs configurations under investigation

Cara | Architesture | o B | Glock | clodke | width | YRAM | precision | precision
E&:ﬁ g?llgg 2880 |\Z|L|1—|5z c?oGDHFazs 384-bit | 12GB TFSL%PS TFlL%SPs
Py s 3840 Mz | Dbrsx | %B4tit | 1268 | rrioos | 1eiops
I i 3584 vz | Hemp | 409t | 1268 | 1riohe | 1 Gos
To freeze the hardware configuration throughout  accelerator comparison. In this regards Table 2

the different runs, all simulations were set-up on a
commercial workstation, equipped with an Intel(R)
Xeon(R) CPU E5-2620 v4 @ 2.10 GHz [8c/16t] and
48 GB DDR4 RAM.

As listed and described in Table 1, three different
NVIDIA GPU cards were set-up: two cards belonging to
the professional business sector (Tesla series), namely
Tesla K40c (medium end) and Tesla P100 (high end),
while the last one belonging to the gaming business one
(GTX series), namely Titan Xp (high end). Although an
extensive description of hardware details and specific
mechanism of NVIDIA GPUs is out of the scope of this
paper, the reader can find interesting details in [9] for
Kepler and in [10] for Pascal architectures.

Regardless of the specific business sector they have
been designed for, GPU processing capabilities can
be measured in terms of SP and Video RAM (VRAM),
together with floating point operations per second, either
single or double precision. It can be seen from Table 1
that the three NVIDIA GPU cards show the same VRAM
but they differentiate from each other for specific features.
The Tesla series cards, as expected for professional
business purposes, show better performances in terms
of double precision TFlops, while the GTX card,
gaming-oriented, really lacks. Conversely, the GTX card
outperforms the Tesla series concerning single precision
TFlops and memory clock, as expected from a card that
must react promptly in tough gaming sessions. The
number of SP is comparable between the two high-end
GTX and Tesla cards, being instead slightly lower in the
medium-end Tesla card. It should be remarked that
performance improvements are an increasing function of
the number of available computing cores; the more cores
are available, the higher the speedups that can be
achieved compared to sequential counterpart versions.

Together with the complexity of device architectures,
it is seen that computational power of GPUs is rapidly
growing with many new features proposed to developers,
to the researchers or to the gaming community, like the
very recent Ray Tracing (RT) cores for real time ray-
tracing calculations [11]. Nevertheless, we must not
be inebriated by the multiple features and capabilities:
one of the most important aspects when comparing
performances in terms of computation times, is to get a
fair and balanced set of output metrics for proper

summarises the main DED-RL parameters set-up during
the different simulation runs. In fact, it was important to
fine-tune the DED-RL parameters - among those related
to the addressed GPU memory and the number of rays
launched per cycle - with a set of commonly acceptable
values for all the involved GPUs and to get comparable
results among the different scenarios.

For benchmarking purposes, the DED-RL software
was configured assuming a single UAV hovering over a
3D urban city environment at different positions in space.

Table 2: Ray launching main simulation parameters

Parameter Values
Frequency 0.7,3.5, 26 and 70 GHz
. 30, 50, 75, 150, 300,
UAV heights 450 m AGL
UAV hovering positions 8 circular positions
Number of 5 bounces, 5 reflections,

Interactions 2 diffractions and 1 scatter

Number of Combined
Interactions

3 reflections/diffractions (max),
3 diffractions/scatters (max)

GPU Memory

Allocation Heap Size 1536 MB
e e 100000
Per Cycle
Amount of GPU 0%

Memory for Packets

Table 3: Urban model environments

Parameter Bologna | Munich Sar)
Francisco
No. Tiles 170931 148584 268868
Area [Km?] 6.5 8.8 10.2
Building/Area 30.5% 37.8% 40.5%

Three different urban models were investigated,
with a special focus on their city centres: Bologna (lItaly),
Munich (Germany) and San Francisco (USA). This was
done to explore how much a specific urban map was
affecting the computation time. Coverage predictions
were performed on a whole urban area with a single tile
resolution of 10x10 m and general details as further
specified in Table 3.

By means of tic and toc Matlab commands [12], it
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was possible to measure - and to focus only on - the
elapsed time before and after the call to the executable
DED-RL file.

Although, on one hand, this is the most
straightforward way to measure the computation time in
a coherent way among the different GPU cards, on the
other hand it may be objected that the CPU processing
affects this measurement as part of the whole RL code
execution. We can say not only that this part is negligible,
but we must also emphasise that this part is common —
and the same — for any simulation run on the same
workstation, thus returning a set of comparable results.

IV. RESULTS

Simulation results shown in the following
subsections represent the combined outcomes of multiple
aggregated runs corresponding to different UAV spatial
hovering positions (i.e., lat-long UTM coordinates and
height above ground level,) or transmitting frequencies,
over the three different test-referenced scenarios. This
strategy was agreed to make available significant data
samples and a clear breakdown of run parameters and
characteristics.

A. Computation time for isotropic antennas

In this specific subsection, the UAV was equipped
with an isotropic antenna. Although this type of antenna
does not have any physical meaning, it allowed us to
run a worst-case scenario where rays were launched
in all directions, thus increasing the computation effort
of calculating multiple interactions at 360° spherical
degrees. Furthermore, it is worth noting that the isotropic
case can somehow represent real situations where the
radiation lobe of the antenna is wide enough to
illuminate the whole urban area below the UAV frame.

To get the representative graphs in Fig. 1, runs have
been averaged over the UAV spatial positions, as it turned
out to slightly affect the computation time. According to
Fig. 1, this time is generally longer at lower frequencies
and shorter at higher frequencies. Differently from
“Image” Ray Tracing techniques, where the intensity of
a ray can be computed only after the whole ray path -

ACES JOURNAL, Vol. 35, No. 12, December 2020

from the transmitter to the receiver - is traced, Ray
Launching can take note instead of the ray intensity
while it is being traced. Therefore, rays with negligible
intensity can be stopped and discarded, thus saving
computation time. As propagation losses increase with
frequency and distance, many rays are therefore
dismissed by the DED-RL algorithm, thus explaining the
achieved results.

At the same time, the Tesla P100 GPU card tends to
be the fastest one at lower frequencies, with an average
speed up factor of ~4x vs. Tesla K40c and ~2x vs. Titan
Xp. This speed-up factor is seen to increase with the
complexity of the environment. In the most challenging
case (San Francisco, according to the parameters listed
in Table 3), the Tesla P100 shows a simulation time
which is ~3x and ~7x lower compared to the Titan Xp
and the Tesla K40 cards respectively, whereas the three
GPU cards show similar performances from 26 GHz
onwards. On one hand, these results are reasonable
and proportional to the number of rays vs. computed
interactions. On the other hand, this sounds like a
surprising result: it might be expected the high end Tesla
P100 card to always be somehow the first of the class
due to its technical specs and economical value, while
actually the gap with the Titan Xp is indeed minor.

In agreement with CUDA programming best
practices [13] and literature [14], this behaviour is likely
related to the additional overhead the Tesla P100 brings
in connection to its intrinsic complexity. This can limit
the computation speed when there is no good balance
among the different thread blocks scheduled onto the
GPU Streaming Multiprocessors (SM). However, this
imbalance is more likely to happen in less challenging
cases, i.e. the higher frequencies, due to the selective
discarding of those rays whose intensity falls below the
minimum power threshold, as previously mentioned.

B. Computation time for directive antennas
Following the interesting results of the previous
subsection, the UAV was then equipped with a
directional antenna of fixed aperture angle o, placed
under the UAV fuselage and pointing downwards.

3500
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|_
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Fig. 1. Computation time [s] over frequency [GHZz] for different Nvidia cards and environments.
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Fig. 2. Computation time [s] over antenna aperture angle [°] for different NVIDIA cards and environments.

This can be seen as a best-case scenario where rays
are launched only within a specific cone, thus drastically
reducing the computation effort of calculating additional
interactions. In this regard, please note that angle a is
simply the ideal radiation cone aperture, i.e., we assumed
a simplified O dB constant gain inside and instead an —
Inf dB constant gain outside.

To get the representative graphs in Fig. 2, runs have
been averaged in terms of spatial positions and results
split into low and high frequency samples, 700 MHz and
70GHz respectively. On that note, it is seen that at
70GHz the simulation time are flat all over the a angle
span, with the Tesla P100 now the slowest among the
card.

As the limited number of rays to be traced at high
frequency is further reduced by the antenna directive
pattern, the simulation time is simply dominated by the
specific overhead of the GPU, which is likely to be
heavier for the Tesla P100. This is not completely true at
700MHz, where plots are no longer flat and simulation
time logically decreases as a function of the angle a, (i.e.,
it increases as a function of antenna directivity).

Generally speaking, the use of directive antennas in
our test-case brings out the way in which GPU overhead
represents an important factor for any evaluation of the
computation time. From these plots, it is possible to see
the Titan XP card to better perform out of the other two
cards, which is not always true in case of an isotropic
antenna.

V. CONCLUSION

We have investigated the performance of a Discrete
Environment-Driven Ray Launching Algorithm in terms
of computation time and the related speed-ups among
different NVIDIA GPU cards.

We have demonstrated the benefit of GPU
parallelization as a means to accelerate ray launching
field computation, with typical computation times for
complete predictions over all building surfaces ranging
from seconds to few tens of minutes, depending on

the size of the urban scenario, the hardware used for
simulation runs and the characteristics of RF
propagation. This shows the potential benefit of GPUs
for electromagnetic simulations, and especially for
deterministic field strength predictions, in fair agreement
with the main outcomes of previous works in [15-17].

It was seen how computation time decreases with
frequencies and the use of different directive antennas
could affect simulation time. As it can be expected, the
wider the antenna radiation cone, the longer the
simulation time, although remarkable only at lower
frequencies. It was also seen that both professional and
gaming GPGPU provide reasonable and consistent
results in terms of computation time, the former having
better performances at lower frequencies due to the
higher number of rays to be processed. On the other
hand, performance can be degraded when using the high-
end Tesla GPUs in less demanding environments, due to
their additional overhead. This shows that NVIDIA
gaming GTX cards should not be automatically
dismissed and they can be a good choice under specific
simulation cases, instead of more expensive Tesla cards.

Future works will focus on more demanding
simulation environments, i.e., densely urban as well as
on different and more recent Nvidia GPU architectures,
especially those with RT cores, like Turing and Ampere.
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Abstract — The conformal perfectly matched layer
(PML), i.e., an efficient absorbing boundary condition, is
commonly employed to address the open-field scattering
problem of electromagnetic wave. To develope a
conformal PML exhibiting a significant absorption effect
and small reflection error, the present study proposes the
constitutive parameter optimization method of obliquely
incident reflectivity in terms of the conformal PML.
First, the recurrence formula of obliquely incident
reflectivity is derived. Subsequently, by the sensitivity
analysis of constitutive parameters, the major optimal
design variables are determined for the conformal PML.
Lastly, with the reflectivity of the conformal PML as
the optimization target, this study adopts the genetic
algorithm (GA), simulated annealing algorithm (SA) and
particle swarm optimization algorithm (PSO) to optimize
the constitutive parameters of the conformal PML. As
revealed from the results, the optimization method is
capable of significantly reducing the reflection error and
applying to the parameter design of conformal PML.

Index Terms — Conformal PML, obliquely incident
reflectivity, parameter optimization, sensitivity analysis.

I. INTRODUCTION

The concept of the perfectly matched layer (PML)
was initially proposed by Berenger [1] in 1994. The PML
refers to an artificial truncation boundary condition,
applying to electromagnetic scattering computation as
a local boundary condition that exhibit excellent
performance [2-7]. Subsequently, the conformal PML
was introduced by Kuzuoglu and Mittra, which can be
developed as the similar shell to the geometry of
cylindrical and spherical scatterer to save spatial scattering
elements [8]. Figure 1 illustrates the construction of a
conformal PML.
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Back of conformal

PML

Scattering space

Conformal PML

Scatterer Inner surface

of conformal
PML

Fig. 1. The construction of a conformal PML.

Theoretically, the absorbing efficiency of conformal
PML [9-13] is not determined by the incident angle and
frequency of the incident electromagnetic wave, while
it is only dependent of the thickness of the absorbing
boundary layer. Compared with the conventional
boundary conditions [14-16], the conformal PML can
more easily fit the complex shape scatterers since it
can maintain the consistent geometry with the scatterers.
Furthermore, the conformal PML [17,18] can be formed
in the space close to the surface of scatterers. Thus, the
number of elements meshed in scattering space can be
down-regulated maximally, thereby considerably saving
the computational memory and time. Thus, the conformal
PML is considered one of the most excellent local
boundary conditions over the recent few years. To design
a conformal PML that exhibits a significant absorption
effect and small reflection error, the present study
proposes a constitutive parameter optimization method
given the derivation of obliquely incident reflectivity.
The optimization method is expected as a basic method
to design high-performance conformal PML.

https://doi.org/10.47037/2020.ACES.J.351202
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I1. FUNDAMENTAL PARAMETERS OF
CONFORMAL PML
The three-dimensional electromagnetic scattering
field with a conformal PML is expressed as:
1 =-1 =
Vx[—A -VXESJ—a)Ze‘rAEszo, (1)
He

where E°® denotes the scattering electric field. x, and
&, respectively represent the relative permeability and
relative dielectric constant. A indicates the constitutive
parameter of conformal PML in tensor.

Given the literature [11,19,20], the components of
relative permeability =4 A and relative dielectric
constant =g A for conformal PML are respectively
written as follows:

= S,S = S,S
. 23 . &1 = 23 gr
Sl Sl
= S,S = S,S
=2y g =R )
SZ SZ
= S].SZ = SlsZ
Hy=——H, &3=-—¢
S3 53

where subscripts 1 and 2 denote two tangential
components; subscript 3 represents the normal component
in local coordinate system of conformal PML; s indicates
the complex extension variable following a certain
direction.

When the electromagnetic wave is obliquely incident
from infinity, it can be approximately considered that
the local coordinate system complies with the global
coordinate system. If an arbitrarily polarized planar
electromagnetic wave is obliquely incident to the
interface (Fig. 2), the xoy plane acts as the interface, and
the xoz plane refers to the reflective surface. The incident
plane is defined as the incident wave propagation
direction ki and normal direction A of the interface. In
terms of the incident wave, the electric field Ei and
magnetic field Hi are in a plane perpendicular to the
propagation direction ki, and the orientation of E; in this
plane may be arbitrary. On the whole, the propagation
direction of the uniform plane wave is not constantly
perpendicular to the incident surface, and the arbitrary
wave incident can fall into two components [20].

The electromagnetic wave is assumed to be
decomposed into the vertical polarization and horizontal
polarization plane wave, defined as E; and E/
respectively, the uniform plane wave is expressed as
E. =E +E'. Under the available reflectivity R* and
R'" of the vertical polarization and horizontal polarization

ZHANG, DENG, ZHANG: OBLIQUELY INCIDENT REFLECTIVITY FOR CONFORMAL PML

plane wave, the reflected wave is expressed as
E =R'E"+R'E'. Thus, the reflectivity of the plane
wave is defined as:

R:\il(Rl c0501)2+(R”sinoe)2 , ©)

where a denotes the polarization angle of the incident
electromagnetic wave.

Phase plane of incident wave

Incident surface

Xy

"'Z

Fig. 2. Obliquely incident electromagnetic wave at
arbitrarily polarized direction.

Overall, the conformal PML is utilized in multiple
layers. Suppose that the physical space located by the
conformal PML is vacuum or air, the relative permeability
and relative dielectric constant of conformal PML are
u.=¢,=1. According to the expressions of relative
permittivity and permeability in (1) and (2), the wave
number k and impedance 7, of the ith layer of conformal
PML can be written as:

k' = a)(ﬁ} \I /uoluirgogir = [ﬁ] k
Si

S

1
f/ur /:u ’/uir éll'lil'

77i = —_— = —On _— = 770 _— =
gr gO gir gir

where £ =1 and &, =1 respectively denote the relative
permeability and relative dielectric constant of the ith
layer for conformal PML; k, = @\[u,e, and n, = \[11, /&,
respectively represent the wave number and impedance
of vacuum or air.

I1l. OBLIQUELY INCIDENT
REFLECTIVITY OF MULTILAYER
CONFORMAL PML

Under the sufficiently far source, the incident
electromagnetic wave may be approximated as a uniform
plane wave. For the multiple shell of the conformal PML,
the case of vertical polarization at the incident point or

, 4)
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local area exhibiting small curvature is illustrated in Fig.
3. The angle between the incident wave and interface of
the ith layer refers to the incident angle 6;. If xoz
indicates the reflective surface, and the electric field is
vertical polarization, the propagation of electric and
magnetic fields in the ith and the (i + 1)th layers is
presented in Fig. 3.

X
E* Eiy
HF
‘ HYy
a z
ES Eiy
N, | A
#e Hin
the ith layer the (i+1)th layer the (i+2)th layer

Fig. 3. Propagation of obliquely incident vertical
polarization wave in multilayer conformal PML.

If the oblique incidence is vertical polarization, the
electric field only covers the z-component. Hence, the
electric and magnetic fields in the ith layer of the
conformal PML are expressed as:

E = [E_ie—jki(xsin@ﬂcosai) T E-re—jk,(xsinﬁ,—zcosai):|éy

1 i A : A —jk;zcos@,

H. =—[Ei (—cos6’ieX +5|n¢9iez)e e , (5)
77;
+E/ (cosﬁi ex +sinde, )e’jkizc°s"' }e"ki“i”"i

where 8, respectively denotes the incident angle of the ith
layer. Eii and E; respectively represent the electric field

amplitude of incident and reflected waves of the ith layer.
Likewise, the electric and magnetic fields in the
(i+1) th layer of conformal PML can be expressed as:

E |:EI|+l — jKisy (xsin 64, +2C08 6, + Er

— jkig(xsing, ~zcosb,,) | 4
|+1

€y

1 oo
Hi+1 |:E|I+1( cos 6, ex +S|n¢9|+lez)e JKi112€086;

i+l
i+l

+E

i+l

(cos&iﬂex 1sing,e: )e—jk.qzcose.ﬁ } o Thaxsing,

(6)
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The continuity condition of tangential components
of electric and magnetic field at the interface (z=0) is

written as:
Eiy = E(i+1)y (7)
H =H,.

ix (i+1)x
By combining (6) and (7), it yields:
E — E_ie—jkl(xsinf),+zcosf))+E e—]k (xsiné; —zcosé;)
y i

.8

cosé,
ix =

i

H

( E| — jkizcos 6, +Er —jkjzcos@, )e—jkixsina,

Likewise, E(;,1)y and H; 1), Can be written as:

E

_EI —jkiug (xsin 6,1 +2c0s6,;) +Er —jkig(xsin @,y —zcosé,; )
|+1

(i+1)y |+l

cosH - ; e oxsing .
i+l i q=ikiazcosy I a—Jkiazcosy | o= ikiaxsing,,
( E..e +E.e e

77| +1

(i+1)x

)
Suppose that the reflectivity of the interface between
the ith and (i + 1)th layers is defined as:

R =E'/E!. (10)

According to (6)-(10), the reflectivity of the
interface between the ith and (i + 1)th layers of the
conformal PML for the vertical polarization plane wave
can be written as:

L R + R R: e —2 Jki103,1€08 6,1

- |+1 _ , (11)
1 R +R RHle-ZJk.ﬂd.qCOSﬂ.A

where R, and R, are:

{Ra =(77,,,C086, —1,c086,,,)

(12)
R, = (niﬂcosgi +77|C059|+1)

A similar derivation can be applied under horizontal
polarization as illustrated in Fig. 4. The reflectivity of
the interface between the ith and (i + 1)th layer of the
conformal PML is inferred as:

. R 4 Rd Rl e e 2 jkiy1d;,1C086, 4
1+
R R TRR o T (13)

C |+1

where R, and R; are expressed as follows:

R. =(7,,,€086,,, —13,€086),)
Ry = (77,,,€086,, +7,c086,)

i+1

(14)
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{i; Eia
i+1
the ith layer the (i+1)th layer the (i+2)th layer

Fig. 4. Propagation of obliquely incident horizontal
polarization wave in multilayer conformal PML.

If the extension order of complex extension variable
is set to m, the complex extension variable [11] is defined
as:

S(&)=1- jé(%j (15)

where &, denotes the normal distance of the isometric
surface along the z-axis; t represents the total thickness
of the conformal PML; & indicates the loss factor of the
conformal PML.

For the case of two-dimensional, we can deduce that
S, =S, . Given Eq. (5), the impedance of the conformal
PML is identical to that of the original scattering space;
thus, the wavenumber of the conformal PML is rewritten

as:
= 73253 = = — —§3 i
ki —[ N Jko S:K, {1 15( ¢ J }ko_ (16)

Thus, (12) and (14) are simplified as:

R, =cosé —cosé,,,
R, = cosé, +cosd,,,
R, =c0s6,, —c0s6,

i+l
R, =cosé,,, +cosf,

i+1

(7)

Introducing (11) and (13) into (3), the reflectivity of
the ith layer of the conformal PML under arbitrary
polarization can be written as:

R = \/( R cos.oz)2 +(Ri” sin a)2 . (18)

If the back surface of the nth layer of the conformal
PML is total reflective, i.e., Rq=-1, the recurrence
formula of reflectivity for the multilayer conformal PML
can be written as:

(cosé, —cosé,

i+l

)
(cosd, +cosd,,)+(cosd, —cos,, )R} g 2t

i+l

1 -2 jki,1d;,1086,,.
. +(cos, +c0s6,, ) Ry e Nttt

-2 jki;10;,1€08 6,1

RI_ (cos@,,, —cosd,)+(cosé,

i i+1

+cos0)R! e
' (cosb,, +cos8)+(cosd,, —cos, )R\,

i+1

R = \/( R-cosa) +(R!sina)

R =-1

n

-2 jki;10,1€08 6,1

(19)
While under vertical polarization, the recurrence
formula of reflectivity for the multilayer conformal PML
is simplified as:
(cos®, —cos@,,)+(cosd, +cosh,, )R e 2tacn

)+(cosé, —cos@,, )R, e 2Nt

i+1

(cosé, +cosb,,
R =-1

(20)
Overall, the reflectivity of the conformal PML is
expressed in logarithmic coordinate system, e.g., (21):

{O':ZOIg|R| =20Ig|R,|

(21)
o~(8,m.d;,néo,1)

Accordingly, the obliguely incident reflectivity of
conformal PML depends only on the loss factor &,
extension order m, layer thickness di, overall layer
number n, incident angle 6;, and wavelength 1. Except
for 6; and A, the other parameters, pertaining to the
basic design parameters of the conformal PML, are to be
discussed and optimized in the following sections.

V. OPTIMIZATION ANALYSIS OF
OBLIQUELY INCIDENT REFLECTIVITY

According to (21), the constitutive parameters
affecting the obliquely incident reflectivity of the
conformal PML include the layer thickness, loss factor,
extension order and overall layer number. To delve into
the impact of the mentioned constitutive parameters on
the reflectivity, the central difference method undergoes
a sensitivity analysis. The basic formula is expressed as:

fx) = f(xi+h)2—hf(xi—h)
_f(x+h) - f(x—h)
" 2h ’

+0(h?)
(22)
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where the step size h is set to 1% of the corresponding
parameter. The sensitivity function f(x) can be
considered the obliquely incident reflectivity o in (21),
while the variables X; can be considered one of the layer
thickness, loss factor, extension order, and overall layer
number in (21).

It is assumed that the frequency and wavelength of
incident electromagnetic wave are set to f=30GHz and
A=0.01m, the initial parameters of conformal PML are

ACES JOURNAL, Vol. 35, No. 12, December 2020

step size is set to h=1% for the initial parameters of
conformal PML, the sensitivity function f(x) can be
computed at the different incident angles 6 (Table 1).
Obviously, for the reflectivity impact of the conformal
PML, the first refers to the layer thickness, the second is
the extension order, while the overall layer number and
loss factor are relatively small. Accordingly, the layer
thickness and extension order should be adopted as the
major design variables for reflectivity optimization.

set to 6=10, m=2, d. =0.054, n=5, and the disturbance

Table 1: Sensitivity analysis results of constitutive parameters for conformal PML

Incident Angle/(°) Layer Thickness Loss Factor Extension Order | Overall Layer Number
5 -52.8360 0.6605 -10.6282 -1.3027
10 -52.3634 0.6546 -10.5332 -1.2940
15 -51.5483 0.6444 -10.3692 -1.2788
20 -50.3495 0.6294 -10.1281 -1.2562
25 -48.7120 0.6089 -9.7987 -1.2247
30 -46.5717 0.5822 -9.3683 -1.1824
35 -43.8678 0.5484 -8.8245 -1.1273
40 -40.5626 0.5071 -8.1598 -1.0571
50 -36.6704 0.4584 -7.3770 -0.9704
55 -32.2839 0.4036 -6.4948 -0.8674
60 -27.5813 0.3448 -5.5489 -0.7510
65 -22.7980 0.2850 -4.5867 -0.6268
70 -18.1664 0.2271 -3.6549 -0.5021
75 -13.8553 0.1732 -2.7876 -0.3834
80 -9.9363 0.1242 -1.9991 -0.2745
85 -6.3879 0.0799 -1.2852 -0.1760

Given the requirements of actual electromagnetic
scattering computation, this study adopts a five-layer
conformal PML for reflectivity optimization. The cases
of the identical value of layer thickness and different
values of layer thickness are presented in the following.
To optimize the obliquely incident reflectivity of
conformal PML, the genetic algorithm (GA) [21],
simulated annealing algorithm (SA) [22] and particle
swarm optimization (PSO) [23] are employed.

(1) Case of the identical value of layer thickness

If the thickness of each layer is the same d, the layer
thickness of the conformal PML in (21) can be rewritten
as:

d=d=I%1, (23)

where the layer thickness can be expressed as | times the
wavelength for the convenient calculation.

Given the precision of electromagnetic scattering

computation and the computational cost of optimization
iteration, the ranges of the layer thickness and extension
order should be limited. Furthermore, to expand the
search range of optimization algorithm, the value range
of extension order is expanded from the integer to the
real number. Thus, the optimization model under the
identical value of layer thickness is defined as:
min R=f(d,m)

st isd si )
20 2

1<m<10

(24)

The optimization programs utilizing algorithms of
GA, SA and PSO are developed and conducted in
MATLAB. The optimization of obliquely incident
reflectivity for the conformal PML is shown in Fig. 5.
The optimization results are listed in Tables 2 and 3. It is
suggested that the decrease in the reflectivity is obvious



after optimization. Compared with the three algorithms,
PSO has the shortest running time and the maximal
number of generations. GA exhibits the minimum
number of generations, the longest running time and the
maximal decrease. The number of generations and
running time of SA are between GA and PSO.

0r

GA

-50 L\ PSO

Reflectivity/(dB)

-400
0 500 1000 1500 2000 2500 3000

Generation

Fig. 5. Optimization of the obliquely incident reflectivity
for conformal PML under the identical value of layer
thickness.

Table 2: Parameter optimization results of conformal
PML under the identical value of layer thickness

Opti. | Layer Thickness/(*A) | Extension Order
Initial 0.05 2

GA 0.2818 4.0228

SA 0.3992 4.4515

PSO 0.3931 2.5613

Table 3: Reflectivity optimization results of conformal
PML under the identical value of layer thickness

Opti. Reflectivity Decrease in Running
(dB) Reflectivity (%) Time (s)

Al 10,1470 —
GA -346.9674 188.7857 27.9730
SA -336.1821 179.8090 16.2063
PSO -335.8055 179.4955 10.1944
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(2) Case of the different values of layer thickness
If the thickness of each layer d; is different, the layer
thickness of the conformal PML in (21) is rewritten as:
d=Lx*A1, (25)
where the layer thickness is expressed as |, times the
wavelength for the convenient calculation.
Likewise, the optimization model under the different
values of layer thickness is expressed as:
min R=f(d,d,,-,d,,m)
st. A <d; < 4
20 2
1<m<10

(26)

The optimization of obliquely incident reflectivity
for the conformal PML is shown in Fig. 6. The
optimization results are listed in Tables 4 and 5. It is
suggested that the decrease in the reflectivity is obvious
after optimization. Compared with the three algorithms,
PSO exhibits the minimum number of generations and
the least running time. SA has the largest number of
generations. GA has the longest running time and the
largest decrease. Compared with the case of the identical
value of layer thickness, the reflectivity after optimization
under different values of layer thickness is reduced for
GA and PSO, while the running time of optimization is
extended for SA and PSO.

0

-50 - GA

PSO

-100

-150

Reflectivity/(dB)

-200 [

-250

-300 [

-350

0 200 400 600 800 1000 1200
Generation

Fig. 6. Optimization of obliquely incident reflectivity for
conformal PML under the different values of layer
thickness.
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Table 4: Parameter optimization results of conformal PML under the different values of layer thickness

. Layer Thickness/(*1) .
Opti. The 1st Layer | The 2st Layer | The 3st Layer | The 4st Layer | The 5st Layer Extension Order
Initial 0.05 0.05 0.05 0.05 0.05 2
GA 0.4249 0.3588 0.2395 0.4576 0.3231 3.2311
SA 0.4159 0.4894 0.1113 0.4008 0.2789 2.9122
PSO 0.3898 0.3190 0.1401 0.3785 0.4022 2.8880

Table 5: Reflectivity optimization results of conformal
PML under the different values of layer thickness

Opti. Reflectivity Decrease in Running
(dB) Reflectivity (%) Time (s)

niial | 120.1470 — —
GA -365.8395 204.4932 26.7663
SA -319.3636 165.8107 19.3103
PSO -361.1313 200.5745 11.1017

V. CONCLUSION

In the present study, the recurrence formula of
oblique incidence reflectivity for the conformal PML
is derived. The sensitivity analysis of reflectivity is
conducted, covering the constitutive parameters for the
conformal PML, i.e., the layer thickness, loss factor,
extension order and overall layer number. The layer
thickness and extension order are taken as the major
optimization design parameters. Next, with the oblique
incidence reflectivity as the optimization target, the
optimization iteration and analysis on the conformal
PML are conducted by the GA, SA and PSO algorithms.
As revealed from the results, all the three optimization
algorithms can determine the optimal reflectivity
efficiently, which can distinctly enhance the absorbing
effect of the conformal PML. Thus, the constitutive
parameter optimization method in the present study can
act as the basic parameter design method for conformal
PML, as well as potential technical approach to determine
electromagnetic scattering.
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Abstract — An Enhanced version of the Salp Swarm
Algorithm (SSA) referred to as (ESSA) is proposed in
this paper for the optimization design of electromagnetic
devices. The ESSA has the same structure as of the
SSA with some modifications in order to enhance its
performance for the optimization design of EMDs. In the
ESSA, the leader salp does not move around the best
position with a fraction of the distance between the lower
and upper bounds as in the SAA,; rather, a modified
mechanism is used. The performance of the proposed
algorithm is tested on the widely used Loney’s solenoid
and TEAM Workshop Problem 22 design problems.
The obtained results show that the proposed algorithm
is much better than the initial one. Furthermore, a
comparison with other well-known algorithms revealed
that the proposed algorithm is very competitive for the
optimization design of electromagnetic devices.

Index Terms — Design optimization, electromagnetic
devices, salp swarm algorithm.

I. INTRODUCTION

Optimization of devices is an important task in
different fields of engineering. It consists of determining
some design variables or parameters in order to get the
best performance of a device. Usually, this process is
highly constrained that limit the final solution.

The process of optimization design is generally
performed in the following three main steps:

1. Create an optimization design model or

problem formulation.

2. Solve the optimization problem.

3. Analyze and interpret the obtained results.

In the first step, a mathematical model is created,
or in other words, the problem is mathematically
formulated. Here the framework of optimization is
determined by defining the objective function to be
minimized (or maximized), identifying the design
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variables to be optimized, and the constraints to be
respected. Since the usefulness of the outcome primarily
depends on this step, it is of utmost significance in the
optimization design process.

The second step consists of solving the
mathematical problem defined in the first step. Here
three approaches can be usually used, including
analytical approaches, graphical approaches, and
numerical approaches.

The third and last step of the optimization design
process is the posterior analysis. In this step, designers
perform some analyses on the obtained design to verify
its performance superiority by asking simple questions —
is it optimal or can it be further improved or is it feasible
and/or realizable.

The optimal design of Electromagnetic Devices
(EMDs) follows the same steps described in this section.
Furthermore, with the increase in the complexity of
EMDs, more and more designers are using modern
metaheuristic methods as optimization methods in the
second step of the optimization design process.

In the literature, many metaheuristics have been
implemented and applied to EMD optimization. Some
examples of algorithms among others are: Genetic
Algorithms (GA) [1], [2], Tabu Search (TS) [3],
Simulated Annealing (SA) [4], evolution strategies (ES)
[5], Electromagnetic-like Mechanism (EM) [6], Black
Hole (BH) [7], Gravitational Search Algorithm (GSA)
[8], Teaching Learning Based Optimization (TLBO) [9],
Artificial Bee Colony (ABC) [10], Firefly Algorithm
(FA) [11], League Championship Algorithm (LCA)
[12], Social spider optimization (SSO) [13].

However, most of the modern metaheuristics are
developed and tested on some well-known mathematical
set of benchmarks, and then compared with each
other to assess their performance. Therefore, using a
metaheuristic, as it is developed and tested on
mathematical benchmarks, without any modification or

https://doi.org/10.47037/2020.ACES.J.351203
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adaptation to design EMDs can lead to non-optimal
solutions. Consequently, the objective of this paper is to
develop an enhanced version of a new metaheuristic
method developed in [14] which is called the Salp
Swarm Algorithm (SSA) for the optimization design of
EMDs.

The remainder of this paper is organized as follows.
In section 11, the SSA algorithm is presented. In section
I11, the developed ESSA is detailed. Section IV contains
the discussion of the obtained result. Lastly, conclusions
have been drawn in the final section of this paper.

I1. SALP SWARM ALGORITHM

The SSA is inspired by the behavior of salps while
navigating and foraging in oceans [14]. Salps leave in an
environment hard to access, which makes research on
these creatures not abundant. In the ocean usually, salps
form a swarm called salp chain. In [14], a mathematical
model is proposed to model the salp chain behavior. The
pseudocode of the SSA is given in

Fig. 1 [14]. Like other population-based
metaheuristics, the SSA initializes with a population of
salps generated at random positions inside the searching
space. Next, the population is categorized into two main
groups called leaders (the salps in the front of the chain)
and followers (the remaining salps of the chain). Then,
the fitness of each salp is evaluated, and the best salp
(that has the minimum fitness) is considered as the
source of food to be chased by the salp chain.

The positions of the best and the follower salps are
updated using the following equation [14]:

L {FJ- +c; ((uby = th)c, + 1) €320

K Fy—c; ((uby = th))c, + 1) ¢3<0 W
where j indicates the j dimension, le is the position of
the first salp (leader), F; is the position of the food
source, ub; and Lb; indicates the upper and lower bounds,
4 Current Iteration 2
respeCtiVEIy, c; = Ze_(MaximumNumberofIterations) iS a
balancing factor between exploration and exploitation,
¢, and c; are random numbers.

In the other side, the position of followers is updated

using the following expression:

o1, . .
xj = E(le +x71). 2)

Then if a salp crosses the border of the search space,
it is brought back inside the search space. The process
described here iterates until a predefined termination
criterion is satisfied:
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The  objective  function, problem

1 Inputs dimension, population size, Maximum
number of iterations

2 Output Best Salp

3 Initialization: initialize the salp population

4 while the termination condition is not satisfied

5  Calculate the fitness of each salp

6  The bestsalp issetas F

7  Update c1

8 for each salp (x;)

9 ifi==1

10 Update the leading salp position

11 Else

12 Update the follower salp position

13 end if

14 Check if there are salps outside the search

space
15 end for
19 end while

Fig. 1. Pseudo code of the SSA algorithm.

I1l. ENHANCED SALP SWARM
ALGORITHM

In this paper, an enhanced version of the SSA noted
as ESSA is developed. The ESSA has the same general
structure as the SSA with some modifications in order to
enhance its performance for the optimization design of
EMDs. For the ESSA, instead of moving the leader salp
around the best position with a fraction of the distance
between the lower and upper bounds as in eq. (1),
another mechanism is used. In this mechanism, three
different salps are randomly selected from the leader
salps (x1,x% and x3). Then a random number (c,) is
generated. Based on this number, the position of the salp
is updated as follows:

1
1 2 3
x]' +C1(Xj _xj) Cz <§
i 2 3 1 1 <2 3
x]_ x]+C1(x]—x]) §< C2_§- ()
2
F ol -x) z<c<1

3

It is worth to mention that, In the SSA, the factor
c; is a balancing factor between exploration and
exploitation that varies in each iteration. However, in the
ESSA, a random number generated using a normal
distribution with mean parameter p and standard
deviation parameter c. After several tests, p and o
are selected as 0.4 and 0.1, respectively. These two
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parameters can be modified or tuned in order to solve or
optimize more devices.

Another modification incorporated on the ESSA
compared with the SSA is that the positions of salps
before their update is saved and compared to the
positions after the update step. A salp moves to a new
position only if this one is better than its old position.

1IV. APPLICATION
Both SSA and ESSA are applied to the widely used
Loney’s solenoid and TEAM Workshop Problem 22
design problems. The following two subsections present
the tested design problems and analyze the obtained
results.

A. Loney’s solenoid problem

One of the well renowned benchmarks in the
optimal design of EMDs is Loney’s solenoid. It is
characterized by its geometry [15], having a relatively
small number of degrees of freedom. Figure 2 shows the
solenoid’s axial cross section which consists of three
coils; one acts as the main coil and the remaining two
coils act as the correcting coils. The inner and outer radii
of the main coil are represented by r1 and rz, having
a length of h. Both correcting coils are of same
dimensions, whereby rs and rs4 represent the inner and
outer radii, each having the length L. Both correcting
coils are separated by a distance S, symmetric about the
Z-axis.

The length L and the position S of the two correcting
coils must be determined to generate a uniform magnetic
flux density B in a certain interval along the main
solenoid axis [16]. The determination of [16] (Coelho
and Alotto, 2009) (Coelho and Alotto, 2009) both length
and position can be treated as a design problem.

Mathematically, the problem can be stated as
follows:

min OF (S, L), 4)

s

T
e
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where the objective function F is given by:

OF = (Bmax B Bmin)‘

5 5)

where: B, and B, denote the minimum and
maximum inductions, respectively, inside the interval
(—zy,2y). At z = 0, the flux density is represented by
B,.

The developed ESSA is applied to Loney’s
benchmark and the outcome is compared to the initial
version of SSA and other well-known optimization
algorithms like: Particle Swarm Optimization (PSO),
Genetic Algorithm (GA), Artificial Bee Colony (ABC),
Differential Evolution (DE), and Biogeography-Based
Optimization (BBO). Since all the tested algorithms are
stochastic by nature due to the use of random numbers,
all algorithms have been tested 30 times (to allow a fair
statistical analysis) while evaluating objective function
up to 2000 times in every run. The population size for all
algorithms is 50.

Table 1 tabulates all the obtained results using
different algorithms. In this table the statistical values of
the objective function are displayed that include best,
worst, mean and standard deviation (SD).

It can be noticed from this table that, while the SSA
obtained the worst results in all statistical parameters
across 30 runs, the ESSA obtained the best results in
every sense demonstrating the tremendous enhancement
incorporated on the initial version of the SSA.

It can also be noticed that both PSO and DE have
achieved correct results since they are ranked second and
third, respectively, when comparing the best values
while ABC is second best when comparing mean values.

The best design obtained by the ESSA is specified
by S =12.6935 cm and L = 2.4328 cm with OF(S,L) =
2.4536 x 1078,

Figure 3 shows the plot of objective function versus
iterations for this case.

T
L

&
L 3
Y

L 3

F 1

L 3

ry=0.011m
r.=0.029m
r:=0030m
re=0.036m
7;=0.0025m
h=0.12m

Fig. 2. Cross-section of Loney’s solenoid.



Table 1: Simulation results of OF x 108 for evaluating
up to 2000 objective function evaluations in 30 runs

Algorithm Best Worst Mean SD
ESSA 2.4536 | 3.9663 | 3.7456 | 0.2651
PSO 2.6897 | 32.6602 | 4.7527 | 5.2770

DE 2.9335 | 26.3693 | 5.3043 | 5.7152
ABC 3.3661 | 5.3839 | 3.9539 | 0.4257
GA 3.4698 | 10.8799 | 4.5536 | 1.3575
BBO 3.8280 | 87.6055 | 9.6934 | 14.9701
SSA 5.3586 | 239.21 | 44.551 | 57.885
200
150 |

é 100 |

£
50 |

0 . .
0 10 20 30 40

Iterations

Fig. 3. Objective function OF x 108 vs iterations for
2000 maximum objective function evaluations in the
best run.

B. TEAM22 Benchmark

The TEAM Workshop Problem 22 or TEAM22
concerns the optimal design of a superconducting
magnetic energy storage (SMES) device (Fig. 4). This
problem consists of determining the optimal configuration
of the SMES device that can store a certain amount of
energy. At the same time the value of the stray field, is
reduced as maximum with respect to a reference value
[9]. This problem has eight design variables and its
objective function is given by:

B? E —E,
OF = =% 4 100 |E— Erer| |, (6)
norm Eref

where: Err =180MJ is the reference value of the desired
energy, Brom IS the reference value of the stray field and
itis equal to 200uT, B, represent the maximum values
of the magnetic induction, whereas the stray field Bsay
(evaluated along a line a and line b on 22 equidistant
points b sketched in
Fig. 4) is defined as:
BZ _ ZizgllBstray,i|2
stray — 22

@
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The constraints imposed on the problem are:

dy d,
_ = 8
R1 + 2 < Rz 2" ( )
[Jl = (—6.4|Bpax| + 54) A/mm?, 9

where: J is the current density.

First coil z

A

|

|
> .
; Second coil
i

i

@

dx

Line b (11 points)

i Line a (11 points)
|
|
|
|
|
|
|
|
|
|
|
-

(b)

Fig. 4. TEAM22 configuration: (a) 3D representation of
the SMES device, and (b) representation of the right-half
transverse cut over the SMES device.

The developed ESSA has been applied to TEAM
Workshop Problem 22 and the results are compared
with the initial version SSA and other well-known
optimization algorithms over 10 runs with 5000 maximum
objective function evaluations in each run. The population
size for all algorithms is kept 50.

The results obtained using the tested algorithms for
the second benchmark are tabulated in Table 2. It must
be noted from this table that the proposed ESSA is
ranked at the top while the initial version of SSA is
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ranked fourth when the comparison criterion is the best
value obtained. Using the same criterion BBO and DE
stand second and third, respectively. If the mean value is
the ranking criterion, ESSA is ranked first while SSA is
ranked 6 out of 7 algorithms or the penultimate one.
Using the same criterion GA and BBO are ranked second
and third, respectively. These results show one more
time the improvement of the proposed ESSA compared
to the initial SSA. They also show the superiority of
the proposed algorithm compared with many other
optimization algorithms.

The best design obtained by the ESSA is specified
by R1=1.4809 m, R;=2.4793 m, hi = 1.2726 m, hy; =
1.2839 m, d1 = 0.4845 m, d> = 0.1000 m, J; = 17.195
MA/m? and J; = -16.824 MA/m? with OF=0.5413.

Furthermore, the evolution of the objective function
versus iterations for the second case is depicted in Fig. 5.

Table 2: Simulation results of OF for evaluating up to
5000 objective function evaluations in 10 runs

Algorithm Best Worst Mean SD
ESSA 0.5413 | 0.9057 | 0.7790 | 0.0971
BBO 0.6028 | 0.9656 | 0.8316 | 0.1303
DE 0.6396 | 0.9964 | 0.8593 | 0.1162
SSA 0.7146 | 1.0209 | 0.9489 | 0.1021
PSO 0.7197 | 1.0379 | 0.8994 | 0.1093
ABC 0.7279 | 1.4869 | 1.0388 | 0.2522
GA 0.7425 | 0.9037 | 0.8244 | 0.0498
12
10}

g 8]

8 4f
Z'L
0 . . . .

0 20 40 60 80 100

Iterations

Fig. 5. Objective function OF vs iterations for 5000
maximum objective function evaluations in the best run.

V. CONCLUSIONS
In this paper, an enhanced version of the Salp
Swarm Algorithm is developed and implemented for the
design optimization of electromagnetic devices. The
developed algorithm has better performance than the
initial version. Furthermore, the ESSA has outperformed
many other well-known optimization algorithms on the

ACES JOURNAL, Vol. 35, No. 12, December 2020

selected benchmark problem as it has been modified and
adapted to the design of EMDs.

Future work can focus on developing a multi-
objective salp swarm algorithm to be applied to more
EMDs.
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Abstract — In this paper, a twisted-wire pairs (TWP)
with random non-uniform twisting is established. It is
divided into a complete pitch segment and a non-
complete pitch segment by the ratio between the pitch
and the length. The randomness of the actual TWP cable
is accurately simulated by the following methods: 1)
random combination of complete pitch segments; 2)
random combination of non-complete pitch segments; 3)
random combination between 1) and 2). Based on the
TWP model, an equivalent multi-conductor transmission
lines (MTLs) model can be obtained. The neural network
algorithm is introduced to describe the complex
relationship between the arbitrary position of the TWP
and the per-unit-length (p.u.l) parameter matrix. In
addition, the crosstalk and the common-mode (CM)
and differential-mode (DM) noise under field-to-wire
coupling are predicted. The numerical results show that
crosstalk and CM/DM noise in TWP cable are
susceptible to the twisted pitch at high frequencies.
Compared with full-wave simulation, the accuracy of the
proposed method is proved.

Index Terms — Crosstalk, common-mode (CM) and
differential-mode (DM), field-to-wire coupling, neural
network algorithm, random non-uniform twisting,
twisted-wire pairs (TWP).

I. INTRODUCTION

Twisted-wire pairs (TWP) cable often used in
the automotive and aerospace industries have good
resistance to electromagnetic interference [1-3]. With the
rise of current operating frequencies, predictions
involving crosstalk and field-to-wire coupling noise are
still a challenging issue. Therefore, the establishment
of the TWP model (especially considering the non-
uniformities that occur randomly in the TWP in actual
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wiring) is of primary importance in the follow-up
research.

Taylor and Spadacini have studied the field-to-wire
coupling model of TWP in reference planes [4-6] and
free space [7, 8]. In [5], a worst case model was proposed
to solve the CM/DM noise problem under field-to-wire
coupling. In [9], the Monte Carlo (MC) algorithm was
introduced to statistically represent the randomness of
manually assembled cables. As well as the Random
Midpoint Displacement (RMD) algorithm in [10, 11] and
the Random Displacement Spline Interpolation (RDSI)
method in [12], they are used to model the randomness
of the cable. Due to the discontinuities between adjacent
sections of wires generated by these methods, TWP
cable cannot be accurately simulated.

In recent research, the Cubic Hermite Interpolation
Polynomial was used to ensure the continuity of the
traverse [13, 14]. The inhomogeneity of the per-unit-
length (p.u.l) parameter matrix and the role of reflection
from the ground plane in the radiation sensitivity (RS)
are also studied. The complex relationship between the
TWP position and the p.u.l parameter matrix has been
proved in [15] to be described by a neural network. In
our previous research [15-17] and [18], the crosstalk
results of the cables were obtained using the BAS-BP
(back propagation algorithm optimized by the beetle
antennae search method) neural network. For the
modeling of TWP non-uniformity, the complete pitch
segments are considered in [6], but the non-uniformity
largely comes from the combination of non-complete
pitch segments. In this paper, the geometric model of
TWP in the real world is accurately simulated by
considering the combination between complete and
incomplete pitch segments. Use the neural network
algorithm to obtain the p.u.l parameter matrix at any
position, and calculate the crosstalk and CM/DM noise

https://doi.org/10.47037/2020.ACES.J.351204
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in the TWP cable by FDTD method [19, 20].

This paper is organized as follows. In Section I,
a TWP geometric model with random non-uniform
twisting and a circuit model of wire-to-wire coupling and
field-to-wire coupling are established. In Section Ill, the
p.u.l parameter matrix is obtained by a neural network
algorithm, and the crosstalk and CM/DM noise are
predicted using FDTD technology. The comparison
verification of the full-wave simulation based on the
moment of method (MoM) is given in Section IV, and
the results of crosstalk (CM/DM noise) are analyzed.
Conclusions are eventually drawn in Section V.

Il. GENERATION OF MODEL

A. Geometric model of TWP with random non-
uniform twisting

TWP with random non-uniform twisting is a non-
uniform transmission line. The model of TWP used in
this paper is shown in Fig. 1. Traditional uniform TWP
cables have the same twisting pitch, but due to
manufacturing errors, random non-uniform twisting as
shown in Fig. 1 may occur. Figure 1 (a) shows the model
under the combination of different complete pitch
segments (a certain cable length s; is an integer multiple
of the corresponding pitch p; there); the model under
different combinations of non-complete pitch segments
(a certain cable length s; is a non-integer multiple of the
corresponding pitch p; there) is shown in Fig. 1 (b); Fig.
1 (c) shows the model under the combination of complete
pitch segments and non-complete pitch segments. The
actual TWP is highly likely to be the model in Fig. 1 (c).

%

S1p1)

(@

(Bh

Fig. 1. TWP model with random non-uniform twisting.
(@) TWP consisting of complete pitch segments. (b)
TWP consisting of non-complete pitch segments. (c)
TWP consisting of complete and non-complete pitch
segments.

The wire is a cylindrical wire with an insulation
layer, the wire radius is r, the center of the wire is d, the
height of the twisted center from the ground is h, and the
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length of the TWP is L. The wire is twisted along the z-
axis, and its parameters and reference ground are shown
in Fig. 2 (b). The positions of the center points of the two

wires are I; and I, , which are expressed as follows:
(X, Y, z):%cos 9§X+(h+%sin 0)a,+zd,
L, (%, Yy, 2) =3 cos(9+T)a, +(h+ 3 sin(6+Z))a, +7a,
2\12: 52> 2 279x 2 2 y rd

)

where & represent unit vectors of the x, v,

X1 4

d,,and d
and z axes, respectively. @ is the cross-section rotation
angle at each position z, which is related to different
pitch lengths:

0=f (2). 2

—‘ Ground f X
@ (b)

Fig. 2. External excitation field and cable parameters. (a)
Plane wave electromagnetic field with electric field
intensity E. (b) Cross section of initial position.

S Si SN
L 11 11 1
-7 \ -7 \ -7 \
¢ \ - \ “ \
\ \ \
\\ \\ \\
P Lttt By \ Pn N
01 Hk eend

\ Ground \

Fig. 3. Cross-section and rotation angle corresponding to
different z values.

Figure 3 is a cross-section and a rotation angle at
each z value obtained during the combination process
based on Fig. 1 (c). S; is the set of z values in a segment
position in TWP, s; is the length of the corresponding
segment in the axial direction, and p; is the type of the
corresponding pitch length. The cross-section rotation
angle in each section of §; is:
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272 i=1,zeS,
P
i-1
0= o 27(2-) ;) - (3)
i 22765,
j=1 p] pi

The case of i=1 corresponds to uniform TWP, and
the number of pitch types of general non-uniform TWP
is all equal to or greater than two.

B. Circuit model with termination conditions

Large electromagnetic interference noise to TWP is
mainly expressed by crosstalk in wire-to-wire coupling
and CM/DM in field-to-wire coupling. Figures 4 (a)
and (b) show the termination conditions in different
situations. The equivalent circuit models of its unit
length are shown in Figs. 4 (c) and (b). rij, lij Cij,
and gij represent the elements in the parameter matrix
of resistance R, inductance L, capacitance C, and
conductance G, respectively, where i,j=1,2.

15(2) 1z, |ypdz (z+dz) _15(2) ~ Tzl 1,(z+dz)
T czzdz g,dz + + Coodz| (05,07 +
v I,z 2 Vidz itz 2
H(2) |2 L V2(z+dz) V,(2) | d(z] 3 V,(z+dz)
1,(2) ! 19297 | 1,(z + 02) |1(Z) radz?, 'F94a82 91,077 T} (74 gz
+onydz Iudz * e Vodz I,z +
V(D) oyl 01,0\ Vi(z+dz) Vi(2) T IFdz( o0 00,04 | Vi(z+dz)
Qo - 00— —
(© (d)

Fig. 4. Termination conditions and equivalent circuit. (a)
Termination conditions for wire-to-wire coupling. (b)
Termination conditions for field-to-wire coupling. (c)
Unit equivalent circuit for wire-to-wire coupling. (d)
Unit equivalent circuit for field-to-wire coupling.

The satisfied MTL equation [2] is:

aV(z t) 8I(z t)_

—— ROz )+L(2) ——=Vi(2.1)

(4)

al(z t)
oz

——*tG(@V(z.)+C(2) =|F(th),

6V(z,t)

ot
where V(z,t), 1(z,t) represent the voltage and current
vectors of the cable at different positions z and at time
t. R(z), L(z), C(2), and G(z) respectively represent the
resistance, inductance, capacitance, and conductance
matrix of the corresponding cross-sections at different
positions z, that is, the per-unit-length (p.u.l) parameter
matrix. Ve(z,t), 1e(z,t) represents the equivalent voltage
and current sources of the external excitation field,
which can be written as follows:

ACES JOURNAL, Vol. 35, No. 12, December 2020

Ve (z,t):ﬁET (z,t)+E (z,1)
oz S . (5)
I (2.0) = C2) S Ex (2)

where E1(z,t) and E.(z,t) represent the horizontal and
vertical components of the incident electric field,
respectively. Considering the non-uniformity of the
TWP, z in each section of Et and E, can be approximately
replaced by the z position at the left end.

The incident electric field is a uniform plane wave.
The general expression is:

EM(x,y,2,t) = (6,8, +€,4, +ezaz)EO(t—vi—Vl—Vi).

x Yy
(6)
The components of the incident electric field along
the coordinate system are:
e =sin g sing,
e, =—sinfg cosd, cosg, —cossing,,  (7)
e, =—Sin6g cosd, sin g, +cos G Cos g,

where vy, vy, and v, represent the components of the
propagation velocity in each axis direction of the
coordinate system:

:Elnc (%1, Y1, Z,t)dx
ET (Z,t) = o ) (8)
jxﬂz Ex (X, Yy, 2,t)dx

E (2 t):{E;nC(Xl’yl,Z’t)_E;nC(XO’YO:Z’t) 9)

E;nc(xzvy21zvt)_E;nC(X01YO:th) ’
where EI™ and EI™ are the horizontal and vertical

components of the uniform plane wave. EI"(x,, Yo, Z,t)

represents the magnitude of the longitudinal component
at the reference ground (xo=x, Yo=0).

As shown in Fig. 4 (a), the voltage and current on
the transmission line also satisfy the formula (4) without
applying an external excitation field. However, the
equivalent voltage and current sources are set to zero,
that is, Vr(z,t)=IF(z,t)=0.

I11. THE EXTRACTION AND
APPLICATION OF P.U.L PARAMETER
MATRIX

A. P.u.l parameter matrix

Equivalent voltage and current sources can be
calculated using uniform plane waves. However, there
are different p.u.l parameter matrices at different
positions z. It is difficult to obtain a parameter matrix of
any angle in the traditional way [14]. Any determined
rotation angle of the cross-section has its own
corresponding parameter matrix, and there is a non-



linear mapping relationship between the rotation angle
and the parameter matrix. The transformations of
the four p.u.l parameter matrices are the same. For
simplicity, they can be expressed as follows:

M(Z){mn mlz}

My My
where M(z) represents the cross-section R(z), L(z), C(2),
G(z) p.u.l parameter matrix, and m; represents the
specific resistance rij, inductance l;;, capacitance c;j and
conductance gi. There is a complicated mathematical
relationship between M(z) and the rotation angle:
M(2) = gy (6). (11)
In [17], the p.u.l parameter matrix corresponding to
the different rotation angles of the cross-section can be
obtained by prediction through the BAS-BP neural
network. The network topology is shown in Fig. 5, but
the hidden layer n, and the output layer n, are different
from the previous [17].

(10)

Input layer Output layer

Hidden layer

Fig. 5. Topological structure of BAS-BP neural network.

The input of the network is the cross-section rotation
angle @, and the output is a column vector consisting of
the elements of the parameter matrix:

O=[ry,f2. . b hp 155, €11, €100 Cop s O3 G2 gzz]T-(]-Z)

After training the network with a small amount of
data extracted in advance, the p.u.l parameter matrix of
any rotation angle can be obtained. Considering the
symmetry of the cross-section and the periodicity of the
rotation angle, the input angle of the training network
only needs 0°~180°. The result M(z") at 180°~360° only
needs to perform row and column transformation on the
corresponding prediction result M(z), as shown below.
The result above 360° is the same as the corresponding
result within 360°:

0 0
M(z’):{1 (ﬂM(z)L (1)} (13)

B. Application in crosstalk

Considering the situation of Fig. 4 (c), the voltage
and current are divided on the cable in space-time as
shown in Fig. 6.

V{ and I in Fig. 6 can be expressed as:

= V(jAz,nAt), 17 = 1(jAz, nAt). (14)
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|
| |
n Jn’ 15 |V1n+1' i
n-1 Vlllnl vp;ll,lizi
| |
0 ] j+1 Z

Fig. 6. Spatial-temporal dispersion of voltage and
current.

Equation (4) can be discretized according to the
Implicit-Wendroff format, as shown below:

an+1 Vn an+f an R(JAZ)(IJ+1+In |j+l+|n71)
2A7 4
L(JAZ)(I _In_1+|]+l IT+1
2At ’
(15)
1, =15 +17 =17 G(jAz)(VJ”ﬂ+V“+VJ”+‘11+V”‘1)
2A7 4
LCUANV] VP Vi V)
2At '
(16)

Further simplified to:
{Vn an+1+AVj(|rj] +|?+1):_V'n * V]n+11+B (In * Ij+l)

(Vn -1 VJ+1)_|n I L ’

(V +V]+1)+In IT+1 j+1

(7)
where the coefficient matrix is:
AVJ:—(R(jAz)/2+ L(jAz)/At)Az, "
By; = (R(jAz)/2—-L(jAz)/At)Az, (182)
A =-(G(jAz)/2+C(jAz)/At)Az, (18b)

B, = (G(jAz)/2-C(jAz)/At)Az.

The termination load at both ends is Z;=Z5, and the
excitation source Vs is added to one of the lines as the
termination condition. Combining formulas (17), the
near-end voltage V(0, t) and the far-end voltage V(L,t),
and the voltage and current at any position and time can
be obtained. Since the format (17) is unconditionally
stable, the discrete solution of equation (17) converges
to the analytical solution of equation (4). As for the near-
end crosstalk (NEXT) and the far-end crosstalk (FEXT),
the voltage can be transformed from the time domain to
the frequency domain and is obtained by equation (19).

NEXT = 201l0g,,(V, (0, )/V;), (19a)

FEXT = 20logy, (V, (L, f)/V,). (19b)
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C. Application in CM/DM current under feld-to-wire
coupling

Considering the situation of Fig. 4 (d) and the effect
of a uniform plane wave, the same time-space division is
shown in Fig. 6. The voltage and current satisfy equation
(4), the difference is that it has the effect of uniform
plane wave. The discretized equation is:

VI =V A (1] +15,)= - V] + V] T+Ey,

j+1 j+1 (20)
n-1 n-1
+B,y (Ij +1 j+1)'
AV V) +1T =10, =—1T + 1T+E 1)
+By (V] + Vi),

where the other two parameter matrices are:

1 jAz

2Az Az
By =(AL =~ Ar)— (Bo(nat=-—
z

)- Ey((n-Dat-122))
V.

z z

P 2Az jAz jAz
E, =C(jAz)A; — (Ey(nAt - )—Ey((n-DAt—=—))
1j T At 0 Vz 0 Vz
(22)
where
AN
e +e, Vs Ve v
S A -V L (23)
X +8yY, ﬁ+ﬁ
Vi Yy

The symmetrical load at both ends is Z,=Z, and Z,
which constitutes the terminal condition. Combined with
formula (21), the voltage and current at any position and
time can be obtained. The CM/DM current at the left end
of the circuit can be expressed as equation (24):

Iem = (1,00, )+ 1,(0, 1))/2,
I om = (10, £)—1,(0, £))/2.

(24a)
(24b)

IV. NUMERICAL EXPERIMENT
VERIFICATION AND ANALYSIS

A. Validation of the proposed method

The wire used in this paper is a copper core wire,
and the outer insulation material is polyvinyl chloride
(PVC). Where r=1.2mm, d=2r=2.4mm, h=8mm, L= 1m.
The p.u.l parameter matrix set for network training is
obtained by the finite element method (FEM) [16]. A set
of data is extracted every 5° within 0°~180°, and a total
of 36 sets of data are extracted for training network. The
results are predicted using different random rotation
angles and compared with the results obtained by FEM
calculations. The relative errors of the pul parameter
matrices R(z), L(z), C(z) and G(z) in the unit scales of
Q/m, nH/m, pF/m, and mS/m are shown in Fig. 7, which
are all less than 5x107,

In order to illustrate the accuracy of the proposed
method in crosstalk prediction and CM/DM current
prediction for TWP cable with random non-uniform
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twisting, a TWP model was randomly selected. The
terminal port accesses the load, as shown in Fig. 4 (a) and
Fig. 4 (b), respectively. Where Z1=Z,=50Q, Z,=Z,=50Q,
Z:~100Q. As shown in Fig. 8, the prediction result under
the wire-to-wire coupling and field-to-wire coupling
(solid red line) are compared with the MoM (black
dotted line) method. It can be seen from Table 1 that the
maximum and minimum values of the average error are
3.524% and 0.158%, respectively.

%10

Error

Fig. 7. Error histogram of p.u.l parameter matrix at
different rotation angles.

The TWP cable is divided into 1000 sections.
The externally applied excitation field is an uniform
plane wave electric field incident at the port, where
Eo=1V/m, 6,=90°, ¢,=-90° and & =90°. Considering

the frequency of the signal source, the frequency range
of the crosstalk result is 0.1MHz~1GHz, and the
frequency range of the CM/DM current result is
1MHz~1GHz. The results further prove that the method
in this paper has a more accurate prediction ability for
the electromagnetic anti-interference performance of
TWP cable with random non-uniform twisting.

Ll
— Proposed method — Proposed method
—---MoM --=-MoM

0
10° 10° 107 108 10° 10° 10° 10 108 10
Frequency[Hz] Frequency[Hz]

= 5700% 4 —-00° 7 =90° -80 e 90° 4 =-00° A =90°
Enfl\//m,ﬁpf’z‘() ,0"7—90 ,Htf‘)() E(FlV,m,HPJ)() ,g’)pf—’;’() ,9‘;9“

I cyldBA]

-140

—— Proposed method
--=-MoM

107 108 10
Frequency[Hz]

— Proposed method
----MoM

107 108 10
Frequency[Hz]

-160
10

Fig. 8. Results verification of crosstalk and CM / DM
current.



Table 1: Average error (%) of crosstalk and CM/DM
current

Frequency (MHz) | 0.1~100 | 100~500 | 500~1000
NEXT 2.140 1.864 1.131
FEXT 1.945 0.332 2.250

IL-cm 3.524 0.158 0.948
ILom 2.523 1.920 0.551

B. Prediction of crosstalk

The crosstalk results are shown in Fig. 9. Figures 9
(@) and 9 (b) are near-end crosstalk (NEXT) and far-end
crosstalk (FEXT), respectively. A total of 500 sets of
TWP models with random non-uniform twisting are
calculated, and the CPU time of each set is 52.11s.
NEXT and FEXT reach a minimum of -56.2dB and
-57.3dB at 0.1MHz, respectively, and a maximum of
-12.5dB and -6.23dB at 613MHz and 445MHz,
respectively.

The ranges of the upper and lower envelope widths
of the NEXT and NEXT curves are 0.024~25.197 dB
and 0.045~17.483 dB, respectively. The envelope width
fluctuates less in the low frequency range, indicating that
different TWP models are less affected. The envelope
width changes greatly in the high-frequency range,
indicating that the TWP models is susceptible to
high-frequency signals, and its crosstalk increases
correspondingly.

-10 -

-20

<
>

NEXT[dBV]

10° 107 10° 10
Frequency[Hz]

@)

FEXT[dBV]

100 107 10
Frequency[Hz]

(b)

Fig. 9. Wire-to-wire coupling model: crosstalk prediction.
(@) Near-end crosstalk (NEXT). (b) Far-end crosstalk
(FEXT).
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C. Prediction of CM/DM currents

The results of the CM and DM currents irradiated by
the plane electric field wave incident at the port are
shown in Fig. 10. Figures 10 (a) and 10 (b) show the CM
current and DM current, respectively. As with crosstalk,
500 groups of the TWP models are calculated, and the
CPU time of each group is 68.74s. The maximum and
minimum of CM and DM currents are much reduced
compared to crosstalk. This indicates that the effect of
field-to-wire coupling is less than the effect of wire-to-
wire coupling. The overall trend of CM and DM currents
is a straight rise along a slope of 20dB/decade, and the
amplitude fluctuation in the high frequency region is
small.

The envelope widths of CM and DM currents are
0.399~2.369dB and 0.208~11.695dB, respectively. The
envelope width of the CM current is more evenly
distributed over the entire frequency range. The envelope
width of the DM current is smaller in the low frequency
range, but is larger in the high frequency range. This
shows that the DM current of the TWP model is more
susceptible to high frequency signals.

-80 1
-90
-100

-110

[dBA]

-120 -

L-CM

I

-130
-140

-150 /

E =1V/m,d =90°¢ =-90°,0 =90°
0 P “p E

-160 - —
10° 10
Frequency[Hz]

Y (@)

90 -

-100

L. l)\’lldBAJ
\

1

-130

L —00° 4 —00° § —00°
I:U—IV/m,(')p—‘JO ,vp—-‘)() ,9E—90

2140 € . — L i il
10° 107 10 10
Frequency[Hz]

(b)

Fig. 10. Field-to-wire coupling model: CM and DM
current prediction. (a) CM current and (b) DM current.

Figure 10 is a CM and DM current curve under the
irradiation of a plane wave incident at a port. The general
actual situation is that the position and the incident angle
of the plane wave are both random irradiation with
uncertainty. The field-to-wire coupling model under
the random position uniform plane wave irradiation is
shown in Fig. 11. Figures 11 (a) and 11 (b) show the CM
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current and DM current, respectively. A total of 1,000
TWP models under uniform plane wave irradiation with
random positions were calculated, and the CPU time
spent by each group was 71.83s.

The envelope widths of CM and DM currents are
29.873~56.783dB and 29.755~56.823dB, respectively.
Its width is larger than that of a single plane wave.
Compared with Fig. 10, CM and DM are greatly affected
by the externally applied excitation field. The reason is
that the amplitudes of the CM and DM currents are
mainly determined by the externally applied excitation
field.

It can be seen that all the curves are under the black
dotted line in Fig. 11, which represent the worst case of
the CM and DM currents. Its initial values start from -
143.31dB and -78.46dB, respectively. It can be noticed
that the curve of Fig. 10 will show different changing
trends in some frequency ranges. This is because different
wave angles may cause the observed CM and DM
currents to increase or decrease.

100 -
-110 -
-120
130 -
-140 -

[dBA]

-150

L-CM

Frequency[Hz]

IL-D.\A[dBA]

6 7
10 10 10
Frequency[Hz]

(b)

Fig. 11. Field-to-wire coupling model under uniform
plane wave irradiation at random position. (a) CM
current and (b) DM current.

V. CONCLUSION

In this paper, a new TWP model is proposed. The
model considers the randomness of the twisting pitch and
the combination of different pitch types. A TWP model
is established for the combination of complete pitch
segments and non-complete pitch segments, which
overcomes the randomness problem in the references.

The p.u.l parameter matrix at any position was
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obtained by a neural network algorithm, and the FDTD
method was used to solve the crosstalk under the
wire-to-wire coupling model and the CM/DM current
under the field-to-wire coupling model. The full-wave
electromagnetic simulation (based on the MoM method)
is used for comparison and verification, which proves
that the proposed method has high accuracy.

In crosstalk results, TWP with random non-uniform
twisting are susceptible to high-frequency signals, and
the low-frequency range is less affected. In the CM and
DM noise results, the DM current is more susceptible to
high-frequency signals than the CM current. However,
for CM and DM currents, the impact of uniform plane
wave irradiation position and wave angle is greater
than the effect of random non-uniform twist pitch.
These influencing factors will have important reference
significance in subsequent research and engineering
applications.
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Abstract — The design of electromagnetic components
generally relies on simulation of full-wave
electromagnetic field software exploiting global
optimization methods. The main problem of the method
is time consuming. Aiming at solving the problem, this
study proposes a regression surrogate model based on
AdaBoost Gaussian process (GP) ensemble (AGPE). In
this method, the GP is used as the weak model, and the
AdaBoost algorithm is introduced as the ensemble
framework to integrate the weak models, and the strong
learner will eventually be used as a surrogate model.
Numerical simulation experiment is used to verify the
effectiveness of the model, the mean relative error (MRE)
of the three classical benchmark functions decreases,
respectively, from 0.0585, 0.0528, 0.0241 to 0.0143,
0.0265, 0.0116, and then the method is used to model the
resonance frequency of rectangular microstrip antenna
(MSA) and coplanar waveguide butterfly MSA. The
MRE of test samples based on the APGE are 0.0069,
0.0008 respectively, and the MRE of a single GP are
0.0191, 0.0023 respectively. The results show that,
compared with a single GP regression model, the
proposed AGPE method works better. In addition, in
the modeling experiment of resonant frequency of
rectangular MSA, the results obtained by AGPE are
compared with those obtained by using neural network
(NN). The results show that the proposed method is more
effective.

Submitted On: June 29, 2020
Accepted On: October 20, 2020

Index Terms — AdaBoost algorithm, Gaussian process
ensemble, microstrip antenna, resonant frequency.

I. INTRODUCTION

When studying electromagnetic  optimization
problems, the electromagnetic simulation software, such
as HFSS, is generally used to build the model, and some
accurate sample data is obtained by calling the HFSS
software for optimization. The general method to
optimize microwave structure is using HFSS exploiting
global optimization method. However, it will be very
time-consuming because HFSS is called for thousands of
times for the evaluation of fitness function of the global
optimization method. The time may be several days or
even several months, and it is insufferable [1]. Based on
this problem, many scholars have proposed methods of
using surrogate models, such as neural networks (NN)
[2,3], support vector machines (SVM) [4,5], linear
regression [6,7] and Gaussian process (GP) [8,9], and
some have achieved results that meet the standards.
However, when using surrogate models, it is still
necessary to use the HFSS software to simulate some
data. Because it is not easy to obtain a large number of
sample data, the accuracy of the established model
sometimes cannot meet the requirements. This study
proposes an AdaBoost GP ensemble (AGPE) method,
using the GP as the weak learning model and the
AdaBoost algorithm [10,11] as the ensemble framework.

https://doi.org/10.47037/2020.ACES.J.351205
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Some weak GPs are weighted and integrated to obtain a
strong learner. Compared with the single GP, the method
proposed in this study can obtain higher accuracy under
the premise of the same training samples, while the
single GP requires more training samples to achieve the
modeling accuracy of the method proposed. Therefore,
the proposed method saves the time of using HFSS
software to simulate samples.

As a machine learning (ML) algorithm, GP has
attracted a lot of attention in recent years [12]. Compared
to other ML algorithms such as NN, the GP has two
major advantages: 1) The GP requires few parameters to
be learned during the training process and is easy to
implement; 2) It has a good effect on solving the complex
problems of insufficient samples and non-linearity [13].
At present, in the field of electromagnetism, GP has been
used as a surrogate model, and some results have been
obtained.

With the great leap of modern industrial level, the
problems faced are more and more complex. At this time,
the concept of ensemble learning [14,15] came into
being, and gradually attracted a large number of scholars.
In 1990, Schapire used the constructive method to prove
the theory that integrating multiple weak learners can get
stronger learners, and proved the excellence of integrated
learning [16]. In 1996, the Bagging algorithm came out
[17]. The algorithm processes training samples through
Bootstrap method, and obtains a number of training
subsets with the same number but certain similarity.
Then, it uses these subsets to train several weak models,
and finally integrates several weak models. AdaBoost
algorithm was proposed by Freund et al. in 1996 [18],
and realized the great leap from theoretical research to
practical application of integrated learning. In 2016,
Chen et al. proposed an improved Boosting model using
residual learning, namely XGBoost [19]. This model
and its improved model are very popular in various
fields. When dealing with many problems, its learning
performance can be compared with that of deep neural
network (DNN).

AdaBoost algorithm is proposed on the basis of
Boosting, which is one of the three ensemble algorithms.
It has been widely concerned in the field of ML [20]. It
is applicable to classification and regression problems
[21,22], but most of them are currently used to deal with
classification problems. In reference [23], the AdaBoost
algorithm and decision tree are combined to classify
electromagnetic radiation and other related characteristics.
In reference [24], the AdaBoost algorithm and NN
are combined to classify high-resolution radar. In this
study, the AdaBoost algorithm is used to deal with the
regression problem, and an algorithm based on the
AGPE is proposed. The advantage of the proposed
method is illustrated by benchmark functions and
resonance frequency of microstrip antennas (MSAS).
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I1. GAUSSIAN PROCESS
From the mathematical point of view, GP is a kind
of functional distribution, which represents a set of
random variables subject to joint Gaussian distribution.
The GP is uniquely determined by mean function and
covariance function [25].
Suppose there is a training sample set,

D={(x,y;)}.i=1-n, x, eR%,y, € R.nisthe number

of samples and d is the dimension of training samples.
Then the mean function and covariance function are as
follows:

m(x)=E[f(x)], @)
k(x,x'):E[(f (x)—m(x))(f (x')—m(x'))}, 2)

where x,x'eR? is a random variable, so GP can also
be expressed by the following formula:

f(x) ~GP(m(x),k(x,x"). 3

Assuming that the test sample is x*, the prediction

distribution of the GP model is the joint Gaussian
distribution formed by the training sample and the test

sample:
{ y*}~N{O,{K(x,x)+afl K (X, X*) }} @
f K(x*, x) K (x*, x*)

where x,x* is the input of training sample and test
sample, y, f* is the label of training sample and test
sample, and K(x,x), K(x*,x) is the covariance matrix
respectively.

The most important part of GP is the setting of
kernel function. Through the mapping of kernel function,
the relationship between input and output is established.
In general, the setting of kernel function needs to meet
Mercer condition [26]. There are many common kernel
functions, such as radial basis kernel function, Matern
series and so on.

In the training process of GP, only a group of super
parameters need to be learned, which is also the only
parameter to be determined. The properties of GP are
determined by the super parameters that are generally
obtained by the maximum likelihood method. The
conditional probability of training samples is calculated,
and then the logarithmic likelihood function L(8) is

calculated. The final optimization algorithm is conjugate
gradient algorithm [27]. L (@) and its partial derivatives

are as follows:

1

1 n
L(#)=—=y'Cly—=log|C |-—log2x,
) 5 yzgllzgﬂ (5)

o) 1

T ~10C

20 = 2tr((owz C )86i ). (6)

After the optimal super parameter is obtained, the

test sample can be estimated according to Equations (1)
and (2).
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I11. THE PROPOSED ADABOOST
GAUSSIAN PROCESSES ENSEMBLE
(AGPE)

AdaBoost is also called adaptive boosting. Its
core idea is to generate strong learners by weighted
combination of iterative basic learners. This algorithm
can effectively avoid over fitting problem [28]. In this
study, the algorithm is combined with GP to solve the
regression problem. AdaBoost algorithm can be described
as follows. First, Bootstrap is used to generate a set of
equal number of sub training sets from the original
training samples, and each sample is given equal initial
weight to train a GP regression model; then the error rate
of the model is calculated and the training sample weight
is updated according to the error rate; finally, the weight
of the model is calculated. By repeating the above
process, several models can be obtained, and the output

results can be obtained according to the weight ensemble.

Suppose  the

D:{{(Xv}ﬁ)l( 2’yz)""’

of samples. Table 1 is the pseudo code of the proposed

AGPE algorithm. The specific steps are as follows:

1) Bootstrap is used to generate a set of sub training
sets with the number of N from the original samples
D, and each sample is given equal initial weight

le(a)l""va’.):i =1--\N, @ =1N.
2) According to the training subset generated above,

the GP is trained and the maximum error on the
training set is calculated:

original  sample  set is
(X4 Yy )}, Where N i the number

()
Calculate the relative error of each sample:
|y =GPy (%)
= T mR 8
” = (®)
The error rate of the training set of the model can be

obtained:
N

Z Opi€ini- 9)

=1
3) According to the error rate the weight coefficient of
the model is calculated:

am = 1_em B (10)
4) Update sample weight:
W, =i gl (11)

m+1 m
Zm

where Z is a normalization factor:

N
Zy = Oty (12)
i=1

5) Repeat the above process K times to get K GP
models, and integrate them to get the final model as
follows:

ACES JOURNAL, Vol. 35, No. 12, December 2020

X)= mZK;('na_tjGPm (x). (13)

Table 1: Pseudo code of the proposed AGPE algorithm
Input: Training set D={{(x, ¥,),(%:¥2).- (X Y )}
Iteration times T.

Initialize: W, (i)=1/N, where i=12,--N
Do for: t=12,---T

1. Use Bootstrap to generate a subset of the
training sample D, from D.

2. Use the training subset D, to train the weak

learner GP,.

3. Calculate the error rate of the basic learner on
the training sete, :

. =§:Wt(i)gt,

_ |y —GR.(%)|
" max|y, —

If e >0.5, then go to step 1 to continue the

cycle;
End if

4. Let atzlni;
1-¢
5. Update the weight of training samples W, ;
NRAO
W, () = e g,
t

Where Z, isthe normalization factor;
End for

Output: Final regression:

f(x):ﬁl:{lnaiJG

R(x).

IV. CASES STUDY

A. Benchmark functions

In this part, three classical benchmark functions are
selected to verify the superiority of the proposed AGPE
algorithm. The specific information of the test functions
is shown in Table 2. At the same time, in order to show
the superiority of the proposed method, it is compared
with a single GP regression model, and mean relative
error (MRE) is selected as the evaluation index, which is
defined by:

Z\f(x) yOo)|

14
niT  yx) =



Table 2: Benchmark functions

Function Function Expression Dim. Sée;;gg
sin«jx2 +x2-05
Schaffer | f(x)=05+ ( r )2 2 '108(;
(1+0.001(x +2)) !
Rastrigin| f(x)= zn:(xf —10005(27rxi2)+10) 3 ~2§0
i=1

B % : -500~

Schwefel | f (x)=418.9829n + Zl:(x sin(y[<)) | 3 [y

In this case, the number of samples NP=35, in
which 5 groups are randomly selected as test samples
and the rest as training samples. Table 3 shows the MRE
comparison between the proposed model and a single
model on the test set, and Fig. 1 shows the comparison
of the prediction results of test samples between the
proposed method and a single model. The abscissa in the
figure represents the number of test samples, and the
ordinate represents the value corresponding to the test
samples. According to the results in Table 3 and Fig. 1,
the MRE of the three benchmark functions is 0.0585,
0.0528 and 0.0241 respectively by single GP, whereas
the MRE is 0.0143, 0.0265 and 0.0116 respectively
by the proposed method in this paper. Therefore, the
modeling effect of the method proposed in this paper is
better than that of the single GP model.

167
+ this paper
158 O realvalue | |
1.56 % single gpr| |
154 -
152
H (o]
B 1 *
1.4 B
t * 0
1460) 6 + 6 +
144
*
1421
14 L L L L
1 2 3 4 5
sample number
(a)
600 T Q
+ this paper
00l (o] r?al value | |
* single GP
400 -
I}
a0 °]
200 é
100 - [°]
0 L Il L
1 2 3 4 5
sample number
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Fig. 1. Prediction results comparison of test samples: (a)
for Schaffer function, (b) for Rastrigin function, and (c)
for Schwefel function.

Table 3: MRE comparison of the benchmark functions

Methods Schaffer Rastrigin Schwefel
Single GP 0.0585 0.0528 0.0241
This paper 0.0143 0.0265 0.0116

B. Resonant frequency modeling of rectangular MSA

Antenna plays an irreplaceable role in the
communication system. MSA has the advantages of
small size, light weight and easy fabrication, and has
been widely used in aerospace, medical, mechanical and
other fields [29]. The MSA can be set to different shapes
as required. In this paper, the resonant frequency of
rectangular MSA is used for modeling, and its structure
is shown in Fig. 2.

Feeding T
point  ~
e lW

Dielectric h
substrate

Ground

Fig. 2. The rectangular MSA.

In this modeling, the width w, length I, height h and
dielectric constant ¢, of the MSA are as input, and the

resonance frequency f, (MHz) is as output. We select

33 groups of data from Reference [30] and list them in
Table 4 to model according to the proposed AGPE
method, in which those with tag* are test sample. The
prediction results of this paper are compared with other
literature and single GP.
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Table 4: Resonant frequency of the rectangular MSA in TM1, mode

w (cm) I (cm) h (cm) &y fue feoeo foen fop facre fer
0.850 1.290 0.017 2.22 7740% 7935.5 7890.1 7858.6 7965 8032.8
0.790 1.185 0.017 2.22 8450 8328.2 8226.0 8233.1 8450 8450
2.000 2.500 0.079 2.22 3970 4046.4 4023.0 4075.4 3970 3970
1.063 1.183 0.079 2.25 7730 7590.1 7567.3 7616.8 7730 7730
0.910 1.000 0.127 10.2 4600 4604.8 4573.9 4592.4 4600 4600
1.720 1.860 0.157 2.33 5060* 4934.2 4914.0 4930.3 5041 5156.3
1.810 1.960 0.157 2.33 4805 4699.2 4684.8 4703.3 4805 4805
1.270 1.350 0.163 2.55 6560 6528.6 6502.8 6516.5 6560 6560
1.500 1.621 0.163 2.55 5600* 5503.2 5473.3 5449.0 5601 5535.3
1.337 1.412 0.200 2.55 6200 6176.6 6142.6 6147.2 6200 6200
1.120 1.200 0.242 2.55 7050 7099.6 7064.3 7132.9 7050 7050
1.403 1.485 0.252 2.55 5800 5805.6 5768.8 5765.7 5800 5800
1.530 1.630 0.300 2.50 5270 5287.7 5260.3 5254.0 5270 5270
0.905 1.018 0.300 2.50 7990 7975.5 7881.8 8002.2 7990 7990
1.170 1.280 0.300 2.50 6570* 6674.8 6632.8 6682.7 6558 6600.5
1.375 1.580 0.476 2.55 5100 5311.8 5293.2 5291.4 5100 5100
0.776 1.080 0.330 2.55 8000 7911.1 7841.6 7942.5 8000 8000
0.790 1.255 0.400 2.55 7134 7183.2 7162.1 7215.9 7134 7134
0.987 1.450 0.450 2.55 6070* 6173.0 6155.1 6170.2 6074 6040.7
1.000 1.520 0.476 2.55 5820 5931.0 5918.0 5924.5 5820 5820
0.814 1.440 0.476 2.55 6380 6424.0 6417.5 6430.7 6380 6380
0.790 1.620 0.550 2.55 5990 5866.1 5873.9 5870.5 5990 5990
1.200 1.970 0.626 2.55 4660 4699.0 4728.0 4718.9 4660 4660
0.783 2.300 0.854 2.55 4600* 4459.1 4517.1 4519.2 4644 4847.4
1.256 2.756 0.952 2.55 3580 3659.8 3655.7 3644.6 3580 3580
0.974 2.620 0.952 2.55 3980 3952.9 3982.6 3975.9 3980 3980
1.020 2.640 0.952 2.55 3900 3905.4 3930.0 3922.2 3900 3900
0.883 2.676 1.000 2.55 3980 3938.8 3970.7 3965.3 3980 3980
0.777 2.835 1.100 2.55 3900 3825.5 3851.1 3845.9 3900 3900
0.920 3.130 1.200 2.55 3470* 3481.4 3466.2 3458.4 3465 3478.1
1.030 3.380 1.281 2.55 3200 3230.3 3184.7 3178.0 3200 3200
1.265 3.500 1.281 2.55 2980 3036.1 2965.6 2961.2 2980 2980
1.080 3.400 1.281 2.55 3150 3191.2 3140.4 3134.0 3150 3150

Absolute error sum of all data 2329 2427 2372 310 770
MRE of test samples 0.0192 0.0162 0.0174 0.0069 0.0191

In Table 4, the training data of rectangular MSA are
given in columns 1~4, the measured value in column 5,
and the NN results given by Guney et al. [30] are listed
in columns 6~8, and f, , foep » fae » respectively,

represent the predicted resonance frequency of the NN
model using the EDBD (extended delta bar delta), DBD
(delta bar delta) and BP (back propagation) algorithm.
Columns 9 and 10 respectively show the results obtained
by using the proposed method in this paper and the
single GP model. At the same time, the absolute error
sum of each method is given in the penultimate row of
Table 4, and the MRE of test samples according to the
proposed method and other models is given in the
penultimate row. It can be seen from Table 4 that the
total absolute error calculated by the proposed method
in this paper is 310MHz, which is superior to the
calculation results of other documents and single GP,
and the MRE of test sample is smaller than that of other

models, which shows the excellence and effectiveness
of the proposed algorithm in this paper.

C. Resonant frequency modeling of coplanar
waveguide (CPW) butterfly MSA.

In order to verify the effectiveness of the proposed
method further, the resonance frequency of coplanar
waveguide (CPW) butterfly MSA (shown in Fig. 3) is
modeled. Through HFSS simulation software, training
data are obtained. Selecting h, W, L are as input data, and
resonance frequency f,, (MHz) is as output, where h

represents the thickness of the dielectric substrate, L,
W respectively represents the length of the butterfly
antenna and the length corresponding to the opening
Angle. 30 groups of data are selected for modeling, in
which 25 groups are as training data and the other 5
groups are as testing data. Finally, the result computed
by the proposed AGPE algorithm is compared with that



of single GP, shown in Fig. 4 and Table 5. We can see
from Fig. 4 and Table 5 that the MRE of the AGPE
model and single GP model are 0.0008 and 0.0023
respectively, and the prediction value of the AGPE
model is closer to the real value than that of single
GP, which means the accuracy and generalization
performance of the AGPE model is better than that of
single GP.

[—
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Fig. 3. The CPW butterfly MSA.
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Fig. 4. Prediction results comparison of test samples for
the CPW butterfly MSA

Table 5: Simulation results of the CPW butterfly MSA

Methods MRE
Single GP 0.0023
This paper 0.0008

V. CONCLUSION

This study proposes an algorithm named AdaBoost
Gaussian process ensemble (AGPE). The core of this
algorithm is to use Gaussian process as weak learner and
the AdaBoost algorithm as ensemble framework. Firstly,
we obtain a group of weighted weak learners, and then
integrate them to get the final strong learner. Through
modeling of the benchmark functions and the resonant
frequencies of rectangular microstrip antenna and

ZHANG, TIAN, CHEN, GAO: ANTENNA RESONANT FREQUENCY MODELING

coplanar waveguide butterfly microstrip antenna, it can
be seen that the proposed AGPE method has higher
accuracy than that of single GP. At the same time,
compared with the neural network method in other
literature, the proposed AGPE method also shows some
advantages. The proposed method in the study is also
easily be used in other microwave components modeling
in the field of electromagnetics.
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Abstract — This study exhibits a circularly polarized
(CP) conformal antenna actualized by using a jute textile
as a substrate. Its sensing 3.5, 4.9, and 5.8 GHz in the
Wi-MAX, WLAN, and ISM radio bands. The topology
of the proposed antenna has relied on a curvature
structure as the prime radiating element, and ground
structure whirled in contradictive arrangement to the
patch. Conductivity was materialized by applying copper
paint through the traditional painting approach, i.e.,
brush painting. This fabrication method allows attaining
the conformability with minimized size, lightweight, and
low sensitivity to the environment without weakening
the radiating performance. These attributes allowed the
jute textile antenna appropriately for the incorporation
in wearable devices for body-driven applications. The
electromagnetic properties of the projected jute textile
antenna accomplished in simulations were confirmed
through the measurement of the antenna in an anechoic
chamber. The CP jute textile antenna shows a peak gain
of 4.93, 8.86, and 10.07dBi at 3.5, 4.9, and 5.8 GHz
(WIMAX, WLAN, and ISM).

Index Terms — Circular polarization, copper paint, ISM
band, WiMAX, WLAN.

I. INTRODUCTION

Over the most recent couple of vyears, the
implementation of wearable antennas for body-driven
communication has drawn attention from engineers and
researchers because of its increasing demand in the
field of military and civil applications [1]. Traditional
available rigid antennas are found difficult in mounting
on the human body and causes discomfort owing to
its inability to bend and move in different directions.
The utilization of fabric materials as the substrate for
micro-wave elements and structures seems to remain
a desirable feature that ensures immense lead in the
actualization of the wearable antennas for wireless
communications. This developing attention has promoted
the realization of numerous antenna topologies, together
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with printed dipoles [2], and patch antennas [3] with the
underlying principle of decreasing its size and increasing
its efficiency. Also, textile antennas (textenna) utilizing
the snap-on push button were lately proposed [4].

Because of the recurrent movement of the human
body, it gets hard to stabilize polarization align of the
transceiver nodes for better power reception. Therefore,
the circular polarization (CPn) feature aptly substitutes
the need for continual aligning of the two nodes for
maximum power reception. It also has many added
advantages like exhibits resistance to signal degradation
reported out of climatic changes, provides a highly
reliable communication link, and overcome multipath
effects [5-7]. In [8], the authors proposed a CP Jia-
shaped antenna; the CPn is achieved by optimizing the
feed position. A dual-band annually slot antenna for dual
sense CPn was presented [9]. In [10], a 3-d CP helix
antenna was reported on the FR-4 substrate with wide
3db beamwidth. A reconfigurable polarization antenna
was proposed for WLAN applications; two-pin diodes
are used to achieve polarization diversity [11]. In [12],
the authors presented both frequency and polarization
reconfigurable antenna duly operating in five different
states by using five-pin diodes. Most of these works are
developed on rigid substrates, which are found not fit for
on-body communication applications.

This study exhibits a novel CP semicircular shaped
antenna inspired by a very famous Tai-Chi symbol
accomplished with textile materials. Many parameters
are needed to consider while designing a textenna since
wearable antennas work in proximity to the human body,
in addition to antenna properties such as form factor,
polarization, bandwidth, and weight should also be
deliberately considered. It is imperative to take note that
there are very few textennas structures that can fulfill
these prerequisites all the while.

The objectives of the present work were to:

(i) Use textile materials as substrates which are either
effectively utilized in the textile manufacturing
plant, or readily available in the native market.

https://doi.org/10.47037/2020.ACES.J.351206
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(if) Carry out a fabrication procedure that is basic and
appropriate enough to be helpful for industry line
production.

(iii) Designing it as compact and low-profile to fit on the
clothing of the wearer, hence its presence outwardly
unnoticeable and doesn't cause discomfort to the
wearer.

(iv) Make it practical for on-body communication with
CP.

I1. MATERIAL AND ANTENNA DESIGN

In respect of the substrates incorporated for
actualization of the textenna, in this present writeup,
various textiles have been utilized. A few such fabric
materials are considered to be as cotton and silk. Based
on the magnetic, electrical properties of the material
and the access feasibility, textile selection has been
considered. While making use of the textile substrates,
it should primarily be adaptable and non-mutilative;
besides, it must exhibit proper mechanical features (for
example, homogeneity in thickness). Also, its humidity
recapture ought to remain <7%, with the end goal that
the textenna attributes stay steady under diverse relative
moisture circumstances.

In the present work, treated jute fibers with a
thickness of 1.5 mm were chosen, due to its flexibility,
low moisture retention, and lightness. Moreover, the
conductive copper paint sits well on its surface, and it is
shock-absorbent too. Comparative analysis of various
antenna models on different substrates are presented in
Table 1.

Table 1: Comparative study of the proposed textile
antenna with the recent works

Reference . . Frequency Gair_l (dBi) &
Dimensions Circular
and 3 (GHz) & o
Substrate (mm’) Applications Polarization
(Yes or No)
[13] Textile |57x32.1x3.6 | 2.45 (ISM) 3.39 (no)
[14] FR4 | 50x50 x1.6 [2.3 (WI-MAX)| 2.7 (no)
[15] FR4 | 100x90x3.3 | 2.42 (WLAN) 5 (no)
[16] Textile | 140x80x5 2.45 (ISM) 6.8 (no)
This work 3.5 (WI-MAX),
(Qute | 20x16 x1.5 | 4.9 (WLAN), fbgg%?'sez')
textenna) 5.8(ISM) 2Ty

The proposed antenna geometry is shown in Fig. 1,

and detailed dimensions are provided in Table 2. The
design and simulations of proposed textenna are carried
out by Ansys HFSS 19.0 software. Conductive copper
paint is brush painted on cotton, silk, and jute with a
thickness of 0.6, 0.4, and 1.5 mm, respectively.
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’

w,
(d)

v

c)

Fig. 1. Proposed antenna: (a) front plane, (b) ground
plane, (c) adjacent view, and (d) geometry of CP jute
textenna.

Table 2: The proposed antenna geometry in detail (mm)

Ls W W Lt
20 16 2 5
h g Lstun Wtub
15 0.5 2.5 15
R1 R2 L, Z
7 3.5 2.5 2.5

HE aAh
(®)

(a)

P I
(c

)

Fig. 2. Iteration wise evolution of the proposed textenna:
(a) first iteration, (b) second iteration, and (c) third
iteration.

The proposed antenna is developed from a circular
structure, and its evolution steps are illustrated in Fig. 2.
As shown in Fig. 2 (a) in first iteration, a simple circular
patch with a 7mm radius (R1) was taken in the radiating
side, and a similar circular like entity on a rectangle
was placed in the ground plane. Figure 4 illustrates the
resonating frequencies concerning iteration steps, for
the first iteration, it is resonated at dual-band with a span
of 3.65 to 5.4 GHz and 6.4 to 9.4 GHz. The radius of
the circle (Ry) plays a crucial role in determining the
resonating frequency. The radius value R; is parametrized
from 6-8 mm along with the ground structure that contains
a similar circle. Figure 3 illustrates the frequency
response concerning the change of radius from 6-8 mm.
The radius of the circular patch structure [17] is given by
equation (1):
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F

a= T, 1)
{1+ni};F[ln(g—£)+1.7726]}2
9
Pt g

By considering the fringing effects. The effective radius
of the patch is given by:

a, =afl+ nze’ia n (2) + 1.7726]}%. 3)

Where h is the height of the substrate, ¢ is the dielectric
constant, f, is the resonant frequency.

o
2.
ﬂ- \ 7 «===R1(6mm)
-20 - -
= w=R1(7mm)
-25 R 1(8mm)
'30 T T T T T T T T T T 1
o 1 2 3 4 S5 6 7 8 9 10 11
Frequency(GHz)

Fig. 3. Frequency response to the parametric analysis of
radius Ry (6-8 mm).

For a radius of 6 mm, the antenna resonated at 4.9
GHz with a return loss of -14 dB. For a radius of 8 mm,
it resonated at 3.5 with a return loss of -13 dB. From the
above parametric analysis, the circular patch with a 7
mm radius resonated better with dual-band than 6 and
8mm. So, a radius of 7 mm was considered in the patch
and ground structures. The first iteration model did not
operate with a CPn in any of the operating bands.

In the second iteration, as shown in Fig. 2 (b), the
circular patch and ground structures are divided into two
equal halves that are arranged in an inverse direction
in patch and ground, respectively. The ground plane
rectangular structure is changed as a semi-elliptical
structure. The wide bands in the first iteration are now
converted as a narrow band and resonating at 3.15, 4.95,
and 6.40 GHz consecutively. As illustrated in Fig. 5, the
values of the axial ratios (ARs) of this model are not
under the 3db range, so it does not operate with a CPn.
In the third iteration, as shown in Fig. 2 (c), the antenna
patch comprises a half with radius R; (7 mm) in which
two crescents with radius R, (R2=Ri/2) are evacuated
and integrated on top and bottom of the half-circle (R1),
separately. A stereotype of alterations are adapted in the
ground plane, contrarily.

ACES JOURNAL, Vol. 35, No. 12, December 2020
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Fig. 4. Iteration wise results of the reflection coefficient.
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Fig. 5. Iteration wise results of the axial ratios (ARS).

The antenna ground was built on a rectangular
structure over which a semi-elliptical structure with a
stub was placed. The essential parameters for attaining
CPn and impedance matching at the resonating
frequencies are the L, ( Stub length) and the Z (the
distance from the symmetric axis to the stub). The effect
of the stub on CPn is illustrated in Fig. 5. For achieving
a decent impedance matching between the patch of the
antenna and 50 Q port, the asymmetric microstrip line
is used, where Ls is the length, and Wk is the width of
the feed line. As illustrated in Fig. 4, this final model
resonated at 3.5, 4.9, and 5.8 GHz successively with a
CPn feature.

In this study, to realize the conductive parts of the
antenna, the copper paint was utilized, which can be
brush-painted. Using this unique approach, the proposed
antenna design was brush painted on cotton, silk, and jute
substrate. Figure 6 shows the 10x optical zoom images of
cotton, silk, and jute textiles, taken by a digital single-
lens reflector camera to show the surface structural
differences and fiber intervention. Photographs of the



DUVVADA, NARAYANASWAMY, PHANI, LAKSHMI: CIRCULARLY POLARIZED JUTE TEXTILE ANTENNA 1496

cotton, silk, and jute textile antenna prototypes are I1l. RESULT ANALYSIS

shown in Fig. 7. Performance of the antennas were studied in free
space, and all the simulated models are experimentally
verified to evaluate the performance. Figure 8 (a) shows
the simulated and measured reflection coefficient of the
CP jute fabricated model, which resonates at 3.5, 4.9, and
5.8 GHz. The specifications of WiMAX, WLAN, and
BN e e e Seris ISM are satisfied (return loss >10dB). The same design
a was fabricated on cotton and silk textiles to examine
the responses concerning the change of textiles. They
resonated at 4.6 GHz (Fig. 8 (b)) and 5.15, 9.35 GHz

(Fig. 8 ().

[S44(dB)

w— Simulation
.35 | == Measurement

Fig. 6. Photographs of textiles in 10x optical zoom: (a) R T
cotton, (b) silk, and (c) jute. Frequency(GHz)

@

T 1
9 10

-14 — Simulation
-16 - = Measurement

T 1

7

w

4 5
Frequency(GHz)

(b)

. [S4(dB)

w— Simulation
== Measurement

5 6 7 s 10
Frequency(GHz)

(©)

Fig. 8. Simulated and measured reflection coefficient of:
Fig. 7. Photos of :(a) cotton fabricated model front plane, (a) CP jute antenna, (b) cotton textile fabricated model,
and ground plane, (b) silk fabricated model front plane  and (c) silk textile fabricated model.
and ground plane, and (c) CP jute textile fabricated
model front plane, and the ground plane. The ARs of the jute textenna in the boresight




1497

direction were gauged. As shown in Fig. 9. A decent
agreement between measured and simulated results are
observed. The resonating frequency band where the AR
is <3 dB ranges from 3.090-3.994, 4.85-4.95, and 5.70-
5.85 respectively; hence, the jute textenna is CP, and it
covers the WiMAX, WLAN, and ISM bands.

14
10 i
=9 1
g°]
" 74
>
2
e s
r. %
34— o it '
24
14 w—Simulation
0 == Measurement
T T T T T ok 1
25 3.0 35 4.0 45 5.0 55 6.0 65

Frequency(GHz)

Fig. 9. Measured and simulated ARs of the CP jute
textenna.

To demonstrate guaranteeing the CPn characteristic
of the antenna. Figure 10 illustrates the +z surface current
flow of the jute texteena at three operating frequencies,
3.5, 4.9, and 5.8 GHz. Likewise, in Fig. 10, relating to
the changes of phase of the antenna, surface currents
rotates in a round way in dextrorotatory direction. The
explanation behind revolution can be named for two
significant causes: (1) By utilizing asymmetric feed, it
allows for flowing the currents in aside. Consequently,
currents will move to the opposite side through the
crescent path of the patch, and hence a CPn state occurs.
(2) thus, that electrical charges consistently aggregate at
keen points. In this way, the electrical charges on patch
move to sharp end from the wide side end, for the most
part, in keen end attached toward parasitic structure, and
continually this procedure happens on the rear side of the
substrate.

ACES JOURNAL, Vol. 35, No. 12, December 2020

Fig. 10. Surface currents distribution of the jute textenna
at +z for: (a) 3.5, (b) 4.9, and (c) 5.8 GHz.

The gain and efficiency characteristics of the
proposed textenna are illustrated in Fig. 11, the gain
values are 4.93, 8.86, 10.07 dBi at 3.5, 4.9, and 5.8 GHz
(WIMAX, WLAN, ISM). Correspondingly the efficiency
of the antenna in the resonating frequencies ranges from
83 to 89%.

Frequency (GHz)

Fig. 11. Simulation and measured gain and efficiency of
the proposed textenna.



1IV. MEASUREMENT AND ANALYSIS

In addition to, the radiation characteristic of the
CP jute textenna was validated in an anechoic chamber.
The radiation patterns of LHCP and RHCP on the two
principal planes (E-plane and H-plane) for 3.5, 4.9, and
5.8 GHz are as seen in Fig. 12.

cnsibbbkbkbRbisa.

°
-
10
As
20
25
-3
-3
40 -
38
a0
25
-20
15
-10
-
°

E-plane H-plane

Fig. 12. Measured and simulated radiation patterns at:
(@) 3.5, (b) 4.9, and (c) 5.8 GHz. (Continuous blue line:
RHCP simulated, dashed blue line: RHCP measured,
continuous red line: LHCP simulated, dashed red line:
LHCP measured).

Figure 13 shows the spectrum analyzer sensing
results for different operating bands and the evidence of
measurement.

[Ancit=u

@

DUVVADA, NARAYANASWAMY, PHANI, LAKSHMI: CIRCULARLY POLARIZED JUTE TEXTILE ANTENNA

Fig. 13. Signal sensing and measurement setup: (a) 3.5,
(b) 4.9 GHz, and (c) 5.8 GHz.

V. CONCLUSION

A circularly polarized jute textile substrate with a
semicircular shaped antenna was proposed and
actualized. The perfect demonstration of the antenna as
far as radiation patterns, input matching, and axial ratios
shows the high proficiency that can be acquired by
espousing the jute material as the substrate. The textile
antenna is distinguished by ease of fabrication,
mechanical firmness, wide beamwidth, and a simple,
semicircular based design. It creates the anticipated
circular polarization for a strong radio frequency sensing
link. Thus, the circularly polarized antenna paves the
way for utilizing the components for exclusive exercises
such as tracking and localization of rescue operations.
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Abstract — In this paper the analysis and design of a dual
circularly polarized 4x4 antenna array operating in
Ku-band are discussed with emphasis on its sequential
feeding network. The dual circular polarization is
achieved by feeding a stacked octagonal patches with
a wideband branch line coupler. The proposed 4x4
antenna array is based on two separate sequential feeding
networks for LH and RH circular polarizations. The
advantage of the proposed feeding network is that it is
implemented on a single layer. Simulation results by
using both HFSS and CST are presented for comparison.
In addition, experimental verifications are presented.

Index Terms — Antenna array, circular polarization,
feeding network, satellite antenna, wideband antenna.

I. INTRODUCTION

On-move satellite communication systems at Ku
band have a significant importance in different
applications where it may not be available other
communication systems with similar bandwidth and
service stability [1]. These on-move satellite
communication systems are quite suitable for vehicles
in rural areas, airplanes and ships in rivers and seas.
These applications require low profile, low weight, dual
polarization and wideband antenna systems. In addition,
these antennas should satisfy the ITU requirements to
avoid interference with other satellites [2]. The proposed
operating frequency range is from 10.5 GHz to 14.5 GHz
with dual circular polarizations. Printed antenna arrays
with properly tapered feeding network inside radoms
are good candidates for these applications. Other
configurations based on waveguide antenna array are
also found in literature [3]-[5]. However, these
configurations have larger weight and less conformity
compared to printed antennas like microstrip antennas.
Different configurations of printed antenna elements for
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this frequency band are presented in literature [6]-[8].
However, the main problem lies in developing
appropriate feeding network to introduce an antenna
array of these radiating elements which sustain wideband
and dual polarization properties in addition to the
required properties of the radiation pattern. To simplify
the feeding network, the antenna array is divided into
smaller sub-arrays composed of 4x4 radiating elements.
Each sub-array is fed by a uniform distribution network
while a master separated non-uniform distribution
network is used to feed these sub-arrays [9]. On the other
hand, for the case of a circularly polarized antenna array,
the axial ratio would be enhanced by using a
combination of circularly polarized elements with a
sequential feeding network. Implementing this sequential
feeding network for a single circular polarization is
discussed by using different configurations in [4], [10]-
[11]. However, these configurations of sequential
feeding networks cannot be used for dual circular
polarizations at the same layer. This increases the
number of layers in the feeding network for the case
of dual circular polarization which increases the cost,
weight and manufacturing complexity. Another
configuration based on substrate integrated waveguide
for dual circular polarization is introduced in [12].
However, this configuration has a limited bandwidth
in the range from 11.8 to 13 GHz only. Thus, for the
proposed application, it is required to develop a dual
sequential feeding network on the same layer for a 4x4
sub-array. A similar antenna configuration is presented
in [13] based on multi-layered FSS integrated with AMC
structure fed by a double sided dipole array. However,
this structure is operating in the Ku-band in the
frequency range from 14 to 15.5 GHz only and in the
X-band from 7.5 to 8.5 GHz.

The target of the present paper is to design a single
layer sequential feeding network for a Ku-band dual
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circularly polarized 4x4 antenna sub-array operating in
the frequency range from 10.5 to 14.5 GHz. This sub-
array is designed to be integrated in a complete antenna
array for on-move satellite communication system. The
size of this sub-array is limited to be less than 75x75
mm?. This limited size increases the complexity of
designing dual sequential feeding network on a single
layer due to the coupling between the different parts
of the feeding network. In addition, the required wide
bandwidth, which is nearly 27.5%, represents another
important challenge in the design of this feeding
network.

The paper is organized as follows: Section Il
presents analysis and design of a dual circular polarized
octagonal radiating element. Section 111 presents analysis
and design of 4x4 sequential fed dual circular polarized
antennas. The simulation process are developed by using
HFSS ver.14 [14] and verified by using CST ver.2012
[15]. The experimental results are presented in Section
IV. Finally, the conclusion is presented in Section V.

I1. ANALYSIS AND DESIGN OF DUAL
CIRCULAR POLARIZED OCTAGONAL
RADIATING ELEMENT

To obtain a wideband operation, stacked microstrip
patch antenna configuration is proposed to be the
radiating element of this antenna array as shown in Fig.
1 (a). The bandwidth of this stacked configuration can be
enhanced by introducing an electrically thick layer of a
low dielectric material between the fed element and the
parasitic element. Foam is a quite suitable material for
this purpose where its dielectric constant is around 1.07.
The key parameters in the design of this wideband
radiating element are the substrate parameters of the
fed element, the dimensions of the fed element, the
dimensions of the parasitic element, the separation
between the fed element and the parasitic element, and
the parameters of the superstrate which holds the
parasitic element. The proposed geometry of the fed and
parasitic elements in the present antenna are octagonal
shape as shown in Figs. 1 (b).

The substrate of the fed element is a grounded
Rogers 5880 with a dielectric constant €, = 2.2, tan§ =
0.0009 and dielectric thickness L, = 0.787mm. The
parasitic element is printed on RO3003 substrate of a
thickness L; = 0.25 mm. The dielectric constant of this
substrate is 3 and its loss tangent is 0.001. The two
substrates are separated by a foam layer of thickness
Ly =2 mm.

The analysis of this antenna configuration starts
with approximate circular patches to obtain approximate
dimensions of the fed patch and the parasitic patch.
Then these approximate dimensions are tuned by using
numerical electromagnetic simulation tools like HFSS

ACES JOURNAL, Vol. 35, No. 12, December 2020

and CST to obtain the required operating bandwidth.
The resonant frequency of TMy10 mode for a circular
patch antenna on the lower substrate can be obtained by

using cavity model as following [17]:
_ 1.841c

fO - 27Tae\/5_r’ (1)
where a, is the effective radius taking into account the
fringing effect. This effective radius is given by:

a, = a\/l + 2 [in (%) +17726]. (@)

Tasy
For design purpose, the radius of a circular microstrip
antenna which would be resonant at frequency f, can be
obtained as follows:

F

a= cm, 3)

\/1+ni:lF[ln(Z—£)+1.7726]

8.791x10°

T fovE “)

On the other hand, the resonance of the upper patch is

obtained by using an equivalent relative permittivity
given by:

where

— 4€re€r.dyn 5
Sef (\/5_7‘6"' ’—Sr,dyn)z, ( )
where
_&(14Lf/Ly)
Te T (1+erLf/Ly) ®)
and
gr,dyn — Cayn(€=€o€re) (7)

Cayn(e=€o) '
where Cgy,, is the dynamic capacitance. The details of
calcualting &, 4,,, can be found in [18].

Based on th above analysis, the intial designs of the
lower and the upper patches are obtained as circular
patches with radii R, =4.1mm and R, = 4.4 mm
respectively. These radii are corresponding to resonant
frequencies 13 GHz and 12 GHz respectively to enable
operation from 10.5 GHz to 14.5 GHz. These initial
dimensions are then cut in octagonal shapes as shown in
Fig. 1 (b) to tune the matching of this antenna structure
to the required operating band. This adjustment is done
numerically by using numerical simulation tools.

On the other hand, a dual circular polarized antenna
can be obtained by developing a dual feeding network
which introduces two simultaneous feeding points of
equal amplitudes and phase shifts of £90°. Quadrature
branch-line coupler (BLC) is a quite appropriate
candidate for this application. However, conventional
BLC has a narrow bandwidth. A multi-section BLC
configuration with loading stub elements as shown Fig.
1 (c), has different degrees of freedom to be optimized it
for wideband operation [16]. The feeding BLC is printed
on a substrate RO3003 with thickness L; = 0.25 mm.
Table 1 shows the optimized dimensions of the designed
BLC and the stacked antenna.
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3.5 mm. While, the fed octagonal patch have vertical and
horizontal edges of 3 mm and tilted edges of 2.5 mm.
Due to the symmetry of the designed antenna structure,
the reflection coefficients of the two ports are identical.
The obtained reflection coefficient of the single element
is below -20 dB over all the required bandwidth. Figure
3 shows the axial ratio of the radiated fields in the
rough-Vi broadside direction. The obtained axial ratio is below

Gromh L Parasitie Patch Driven Patch 2dB in the entire operating band.
round Layer Microsrtip Feeding Lines
0
(@) Si; HFSS
dmm 2 Sz HFSS
5|====s;CST
Parasitic Patch STo - SmCST
-10
E
Driven Patch = 15

-20

S-Parameters (dB)

-25

(b)

-30

-35
105 11 115 12 125 13 135 14 145
Frequency (GHz)

Fig. 2. Reflection coefficient of the single element.

L, s
LH HFSS
RH HFSS
L 4 25 : : : : Ilila((::SS-!l—'
o 2
z
ke
5
@
s
x
<
Fig. 1. Geometry of the wideband dual circular polarized
antenna element: (a) the side view of the complete
antenna element, (b) proposed octagonal patches, and (c)

microstrip feeding branch line coupler. 105 11 115 12 125 13 135 14
Frequency (GHz)

145

Table 1: Dimensions of the branch line coupler

Parameters Values (mm) Fig. 3. Axial ratio of the single element.
L4 4.95
L5 5.28 I11. ANALYSIS AND DESIGN OF 4x4
L6 1.2 SEQUENTIAL FED DUAL CIRCULAR
T 0.9 POLARIZED ANTENNA
T2 0.3 The 4 x 4 sub-array is divided into four identical 2x2
T3 0.6 sub-cells as shown in Fig. 4. The basic idea of a dual

sequential feeding network is to rotate the radiating

Figure 2 shows the reflection coefficient of the  elements by steps of 90° in addition to changing the
designed octagonal radiating element. The optimized  phase between the radiating elements by +90° in a
dimensions of the parasitic octagonal patches have  sequential form to obtain LH or RH circular polarization.
vertical and horizontal edges of 4 mm and tilted edges of ~ This sequential feeding mechanism improves the
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circular polarization characteristics of antenna array. The
key point in the design of such sequential feeding
network is to maintain the required phase shifts along the
required operating bandwidth. The proposed sequential
feeding network is composed of Wilkinson power
dividers and appropriate delay lines to introduce the
required phase shift. The spacing between the radiating
elements is assumed to be 18 mm (0.75 A, at the center
frequency) as shown in Fig. 4.

This spacing would introduce a 4x4 array of size
72x72 mm? which satisfy the required dimensions of
the sub-array for a complete antenna array for Ku-band
satellite communication. However, the spacing between
the elements is not sufficient to use straight lines for the
required phase shifts. Thus, different bends are used to
introduce the required lengths of delay lines. In addition,
for practical implementation, it is required to add pads
for the connectors which would be used to feed this sub-
array as shown in Fig. 4. To obtain accurate simulation
results, these pads should be included in the simulation.

1
' 22 sub-array

Fig. 4. Sequential feeding network for dual circularly
polarized 4x4 radiating elements.

IV. EXPERIMENTAL RESULTS

In this section the experimental results of the
designed 4x4 sequential fed antenna array are presented.
Figure 5 shows the fabricated antenna structure. Figure
6 shows the used measurement setup inside an anechoic
chamber Inc. Model (NSI) 7005-30. Figure 7 shows the
measured reflection coefficients for the two excitation
ports of both LH and RH circular polarizations together
with the simulated results. It can be noted that the
measured reflection coefficients satisfy the required
specifications to be less than -10dB over the entire
operating frequency band. Figure 8 shows the radiation

ACES JOURNAL, Vol. 35, No. 12, December 2020

patterns for both RH and LH excitations at 12.7 GHz.
The obtained peak gain is around 17 dBi. It can be noted
that the cross-polarized component is less than -20dB
compared to the co-polarized in the broadside directions
for both RH and LH cases. Figure 9 shows the measured
and simulated axial ratios for the two circular
polarizations as a function of frequency. It can be noted
that the measured results satisfy the condition of axial
ratio to be less than 3dB for both LH and RH circular
polarizations on almost entire operating frequency band.
According to the measured results, it can be concluded
that the designed dual sequential feeding network
introduces the required specifications of matching and
radiation properties in the required operating frequency
band.

(b)

(©)

Fig. 5 Fabricated 4x4 sequential fed antenna: (a) bottom
side, (b) side view, and (c) driven and parasitic octagonal
patches.



Antenna under test

Fig. 6. Measurement setup of the fabricated antenna.
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Fig. 7. Measured and simulated reflection coefficient of
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Fig. 8. Measured radiation patterns for: (a) RH and (b)
LH circular polarizations at 12.7 GHz.
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Fig. 9. Measured and simulated axial ratio of the 4x4
sequential fed antenna for LH and RH circular
polarizations.

Table 2 shows a comparison between the proposed
antenna and previously published configurations for
circularly polarized antenna arrays. Based on this
comparison, it can be noted that the main advantage of
the proposed antenna is the wider bandwidth compared
to other configurations. In addition, the antennas in [9-
12] are single circularly polarized antennas while the
proposed antenna is dual circularly polarized. On the
other hand, the antenna in [13] has a quite narrow
operating bandwidth compared to the proposed antenna.
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Table 2: Comparison between the proposed antenna and
previously published antennas

Operating
Bandwidth
(GH2)

No. of Feeding

Ref. Layers Technique

Circularly
Polarized
Single Microstrip
layer antenna with
simplified feed
network

[9] 9.8-11.23

Circularly
Polarized 2x2
patch array using 5.20-6.23
a sequential-phase
feeding network

Single

[10] layer

Circularly
Polarized
Uniform
Transmission 2.08-2.95
Lines Using
Sequential-Phase
Feed

Single

[11] layer

Circularly
Polarized Slotted
Single Substrate

layer Integrated
Waveguide
Antenna Arrays

[12] 11.95-12.95

Dual Band
8.15-8.35
and
14.2 - 14.8

: Dual Circularly
[13] I\I/elluglr- Polarized double-
4 sided dipole array

Dual Circularly
Polarized 4x4
This | Multi- stacked circular Wide band
work | layer patches antenna 10.95-145
array using
Sequential feed

V. CONCLUSION

Design and analysis of a dual sequential feeding
network for a dual circularly polarized 4x4 antenna
array in Ku-band are presented. The radiating element is
composed of a wideband stacked octagonal patches
fed by a wideband branch line coupler to introduce
the required dual circular polarizations. The radiating
elements are arranged in sequential forms of 2x2
elements and connected together by two main feeding
networks; one for LH circular polarization and the other
for RH circular polarization. The effects of coupling
between the different parts of the complete feeding
network is compensated by adding appropriate stubs to
improve the matching and the axial ratios along the

ACES JOURNAL, Vol. 35, No. 12, December 2020

design operating frequency band from 10.5 to 14.5 GHz.
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Abstract — In this paper, a broadband dual-polarized
antenna with concentric rectangular ring electromagnetic
bandgap (CRR-EBG) structure is proposed for 5G
applications. The antenna consists of a pair of +45°
cross dipoles, an EBG array, and two inverted L-shaped
improved feeding structures. In particular the ring part
of the feeding structures can reduce the coupling
between two ports. The leaky wave area of the EBG
structure can be used to increase bandwidths. According
to the measured results, the bandwidths of portl and
port2 are 32% (3.04-4.21GHz) and 28.3% (3.13-
4.16GHz), respectively. The port-to-port isolation can
reach up to 23 dB, and the average gain is approximately
5 dBi. The antenna has the advantages of a wide band,
good isolation and a stable radiation pattern, which can
be better used in 5G communications.

Index Terms — 5G, dual-polarized, electromagnetic
band-gap (EBG), wideband.

I. INTRODUCTION

With the fast development of wireless
communication systems and a looming shortage of
wireless spectrum, the wireless industry has recognized
the significance of multi-band and wideband antennas
for future wireless communication systems [1-7]. In
this sense, dual-polarized antennas, especially +45°
polarized antennas [8-11] have been widely proposed
to determine multipath fading, pulling in signals from
all directions better. It is worth noting that we added
the electromagnetic band-gap (EBG) structure to the
designed dual-polarized antenna for band spread.

The EBG structure is divided to a high-impedance
surface (HIS) [12] and uniplanar compact (UC) surface
[13-14]. In [15], the designed CSRR-EBG structures
reduce the starting frequency of the first band gaps by
28%, and are used for multi-band applications. It is well
known that for most dual-polarized antennas, such as
those reported in [16] and [17], the stable unidirectional
radiation pattern characteristics are mainly determined
by the shape and size of the metal reflector. Since
the antenna and reflector are generally one-quarter-
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wavelength apart, it is non-trivial to realize a low-profile
antenna in this framework. On the contrary, owing to the
in-phase reflection characteristic of EBG structure, the
distance between antenna and reflector can be less than
one-quarter-wavelength, and therefore reducing the size
of the antenna [18]. EBG structure can also make use
of leaky wave region to achieve bandwidth expansion
[19-20] and better isolation [21-22]. In [23], Meander-
Perforated Plane (MPP-EBG) structure was reported
to improve the slow-wave effect, reduce the size and
broaden the bandwidth.

In this paper, a broadband dual-polarized base-station
antenna with CRR-EBG structure for 5G applications is
proposed. The designed antenna provides good coverage
of the frequency bands from 3.13 GHz to 4.16 GHz,
intended for potential 5G applications. The simulated
and measured results are obtained using Ansys HFSS 15,
an Agilent vector analyzer and OTA. Detailed discussions
of the design are provided as follows.

II. ANTENNA DESIGN

The geometric structure of the broadband dual-
polarized antenna with EBG structure is presented in
Figs. 1 and 2. The antenna is mainly composed of three
parts: a pair of £45° cross dipoles, an EBG array and two
improved feeding structures with an inverted L-shaped
structure. The three components are printed on an FR4
substrate with a relative dielectric constant of 4.4 and a
thickness of 1 mm. The EBG structure attached to the
lower dielectric plate consists of 48 units. If we remove
the overlap the EBG structure and balun structure, the
electromagnetic interference will be reduced.

The patch structure is composed of a pair of
irregular hexagons dipole in Fig. 1 (b). Two pairs of
small rectangles are formed on the dipoles, which are
used to avoid short-circuit between the feeding structure
and the dipole. The dipoles can be connected to the
ground plane primarily through two pairs of rectangular
patches, which are placed vertically in the EBG structure
and attached to one side of the feeding line. On the other
side of the balun, the inverted L-shaped feeding line is
also placed vertically in the EBG surface and is used
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to excite the antenna. The half ring shape of the two
inverted L-shaped feeding lines is intended to reduce
coupling between the ports, where the bottom ends of
the feeding lines are connected to the SMA connectors
in Fig. 2.

Main radiator

ructure.
EBG structure g qtrame Balunl Balun2

(@)
L

(b)

Fig. 1. (a) 3-D view of the proposed antenna, and (b)
geometry of the patch.

In order to better understand the working principle
of the feeding lines, the equivalent ac circuit diagram of
the feeding structure is given in Fig. 3. In the feeding
structure, the open branches, branch1 and branch2, can
be equivalent to LC resonance circuit. Each open branch
can be equivalent to LC resonant circuit, among which
the resonance point of branch1 and branch2 are 3.8 GHz
and 4.45 GHz, respectively. Series resonance circuits
suppress harmonics when they resonate. Moreover, the
slot coupling can be seen as inductance.

Figure 4 shows the geometric structure of the
designed EBG array and a single EBG unit. The
rectangular slots are made in a square patch, which
form the EBG structure we designed. The CRR-EBG
structure belongs to Uni-planar Compact EBG (UC-
EBG). The CRR-EBG can be equivalent to a parallel LC
model, the resonant frequency of which lends the high-
impedance band-gap characteristics to the CRR-EBG
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structure, as shown in formulas (1) and (2):
1

Wo = 7% (M
jowL
zs = 1-w2LC’ @)

A 26mm diameter cylinder is subtracted from
the reflector to make it easier connected with SMA
connector in actual measurement. The antenna is
analyzed and optimized by HFSS 15, and the optimal
values defined in Figs. 1 and 2 are listed as follows (unit:
mm): X2=12, X3=6, B4=1.5, L=78, M3=14, D4=7,
W4=4.6, W5=1.3, D5=2.8, D7=10, W6=2.4, Rin=1.7,
Rour=4.1, L5=20, BL=6, HI=28, W1=2.25, DI=5, D2=9,
BW2=5.8, W7=1.8735, BW=3, GL=164, GH=8, T=1,
N=0.32, We=0.48, M=8.5, A=10, L3=89.4.

L5

port1 S19 ~gnd

port2

Fig. 2. Feeding structure for portl and port2.

L3
Y YN
slot coupling
R1 R?
Input C1 C2
branchl / L1 branch2 <L2

Fig. 3. Equivalent AC circuit diagram of the feeding
structure.

Figure 5 shows a comparison of simulated Si
values for the dual-polarized dipole with and without an
EBG structure for portl. It can be observed from Fig. 5
that the EBG structure has a great impact on impedance
matching. When the EBG structure is not added, the
impedance bandwidth is narrow with low frequency
(3.02-3.15 GHz) and high frequency (4.1-4.74 GHz)
for S11<—10dB. By adding the EBG structure, a wide

impedance bandwidth from 3.14 to 4.8 GHz is realized.
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Fig. 4. (a) EBG array (b) geometry of the single EBG
unit.

S;, [dB]

—— with EBG
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25 30 35 40 45 50 55
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Fig. 5. Comparison of proposed antenna with and
without EBG structure.

II1. RESULTS AND DISCUSSION
S-parameters in this work were measured by a
network analyzer. Gain and radiation patterns were
measured in an OTA anechoic chamber. As shown in

ACES JOURNAL, Vol. 35, No. 12, December 2020

Fig. 6 (a), simulated and measured S-parameters of the
antenna are given for portl and port2. As can be seen
from the S-parameter diagram, the simulated bandwidth
is 37% (3.13-4.55GHz) and 34.1% (3.13-4.42GHz)
for portl and port2, respectively while the measured
bandwidth is 28.3% (3.13-4.16GHz), the center
frequency being 3.64 GHz. As can be seen from
the simulated and measured results, the reflection
coefficients are different at the two ports. The main
reasons are as follows. First, the structure of the feeding
lines at the two ports is not completely the same,
especially for the ring part. Second, uneven welding
resulted in a non-parallel state between the planes,
having a strong impact on the reflection coefficients.
The simulated and measured gains and isolation degree
are presented in the Fig. 6 (b). The isolation performance
in the operating band is better than 23 dB and the
simulated gain is about 5 dBi. Furthermore, the bandwidth
of the antenna with EBG is widened because of its leaky
region. The experimental results are in good agreement
with the simulation results.

S11 [dB]

'40 T T T T T T T
25 30 35 40 45 50 55
Freq [GHz]
(a)
5 I I o= I o——l‘2~o : I 5
— ‘\.
0 0
g —— Mea-S,;, |5
= 51 —:  Sim-Gain
% 10 —_— S|m_512. -10 _
° —e— Mea-Gain 15©
S 151
B --20
o
2 -20 | o5
-251 --30
'30 T T T T T T '35
25 3.0 35 4.0 45 5.0
Freq [GHz]
(b)

Fig. 6. Simulated and measured S-parameters of antenna.



Figure 7 shows the comparison of simulated and
measured radiation patterns of the design at the
frequencies of 3.12, 3.80 and 4.5 GHz, respectively. At
3.12 GHz, the radiation pattern consistency between
simulation and measurement is relatively high. Among
them, the radiation patterns are relatively stable at 3.8
GHz and 4.5 GHz. It can be seen from the direction
diagram that the gain is about 4.8 dBi, and the directivity
of the simulated and measured radiation patterns is
consistent. Figure 8 presents the fabricated prototype
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30— Sim-xoy plane

- Mea-xoy plane

of the antenna as well as the antenna test scenario. 180
Compared with the antenna without EBG structure in [8], (b) 3.8GHz
the proposed antenna broadens the frequency band, and 0 —— Sim-xoz plane
improves the stability of the antenna radiation pattern. 81 330 e 0.~ Mea-xoz plane
0! 200 X N\ S Sim-yoz plane
- = Mea-xoz plane N X “Mea-yoz plane

30 — Sim-xoz plane
/N~ - - Mea-yoz plane
\-60- Sim-yoz plane

S0 Sim-xoy plane

(c) 4.5GHz
180 Fig. 7. Simulated and measured radiation pattern of
(a) 3.12GHz antenna: (a) 3.12 GHz, (b) 3.8 GHz, and (c) 4.5 GHz.
0 - - Mea-xoz plane
81 330 e 30— sim-xoz plane
] Sim-yoz plane
0 §
o 300 S\~ Mea-yoz plane
8 bro 90
.16
-8
0l 240\ 120
8 210" 150 Fig. 8. Antenna in test and fabricated prototype of the

180 antenna.
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Tablel: Comparison of the proposed antenna with
references

Bandwidth | Gain . Type of
Ref. (GHz) | (dBi) Isolation %% G
[8] 3.12-3.68 | 5.84 >23.5 /
[10] | 3.16-3.48 / >30 TVS-EBG
[15] | 3.31-4.33 / >20 CSRR-EBG
[19] | 3.60-4.06 / >20 ELV-EBG
Pro. | 3.13-4.42 5 >23 CRR-EBG

Mo is the wavelength in free space at center operating
frequency.

In Table 1, the performance of the proposed antenna
is compared with previously published antennas. The
antenna’s bandwidth of our design operates 3.1 to 4.42
GHz, which is wider than that published references. The

port-to-port isolation is slightly higher than [15] and [19].

But the gain is lower than that of Ref. [8]. To sum up,
the performance of the antenna is better than other
references in the table.

IV. CONCLUSION
A wideband dual-polarized base station antenna
with EBG structure is presented herein, where the leaky
wave region of EBG has been used to expand the
frequency band and yield a stable radiation pattern of
the antenna. The loop design of the feeding structures
proves to be capable of reducing port coupling
significantly. The antenna operates in the frequency
band of 3.13-4.16 GHz. Simulated results prove that the
design has the advantages of good bandwidth, stable
radiation pattern and high isolation degree. Future work
will be focused on further optimization of the radiation

patterns and other antenna performance.
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Abstract — In this paper, a single-layer compound unit
element is proposed for reflectarray antenna design
operating in Ka-band (26.5-29.5GHz) at the center
frequency of 28GHz. A systematic study on the
performance of a compound unit element is examined
first. The structure of the proposed unit element is a
unique combination of two different shape simple
patches i.e. cross dipole and square patches. The desired
phase range is achieved due to the multi-resonance of
both patch elements with a single layer without any
air-gap. The compound unit element is simulated by
computer models of CST Microwave studio based on the
Floquet approach (infinite periodic approach) and it has
achieved 348.589° reflection phase range. Furthermore,
the analysis of the reflection phase range, S-curve
gradient, reflection magnitude, fabrication tolerance,
and surface current density is also simulated and
demonstrated. Based on the remarkable performance, the
proposed element can be considered as the best element
of single-beam or multi-beam reflectarray antenna
design for 5G applications.

Index Terms — Floquet approach, reflectarray, reflection
phase range, single-layer, 5G.

I. INTRODUCTION
Reflectarrays are the innovative alternative of
conventional parabolic reflectors and phased array
antennas due to its novelty and advantages such as light
weight, small size, electronic beam steering capability,
ease in deployment, and low design complexity [1-3].
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Reflectarrays are flat reflectors array antennas consisting
of isolated variable-size unit elements on a grounded
dielectric substrate with a certain tuning to produce the
progressive phase distribution and generate the single-
beam or multiple-beams when illuminated by a feed
antenna [4-6]. The unit elements on the reflectarray
aperture are pre-designed with a specific phase shift to
retransmit the incident waves in the form of a beam. The
required phase shift is acquired from the reflection phase
range curve that is generated by varying one of the
geometrical parameters of the unit element according to
the design consideration [7,8]. Two main characteristics
are important for the designing of unit elements: one is
maximum reflection phase range with low fabrication
tolerance and the second is minimum reflection loss
[9,10]. The unit element is the basic component for the
reflectarray antenna design that reflects the incident
waves in a specific direction with progressive phase
distribution by making a beam. Several designed
methods have been proposed over the years to control the
reflection phases such as the same size patches with
variable stub length, variable size patches, and element
rotation technique for circular polarized design [11,12].

Characterization of unit elements in the
implementation and analysis of a reflectarray antenna is
the most significant part regardless of the choice of
the phasing mechanism. The reflection phases of the
radiating unit elements are approximated by some degree
due to some limitations of fullwave simulation for the
reflectarray antenna. The mutual coupling effect between
elements of a reflectarray is approximated by using an
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infinite periodic boundary. This technique is valid
because several reflectarray antennas based on this
technigue have been demonstrated.

Different models are available to investigate the
mutual coupling between the reflectarray unit elements
using periodic approximation such as waveguide
simulator approach, TEM waveguide approach, and
infinite array approach [13-15]. In the infinite array
approach, the unit element is simulated by using a
periodic boundary condition [16]. This approach is
more general than other approaches. Since the periodic
environment of the unit element can be simulated more
accurately in order to obtain the reflection characteristics
for the oblique excitation angle. The infinite array
approach is a conventional method to analyze the
reflection characteristics of the reflectarray unit element.
Due to easy analysis, the most preferred shapes for
reflectarray are square and rectangular but a unique
compound unit element is presented in this paper.

The purpose of this research work is to increase the
phase range of a single thin layer unit cell without any
air-gap between ground and the patch element to reduce
fabrication complexity by using a combination of different
simple multi-resonant elements. The new multi-resonant
reflectarray unit cell has successfully achieved almost
360° phase range at 28 GHz and it can be used to design
any single-beam or multi-beam reflectarray antenna for
5G applications. In order to investigate the performance
of the proposed element, the reflection characteristics
including reflection phase range, reflection magnitude,
fabrication tolerance, and surface current density are also
studied in this paper. The element design and simulation
results are discussed in the following section.

I1. DESIGN AND ANALYSIS OF THE
PROPOSED COMPOUND UNIT ELEMENT

A. The design of compound unit element

We conducted the fullwave simulations using the
CST microwave studio to investigate the scattering
characteristics of the proposed unit element based on the
Floquet approach (infinite periodic approach). This
approach is useful to approximate the mutual coupling
between elements because it has considered each element
as taken from an infinite periodic array structure. The
periodic boundary conditions are applied to the unit
element when it is surrounded by a uniform infinite
environment and the unit element excitation is achieved
by a plane wave as shown in Fig. 1. The proposed unit
element is a combination of two different patches, i.e.,
cross dipoles and square patches as shown in Fig. 2.
Roger RT5880 is used as a separator between the ground
plane and reflecting patch with standard substrate
thickness, permittivity, and loss tangent 0.127mm, 2.2,
and 0.0009 respectively that is available in the datasheet
and the element periodicity is 0.5A at operating frequency
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28GHz. We used periodic boundary conditions along the
x-axis and the y-axis while the z-axis is kept open. The
configuration and parameters of the proposed element
are mentioned in Fig. 2 and Table 1 respectively.

Reflecting Element (Patch)
2 y‘\
T i =l
3 17-~~. )
& \ b 53
= 2
.. g
=]
o
Substrate Sie =
Floquet Walls ™™~~~

Fig. 1. Infinite periodic array structure with the unit
element in CST.

D2

]

Li

||

A
(a) (b)

Fig. 2. The geometry of the compound unit element: (a)
top view of the patch, and (b) 3D view of the unit element.

Table 1: Design parameters of the compound element

Parameters Description Values
Li= L, Length of xandy 5 25mm
dipoles
Dy= D, Wldth. of xandy 2 279mm
dipoles
Ls = Ds Arm Ier!gth of 1.136mm
cross dipoles
_ Length and width
Le=D, of a square patch 1mm
The gap between
ar1=a; dipoles and 0.5mm
square patch
A Length and width 5 25mm
of complete patch
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I11. SIMULATION RESULTS AND
DISCUSSION

In order to control the reflection phase response, the
variable-patch size method is used for the proposed unit
element design. The proposed element has achieved a
maximum reflection phase range of 348.589° by varying
the patch size (including cross dipoles and square
patches) from 2.5mm to 5.25mm as shown in Fig. 3.
All the geometric parameter changes accordingly as
the patch size varies. The reflection magnitude is the
reduction in magnitude of the incident field after
reflection, it depends on the dielectric properties of the
substrate and the conductor used in the ground and it is
close to 1 as shown in Fig. 4:

R, =a4+a., 1)
where, R, is the reflection loss and a,; and «, are the
attenuation due to the dielectric substrate and conductor
loss respectively. Reflection phase variations are acquired
by varying the geometrical parameter of the element, but
in most cases, only one geometrical parameter is needed
to adjust the reflection phase value. The substrate
thickness, dielectric permittivity, incidence angle, and
array periodicity are also important quantities for
reflection phase performance instead of element shape
and size. Table 2 shows the performance comparison
between the proposed element and other single-layer unit
elements in terms of the reflection phase range and
proves that the proposed element is best for reflectarray
antenna design. The maximum reflection phase range is
a relevant figure of merit to characterize the performance
of the reflectarray element [8]:

A= Qmax = Pmins (2
where, @,q, and @, are the maximum and minimum
reflection phases respectively at the operating frequency
28GHz shown in Fig. 3. The reflection phase curve
shows variation near the resonance patch size, it means
a small variation in the patch size significantly changes
the reflection phases. Therefore, fabrication tolerance is
the second figure of merit for reflectarray unit element
performance. The fabrication tolerance is defined as
the partial derivative of the observing variation in the
reflection phases to the patch size as shown in Fig. 5.
The fabrication tolerance is assumed to be 0.01 mm.
Therefore, continuous phase resolution can used to
design reflectarray:

0 = max |g—j | 3)

Fabrication tolerance depends on the reflection
phase gradient, smother reflection phase curve offers
low fabrication tolerance or highly tolerant with the
fabrication error and vice versa. It is important to note
here that the partial derivative of reflection phases to
dimension A of the element is an important parameter to
define the sensitivity and the effect of all other remaining
quantities is much lower than the effect of A. While the
parameters o and A are calculated at operating frequency
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fo. It is interesting to realize how much the reflection
phase changes when varying the frequency. If the
frequency changes, there are two main effects: the
desired reflection phase of elements changes due to the
variation of the electrical path length and the reflection
phase obtained for a given patch size is also different
[17].

Reflection Phase Range [degree]

1
3 35 4 4.5 5 55

Patch Size [mm]

Fig. 3. The reflection phase response of the compound
unit element.
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Fig. 4. The reflection magnitude curve of the compound
unit element.
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Table 2: Performance comparison between the proposed
element and other published single-layer unit elements
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where ¢ is the electrical conductivity of the material.
Table 3 shows the performance summary of the

References Types of Unit Reflection compound unit element.
Element Phase Range )
Square loop with ol
split ring and o o :_
[18] Cpircularg loop 280°, 260 =
with split ring
Square,
[19] Triangular, 315°, 310°
Minkowski, 315°, 340°
Square loop
[20] Hexagonal 340°
[21] Radiating 3059
element
[22] Tunable unit cell 330.6°
[23] Recon_figurable 3300 Fig. 6. Surface current density on the reflectarray unit
unit cell element at the operating frequency of 28GHz.
Rectangular slot,
[24] Circular slot 279", 278° Table 3: Performance analysis of the compound element
Time modulated . Compound Unit
[25] reflectarray unit 300° Performance Figures Element
cell Frequency Band 26.5-29.5GHz
[26] Double cutted 2900 Operating Frequency 28GHz
ring element Reflection Phase Range 348.589°
[27] Pair of I]ractal 3200 Linear Static Phase Range 145°
patches - Reflection Magnitude 0.932
Compound unit o -
Proposed element 348.589 Fabrication Tolerance 0.2
Surface Current Density 112 A/m

The interaction of the incident electric field with
reflecting element and substrate is demonstrated by
surface current distribution as shown in Fig. 6. This is
another important figure of merit to understand the
electrical behavior of the unit element. The current
density on the surface of the resonating unit element is
generated by the concentration of the incident field.
These fields have reached its maximum values at the
resonance frequency f, and reflectarray also has shown
maximum reflectivity at the resonance frequency and it
offered a higher loss. The surface current distribution of
the reflecting element is 112A/m and the maximum
current is on the center of the dipoles as depicted in Fig.
6. Surface current density is inversely proportional to the
reflection area of the unit element [28]. If reflectarray
aperture has an excess of small size elements it increases
the reflection losses, surface current density and reduces
the overall performance of the reflectarray antenna [29].
The maximum current density and current amount as
specified by Maxwell’s equation [30,31]:

I=¢].ds. (4)

Also, the current density (f) is related to the incident
electric field E represented as follow:

J = oE, )

IV. CONCLUSION

In this paper, we proposed a compound unit element
using a single-layer topology for the reflectarray antenna
design at an operating frequency of 28GHz. The proposed
element is integrated by a variable-size phase shift
technique using an infinite periodic array structure in a
computer model CSTMv15. From the simulation results
analysis, the compound element shows good performance
in terms of maximum reflection phase range with
minimum reduction in the magnitude of the incident
field, fabrication tolerance, and surface current density.
The proposed geometry may become a good reflector of
single-beam or multi-beam reflectarray antenna for 5G
applications.
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Abstract — In this letter, support vector regression
(SVR) is used to predict the electromagnetic (EM)
response of a complex shaped reflectarray (RA) unit
cell. The calculation of the scattering coefficients of
passive RA elements with periodic intervals is firstly
transformed into a regression estimation problem, and
then an analysis model is established by SVR to quickly
predict the EM response of the unit cells. To this end,
the full-wave (FW) simulation software is used to obtain
a set of random samples of the scattering coefficient
matrix of the RA antenna unit cell, which is used for
SVR training. Under the same conditions, the radial basis
function network (RBFN) is also used to predict the EM
response of the elements, and the comparison results
show the effectiveness and accuracy of the proposed
method.

Index Terms — Electromagnetic response, reflectarray
antenna elements, scattering matrix, support vector
regression.

I. INTRODUCTION

Microstrip reflectarray (RA) antennas have replaced
traditional parabolic reflectors and array antennas with
advantages such as simple structure, easy manufacturing
and transportation, and low manufacturing cost [1,2].

An important step in synthesizing such a high-
performance RA antenna is to analyze its electromagnetic
(EM) response. There are many different methods for
the analysis of RA antennas. Considering the periodic
characteristics of such antennas, the most commonly
used method is the full-wave (FW) simulation which
assumes the local periodicity [3,4]. Traditionally, a
wide range of EM simulation software, such as High
Frequency Structure Simulator (HFSS) and CST
Microwave Studio [5], which used to calculate the RA
unit cells' scattering matrix and establish scattering
matrix-versus-descriptors lookup tables (LUTs) [6,7].
As we all know, the main disadvantage of establishing
a database is that it requires a large number of samples
and uses interpolation techniques [8], and the standard
interpolation method cannot be used for EM prediction
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because of the high nonlinearity between the descriptor
(frequency, angle of incidence, geometry, etc.) of the unit
cell and the corresponding EM response [1,7,9]. Since
the number of LUTs items increase exponentially with
the degrees of freedom (DoFs) of the unit cells [6],
involving a large amount of memory and computation
time. In addition, parametric scanning is usually required
to analyze the design of each possible cell, which is also
very time-consuming [9]. Therefore, the FW method is
rarely used in actual antenna synthesis [6].

The rapid development of machine learning
methods has made it widely used in the field of antennas
and electromagnetics. At present, there have been many
successful applications including antenna diagnosis
[10], modeling [11] and parameter reconstruction [12].
Several papers have used machine learning methods to
design and analyze antennas. In [5,13], ANNs were used
to design and analyze RA antenna and to predict
magnitude, but the results were limited and overfitting
problems may be encountered. In [7], Salucci, et al used
the ordinary kriging (OK) based on statistical learning
method to quickly predict the EM response of RA
antenna. Inspired by this, support vector regression
(SVR) has a large number of kernel functions that can be
used compared to other regression methods, has a more
solid mathematical theoretical foundation, and has the
advantages of strong generalization ability and good
robustness. Therefore, this paper intends to use SVR
algorithm to predict the magnitude and phase response
of RA antenna unit cells with complex shapes under
different polarization states (i.e., co-polarization and
cross-polarization), so as to overcome the problems of
calculation time and memory of traditional FW
simulation and the accuracy of ANNSs.

The evaluation of the scattering coefficient of a
typical RA antenna element characterized by arbitrary
DoFs is first recast as a vectorial regression problem.
Then, CST is used to simulate different RA antennas to
obtain a set of data for SVR training and establish a
substitute model. Finally, the results of SVR training are
compared with the FW simulation results and the radial
basis function network (RBFN), to prove the superiority

https://doi.org/10.47037/2020.ACES.J.351210
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of the proposed method.

I1. OVERVIEW OF RA ANALYSIS
Microstrip RA antenna comprises a planar reflective
surface and a feeder that illuminates a passive array of
microstrip patches and produces an induced current,
which in turn properly focuses the reflected beam by

controlling the scattering properties of the RA surface [2].

Feeder
Ir

\ Main beam direction

Reflectarray surface
d ]/

) AN
4 - - =N R -
‘;““o\n“;‘%ﬁ’)ﬂ Cow, B
I
| Dielectric substrate

Fig. 1. Sketch of the RA antenna.

A microstrip RA consists of a planar array of NxN
patches that are periodically arranged on a grounded
single-layer dielectric substrate (Fig. 1). Each nth
(n=1,...,N?) array element is described by I DoFs

L(n) ={L(n);i =1,..., 1}. The field radiated by the RA,
E(9,¢; f), is given by [7,14,15]:

E@.¢; )=, ARG, 0, ) +50,.0, f,LM)]
E¢ (0,0 exp(jkr, 1)} (1)
where f is the working frequency, f“é(sinecos(p,
singsing,cosé) , r, =(a,,S,,0) is the location of
the nth patch element, k, =(2xnc,)/ f is the free-space

wavenumber (C, being the speed of light), and (6,,¢,)

are the elevation angle and the azimuth one of the
direction of incidence from the feed to the nth element,

R(G, 0.5 ) ={R,(6,,0.; T); X, y={0, p}}is the plane wave
reflection matrix, S(6,,¢,; f,L(n))={S, (6, ¢, f,L(");
X, ¥y ={0, ¢}} is the scattering matrix, respectively, while,
E- (0,0, f)

— |rF| EF(gmgon; f)
Ir,—re| E-(0,0; f)

x exp(jk, [r, = re|=[r=lcos g, 0 +sing 0], (2)
is the field pattern radiated by the feed on the nth
element, r. and E. (6,9, f) being the feeder position
and the element factor, respectively. We can see that the
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scattering matrix S(0,,¢,; f,L(n)) is largely dependent
on the shape of the RA cells, exhibits a high degree of
nonlinearity, and has no closed-form expression [15] that
can be directly utilized. In this case, we need to find an
evaluation function S(z), that maps the input space 7 to
a high-dimensional space in which the linear function
S(z) can be used to accurately perform the regression.
To be exact, it is to find an evaluation function such that
S(z) ~ S(z), zeZ , where z is the input vector of
1+3 dimension which is defined by the incidence angles
6 and ¢, the working frequency f and the geometric
parameters of | DoFs. The definition of input space Z is
as follows:

Zé{ee[amin’emax];(pe[@min'(pmax]; f e[fmin' fmax]’
O €[l L9, T} =L 1) )

I1l. RESPONSE PREDICTION OF UNIT
CELL BASED ON SVR

In this work, SVR is applied to find a surrogate
model [16] to accommodate the inputs of the RA antenna
unit cells. In order to find the mapping between the input
z and the EM response output function $(z), the
elevation 0, the azimuth ¢, the working frequency f, and
the | DoFs of the array element are first discretized in
Alb, =6, +@-1)A6; a=1...,A A0=(6, —6.in)!
(A-D)], Blp, =@, +(b-DA@; b=1..,B; Ap=
(P = Poin) | (B=D)], C [f, = f . +(c-1)Af; c=1,...,C;
Af =(f ,— ., )/(C=1)],and D [Lfl” =19 +(d, -DALY,
d =1..,D; i=1.., ALY = (L9 L9 y/(D, -1)] quantized
values, respectively (D indicates the total number of
patch geometric shapes after removing the overlapping
part of the ring patch). In this way, an FW simulation is
performed for each mth (m=1,...,M, M = AxBxCxD)
unit cell. Given an input z,[z,=2[6, &, f.. L]
corresponding output S(z,,) will be obtained, aiming at
establishing the sample set Q={z,,S(z,) ; m=1..,M}
required for SVR training model. Although FW simulation
can be used to calculate function S(z) simply and
accurately, since the number of LUTs increases
exponentially with the increase of DoFs [6], it is
necessary to consider the storage and calculation time
TV of the simulation of unit cells with complex shapes

(T =M<TV THY is the time taken to calculate a

all sin 1 Tsin
single S matrix).

To solve the problem of database storage and
computing time, the machine learning method based
on SVR is proposed in this paper. Getting an accurate
prediction of the output S(z), a certain number of
samples should be randomly selected from the sample
set simulated by FW for SVR learning, which is called
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the training set 7 £{z, S(z,);k=1..,K} . After the
corresponding relationship between input and output is
established by SVR, the EM response of the RA can be
obtained quickly and accurately given any test data that
is not in the training sample.

In the next section, the performance of the RA EM
response estimation problem is also evaluated from the
aspects of calculation error and time saved. The matrix
norm error Z, and the phase mean squared error =, are
given by [7,17]:

R ISSVRED-s@n|
Zr=1 Is@oiz @
where S denotes the exact FW-computed scattering

matrix,||-||being [,-norm, R=M -K(r=1..,R) indicates

-
o
—

[l

1
1=k

the number of samples in the testing set, and,
SVR

5, ==Yk, Z{x,y}:{@,(p}| [SXX(Z;) (5)
where the m normalization accounts for the fact that the
phase is expressed in radians, whereas the coefficient
1/4 refers to the four entries of the scattering matrix.
These metrics can quantitatively evaluate the prediction
accuracy of method (4) and its reliability in estimating
the phase of the scattering matrix (5) [7,17]. Another
noteworthy evaluation factor is the computational
efficiency, that is, the time saved by SVR compared to
the FW simulation, given by:

TSVR +-|—SVR

train test
FW
set

where T2V 2 RxTY is the time for FW-computing the R

set sin

items of testing set, T2 is the time for the SVR training

train

AT 21— : ©)

process, and Ty® (can be ignored) is the time for the

SVR testing process.

Plus, two important evaluation indicators used for
regression analysis, the determination coefficient (R?)
and the root mean square error (RMSE) are defined as
follows:

o 2(sMe- 5(2,)) o
Zr(S(z,)—mean(S(z,)))
RMSE=\/§ZT CRUCABLIES) SN C)

where mean(-) represents the average.

IV. NUMERICAL RESULTS
In this paper, the scattering matrix of a RA element
printed on a single-layer dielectric substrate with lattice
period is studied, in which the thickness of the dielectric
substrate is 1.524mm, the complex relative permittivity

is & =2.2-j1.98x107(d, = (4, /3)x, d, =(4,/3)y [see
Fig. 2], 4, being the wavelength at the central frequency

ACES JOURNAL, Vol. 35, No. 12, December 2020

f,), and the patch shape is multiple concentric square

metal slots [i.e., the “Squared Phoenix” cell] [1,9,18].

The EM response calculation of the RA characterized by

1=4 DoFs is first discretized according to the following

steps — 0., =0[deq], 6,,, =40 [deg], A=5,¢,;, =0 [ded],
. =45[deg], B=4, f_ =0.9f, f =1.1f, C=3,

min max

‘1,n 0.104, L% =0.304,, =009/, L2 =025/,
L® =0.044, LY =024, (“in =0.034, L) =0.154,, D, =5
(i=1..,1). Excluding the overlapping parts of the
concentric metal slots, the total number of geometric
shapes is D = 120. The training samples required for the
SVR are obtained by CST simulation modeling. Through
CST simulation modeling, the total number of items in
the sample set Q is M=7200.

|
dx !

Fig. 2. Geometry of 1=4 “Square Phoenix” unit cell.

The 7200 data generated by the FW simulation were
divided into two subsets: a training set consisting of
6000 samples and a testing set which consists of 1200
samples. The inputs of SVR are the elevation 6,, the

azimuth ¢, , the frequency f_, and | DoFs of geometric
shapes, and the outputs are the magnitude, the phase, the
real part and the imaginary part of the co-polarization
Sy (2z) and cross-polarization S, (z), respectively. The
LIBSVM library [19] with the Gaussian kernel is used to
get the SVR model. Two important parameters involved
in SVR strategy—the penalty factor C and y (y is the
parameter that comes with the kernel function), can be
obtained by cross-validation and mesh parameter
optimization [20], as shown in Table 1.

Table 1: The penalt factor C and 1 / y of SVR obtained
by cross-validation

Co-polarization | Cross-polarization

C 1/y C 1/y

Magnitude 18 0.707 816 1.212
Phase 724 0.128 924 2.507
Real part 141 0.500 544 0.771
Imaginary part 364 0.911 512 0.354




Under the same conditions, the RBF method with
simple network topology and fast learning speed is used
as a comparison to illustrate the effectiveness of the
proposed method. This paper calls the NEWRB toolbox
function built in MATLAB to predict the EM response
of RA antenna unit cell. Given that RBF and SVR are
modeled under the same conditions, the maximum
number of neural units in the RBF hidden layer is the
total number of training data sets.

For verifying the validity of the proposed method,
a sample that is not belong to 7~ is randomly selected
for numerical verification. Figures 3 (a) and 3 (b)
show the plots of the magnitude and phase of S, (z)
versus the elevation 6 when f = f;, and ¢=45 [deg],
LY =0.194,, L' =0.164,, L =0.074,, L“> =0.054,. We can
observe from the plot, compared with the RBF prediction
method, as the elevation angle changes, the SVR is

closer to the true value in predicting the scattering
magnitude and phase.

140
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Fig. 3. Behavior of (a), (c), and (e) magnitude and (b),
(d), and (f) phase of S,,(z) versus changes in (a) and (b)

elevation angle &, (c) and (d) element size [i.e., L],
and (e) and (f) frequency.

The same consideration is given to the magnitude
and phase of the EM response vary with the cell size
[Figs. 3 (c), (d)] and frequency [Figs. 3 (e), (f)] of the
element (where @ is 0 [deg]), we can see from the plots
that the prediction results of SVR are also more accurate
than that of RBF. As we expected, in these comparisons,
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using SVR to predict the EM response of a RA antenna
element with a complex shape is significantly better than
the predicted value of RBF in terms of prediction
accuracy.
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(c), (e), and (g) SVR and (b), (d), (f), and (h) RBF
prediction method.

Owing to the scattering coefficient is a complex
number, the magnitude and phase of the scattering
coefficient can be directly obtained from the real part and
the imaginary part. Therefore, with purpose of further
evaluating the enthusiasm of the SVR, it is also
necessary to establish a training model of the real part
and the imaginary part of the scattering coefficient by
using SVR. Figure 4 shows the scatter plots of the
magnitude [Figs. 4 (a), (b)], the phase [Figs. 4 (c), (d)],
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the real part [Figs. 4 (e), (f)], and the imaginary part
[Figs. 4 (9), (h)] of S, (z,),m=1,.., M, with the line
Y = X representing the ideal bisector. The more
concentrated the scatter is on the ideal bisector, the higher
the accuracy predicted. From the scatter distribution in
Fig. 4 and the determination coefficient R?> and RMSE
calculated by formulas (7) and (8), we can see that the
SVR can accurately predict the EM response of RA
antenna element with complex shapes, which are closer
to the ideal bisector than the RBF ones [Figs. 4 (b), (d),
(f), and (h)]. In addition, =** =0.0788 and =5 =0.0223

versus =% =0.0862 and =3"=0.0477, calculated by
formulas (4) and (5) can be more explained. It is worth
mentioning that SVR greatly improves the calculation
efficiency of the EM response of the RA, AT®'® =0.15
(TS ~1.20x10%[s] ) can be obtained from formula (6),

that is to say, 15% time is saved compared with FW
simulation. Similarly, time savings using the RBF method
can also be obtained, AT"® =0.70, 70% time is saved
(The training time of RBF is T"2" ~ 4.32x10"[s]). From

train
the perspective of quantitative indicators, in terms of time
savings, there is no doubt that the SVR is more time-
saving than the FW simulation in predicting EM response
of the RA, but it is slightly inferior to the RBF, because
the SVR needs to use mesh parameter optimization and
cross-validation to find the optimal values of C and y,

while RBF is not needed.
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Fig. 5. Behavior of (a), (c), and (e) magnitude and (b),
(d), and (f) phase of S, (z) versus changes in (a) and (b)
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and (e) and (f) frequency.
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Cross-polarization component S, (z,),m=1..,M is

also very important for the performance analysis of RA
antenna. We can clearly see from the Figs. (5) and (6)
that the RBF results deviate significantly from the ideal
curve for both the curve that varies with a single input
variable (Fig. 5) or the scatter cloud (Fig. 6), and the
proposed method is significantly better than the
predicted value of RBF. Similarly, the corresponding
prediction errors of S, (z,),m=1..,M can be obtained

from formulas (4) and (5), namely = =0.1021 and

=57=0.1764 versus =™ =01288 and =;> =0.1953.

Although the cross-polarization scattering characteristics
of the “Square Phoenix” unit cells are weaker than the
co-polarization scattering characteristics [18], from
these quantitative indicators and Fig. 5 and Fig. 6, it
is sufficient to prove the applicability of the proposed
method to the EM response prediction of complex RA
antenna elements.

V. CONCLUSION

In this letter, an effective and accurate prediction
methodology, a machine learning method based on SVR
is proposed to predict the EM response of complex RA
antenna elements. The original arbitrary number of DoFs
passive EM scattering problems is transformed into a
regression estimation problem, and scattering model is
established by using SVR through appropriate offline
training, which overcomes the problems of traditional
FW simulation and database. The calculation of the
magnitude and phase of the scattering coefficient shows
that the SVR and the FW simulation results are in good
agreement (see Fig. 3), even for the cross-coefficient (see



Fig. 5), although they are highly nonlinear, which is very
difficult to model. Through the quantitative calculation
of equations (4) and (5), it is strongly demonstrated that
compared with the ANNs algorithm based on RBFN, the
EM response of complex RA antennas can be predicted
more accurately by SVR. Although the time saved by
SVR is second to RBFN, it is also more efficient than the
FW simulation algorithm. With flexible tradeoff accuracy
and computational efficiency, SVR can provide reliable,
accurate and fast estimation of EM response, and providing
an effective way to solve EM scattering problems.
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Abstract — This article proposes a new aesthetic pattern-
three petal flower patch antenna that operates at Ultra
Wide Band (UWB) for Wireless Body Area Network
(WBAN) applications. The flower structure consists of
three petals and a center circle patch with the partial
ground plane at the bottom. A double-sided copper-
coated conductive fabric, which is 0.08 mm thick,
having a surface resistivity of 0.05 Q/square, serves as
the antenna patch and ground material. This conductive
patch is placed in a denim jeans material with 1mm thick
that forms the substrate. The utilization of a two-layer
substrate and partial ground method enhances the
impedance bandwidth of the antenna. The size of the
antenna is 60 mm x 60 mm x 2.16 mm. The reflection
coefficient, gain, efficiency, radiation pattern, and effects
of bending were the various parameters analyzed for the
flower antenna. The antenna radiates from 3 to 12 GHz,
which covers the entire UWB frequency range from
3.1 to 10.6 GHz assigned by Federal Communications
Commission (FCC). The measurement results validate
the performance of a flower patch antenna.

Index Terms — Aesthetic pattern, laser-cut fabrication,
partial ground, thick substrate, UWB, WBAN.

I. INTRODUCTION

The Market revenue of wearable devices is expected
to leap at quadruple pace and reach $150 bn by the year
2026. Smart clothing segment, within wearable devices,
have dynamic development, with fitness and fashion
collaborating to create unique applications and trends
within this segment [1, 2]. Ease in the availability of
data, 10T, and acceptance at large wearable devices
further boost this segment's growth. Wearable devices
need to be of an adept design and created with ease; they
need to be in-vogue, be captivating and irresistible and
need to deliver the intent. Flexibility and breaking the
norm on geometric patterns of the underlying technology
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of wearable devices is the way to enable them to be
designed and created to be appealing to the masses
across age groups and geography. This paper intends
to prove that the fabrication of the antenna can be
customized and designed to adapt to work in the
UWB frequency range. It is most adapted for the fast-
developing WBAN applications while retaining technical
capabilities and reliability [3, 4].

Several kinds of research have been undertaken
on enhancing the bandwidth of antenna for wearable
applications. Some of the essential and noteworthy
investigations have been cited below for reference: in
[5], to cover the ultra-wideband, a Y shaped monopole
antenna with the etched inverted bell-shaped slot in the
partial ground was proposed. In [6], devoted a wearable
antenna operates from 3.2-16.3 GHz. They introduced a
Co- Planner Waveguide (CPW) structure with slots on
the ground plane to increase bandwidth. In [7, 8], to
improve the bandwidth, multiple resonators and slots
were used. In [9], a multi-stacked patch is used with CPW
feed to increase the bandwidth. In [10], combinations of
parasitic patches are used for broadening the frequency
range. In [11], the broadband was realized by combining
the zeroth-order resonator (ZOR) structure with a micro
strip patch. In [12], making edge truncation in the
radiator and partial ground plane wideband is achieved.
A rectangular slot antenna with reduced ground size and
offset feeding is proposed to enhance the bandwidth
[13]. A fractal antenna with a partially modified elliptical
ground was designed to cover frequency from 1.4 to 20
GHz [14]. In [15], dual-band is achieved by the reactive
loading in the form of a shorting pin and two arc-shaped
slots introduced in the patch. In [16], to cover the UWB
range, a lengthy slot, and the partial ground was used.
In [17], the flower-shaped patch antenna designed with
CPW feeding to achieve wideband impedance matching.
Several kinds of patch and slot antennas were reported
for UWB application in recent years [18-20].
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Based on these various cited studies and its results,
the new aesthetic pattern-three petal flower patch
antenna with the partial ground in a thick substrate with
low dielectric constant material that operates at UWB
has been introduced. It can be used in real-time wearable
WBAN applications such as health monitoring, physical
training, and navigation. This antenna has been designed
using wearable technology to be applied to cloth, which
will easily reach the masses. This article consists of four
sections. Section Il elaborates on the antenna geometry
and fabrication method. In Section Ill, discussed the
antenna result and its performance. Section IV presents
the conclusion.

I1. ANTENNA DESIGN

A. Antenna geometry

Figures 1 (a) and (b) depict the three petals flower
textile antenna geometry and side view and simulated
using CST Microwave Studio to utilize the finite
integration technique. Using a three-point spline curve
method, the flower shape antenna is formed, which is
available in the CST-microwave studio 16 software.

Substrate 1

Substrate 2

Fig. 1. (a) Antenna geometry and (b) side view of the
proposed antenna.

The top layer of the antenna acts as a patch, consisting
of three petals, a circle at the center, and a feed line. Table
1 gives the dimension of the flower patch. The X and
Y-axis represent the orientation of every petal. The radius
of the center circle is 5 mm, and the length and width of
the feed line are 25 mm, 3.4 mm, respectively. The patch
is made up of double-sided copper conductive fabric.
The surface resistivity of the conductive fabric is 0.05
Q/square. Its base material is polyester and coated with
copper and nickel, while the thickness is 0.08 mm.
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Table 1: The dimension of petals

Xmin | Xmax | Ymin [ Ymax
Dimensions in mm

Petall | -10.84 10.84 34 52.89

Petal2 | -22.89 -4 19.15 40.84

Petal3 4 22.89 19.15 40.84

Table 2: Component of conductive fabric

Component Composition (%6)
Polyester 703
Copper 16+ 5
Nickel 14+2

Table 2 depicts the material basis and content of the
conductive fabric. As the microstrip antenna has inherent
narrow band characteristics, two methods have been
explored to increase the bandwidth. In the first method,
there is an increase in the substrate thickness with lower
dielectric constant material. Thick substrates with a
smaller range of dielectric constant are the most desired as
they provide higher bandwidth and efficiency [21]. In
general, the dielectric constant of textiles material has low
value and reduces the surface wave losses. Here a denim
jean material is used as a substrate with dielectric constant
of 1.7, loss tangent of 0.025 with a thickness of 1mm [22].
The thickness of the denim jeans material is measured
using a vernier caliper. To increase the thickness, two
layers are sandwiched and serve as a thick intermediate
substrate. The dimension of the substrate is 60 x 60 mm.
In the second method, there is a reduction in ground size
in half of the substrate size for bandwidth improvement.
The bottom layer serves as a ground. The dimension of
the ground is 60 x 30 mm in length and width. It is made
up of copper coated fabric, which is the same as patch
material.

B. Fabrication method

The antenna has been fabricated using flexible copper
fabric material and shaped using a laser cutting machine
[23]. Laser cutting is suitable for metal, plastic, paper,
and fabric. The conductive fabric is cut to appropriate
dimensions at the bottom and top layer to make the
antenna resonate at the corresponding band using the laser
machine SENFNNG —SF1610. A laser cutting machine
works by focusing a beam of laser light on a piece of
material. The laser light is highly powered when it is
focused, and it raises the temperature of the material to be
cut high enough to melt it in the small area where the beam
is focused. The laser's head is moved using some form of
the gantry to position the beam to cut shapes over the
material. The laser cutting process uses a contactless
beam to generate heat, causing the fabric to melt and
vaporize the workspace. The weakening and removal of
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the affected area of the material form the desired cut
without causing any damages. The advantages of laser
cutting are extreme accuracy, clean cuts, and sealed fabric
edges to prevent fraying. The precisely cut flower pattern
fabric and ground fabric are attached to a denim substrate
using fabric glue. This antenna will be produced to custom
specification and shipped to the cloth manufacturing unit,
where it can be attached to the cloth by simple sewing
method.

Front and back view of the fabricated antenna shown
in Figs. 2 (a) and (b). A microstrip feed line is used to
excite the flower patch using a 50 Q SMA connector. In
real-time scenarios, the existing microstrip line in the
cloth and a flexible co-axial cable connects to the radio
equipment, which acts as the transceiver [24]. Simple
snaps used across the clothing industry can be used as the
connector between the microstrip line and co-axial cable
[25]. This will ease the work of the end-user creating a
simple fastener to make or break the connection as
required. The advantages of the snaps are cheap, easy to
fix, and withstand wear and tear due to washing.

= =5 W

(b)

Fig. 2. The fabricated antenna: (a) front view and (b)
back view

I11. RESULT AND DISCUSSIONS

The antenna was exposed to free space and near
the human body environment to study the following
parameters such as reflection coefficient, radiation
pattern, gain, efficiency, and bending performance. The
Gustav VVoxel model available in the CST software was
used for the simulation of an on-body environment [22].
Fig. 3 depicts the picture of on body model where the
antenna is placed on the chest.

Fig. 3. Antenna placed on the chest of Gustav Voxel
model.
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A. Reflection coefficient

The measurement of reflection coefficient (S11)
obtained using a vector network analyzer (VNA) in the
frequency range of 0 to 22 GHz. A connection of VNA
to a PC with interfacing software calibrates the S11 in
short-open load through (SOLT) standards. Figure 4
shows the reflection coefficient characteristics of the
antenna measured on free space and the on-body
simulated environment when plotted against free space
simulation. In the simulation, the antenna produces the
impedance bandwidth of 9 GHz from 3 to 12 GHz
frequency range, which covers the entire UWB band. On
the other hand, the measured and on-body simulated
result shows the same bandwidth with a slight variation
in the level of reflection coefficient. The difference
between simulation and measurements were observed
in the found result. The difference in the reflection
coefficient in the free space environment may be due to
errors during the fabrication as the prototype is flexible,
losses in SMA connector used, and due to the cable
losses and connection repeatability with the feeding
cable. Similarly, in the on-body simulation, the loss
could be due to an on-body structure. The simulation and
the measured result show that the antenna fulfills the
bandwidth requirement of the UWB band.

Reflection Coefficient [dB]

¢ | —e— free space meas
= e e free space sim.
=l 0On body sim.

3 4 5 6 7 8 9 10 " 12
Frequency [GHz]

Fig. 4. Reflection coefficient comparison for simulation
and measurement values.

B. Gain and efficiency

The gain and efficiency response of the proposed
antenna is shown in Fig. 5. From the graph, we observe
that the gain varies in the range of -1.29 dB (3 GHz) to
2.35 dB (12 GHz) whereas the measured gain lies in the
range of -2.22 dB (3 GHz) to 1.35 dB (12 GHz) over the
operating frequency band. In real measurement, antenna
gain is calculated using the anechoic chamber. It uses
the pyramidal horn as the transmitting antenna, which
produces 15 dB gain in the frequency range of 600 MHz
to 18 GHz. The proposed antenna acts as a receiver
antenna kept with a distance of 5.7 m from the transmitter
antenna. Similarly, in the on-body simulation the gain



value varies from -1.79 dB (3 GHz) to 1.8 dB (12 GHz).
The gain of the flower antenna measured from the
chamber and on-body simulations are in good agreement
with free space simulated gain over the entire operating
band. Besides, it is observed that the simulated radiation
efficiency in free space lies in the range of 0.69 to 0.76
and 0.65 to 0.71 in on-body simulation over the entire
operating frequency range.

0.9

>

088

X - o '§.~.~. . é
. - w

. T
sawo?. Il '°~'°---~.
/7 07
o ——p— free space sim gain

ol ~——@—— free space meas. gain
etfp— On body sim. gain
————— free space sim. eff.
On body sim. eff

T T T - 0.6
3 4 5 6 7 8 9 10 1 12
Frequency [GHz]

Fig. 5. The gain and efficiency response of the proposed
antenna.

C. Radiation pattern

Figure 6 shows the radiation pattern measurement
setup in E-plane and H-plane directions using the
fully shielded anechoic chamber. The chamber's working
frequency ranges from 700 MHz to 18 GHz with a
dimension of 5.7 m x 3.5 m x 3 m. The study of the
radiation pattern of the proposed antenna in the H plane
and E plane directions at 4, 7, and 10 GHz is shown in
Figs. 7 (a), (b) and (c). The value of phi is 0° for all theta
values to arrive at the radiation pattern in the E plane.
Similarly, to attain the H plane's radiation pattern,
phi has been set as 90° for all theta's values. In all the
specified frequencies, the H-plane pattern shows that
the radiation pattern is bidirectional. In E-plane, the
radiation is omnidirectional. It is observed that in both
planes, there is a proper matching between free space.
On-body simulation, and measured patterns in the
predetermined frequencies.

(b)

Fig. 6. Radiation pattern setup in chamber: (a) H-plane
direction and (b) E-plane direction.
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‘--- free space sim. . ] free space meas. . onbody sim. ‘

Fig. 7. Simulated and measured radiated pattern in H-
plane direction (left) and E-plane direction (right) for: (a)
4 GHz, (b) 7 GHz, and (c) 10 GHz.

D. Bending performance

WBAN applications should have the inherent
capacity to retain their technical features even when they
are bent, as they expect to align with the body movement
of the person who would be wearing them.

20° 40°

60°

o% [ ore o

Fig. 8. Antenna bending at E-plane direction (top row),
H-plane direction (bottom row) in various angle.
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Fig. 9. Bending performance at E-plane direction: (a) free space simulation and (b) on-body simulation.
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Fig. 10. Bending performance at H-plane direction: (a) free space simulation and (b) on-body simulation.

There were three bending angles considered for the
study in E and H-plane direction. Figure 8 shows antenna
bending in E-plane and H-plane direction at 20°, 40°,
and 60° angles. In Figs. 9 and 10 the simulated reflection
coefficient characteristics of the antenna is studied at
various angles on both free space and on body simulation
environment. The reflection coefficient of flower antenna
with different angles was compared with 0° angle (flat
antenna) in E-plane and H-plane directions. In both
bending directions for 20°, 40°, and 60°, the antenna
provides the required bandwidth from 3 to 12 GHz in
free space and on-body environment. From the results,
we can say that the proposed antenna is working as
expected in all bending conditions, and the reflection
coefficient was found identical for all angles compared
to the flat antenna. Only a small fluctuation was found at
a higher bending angle of 60° in both directions due to
the impedance transition direction.

E. Surface current
Figure 11 depicts the surface currents of the

proposed flower antenna. The surface current shows
the actual electric current that is induced by an applied
electromagnetic field. From the figure, we see that the
current distribution is equal in all the three petals, the
maximum surface current is 31.3 A/m. From the direction
of current distribution, we observe that the antenna is
vertically polarized.

313
28.4
25.6
22,7
19.9

17
14.2
11.4
8.52
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Fig. 11. The surface current of proposed antenna.



1V. CONCLUSION

The Aesthetic pattern patch antenna has been
designed to operate at UWB frequency, which supports
WBAN application. This antenna has been fabricated
with commonly available daily wear jean material as a
substrate using a simple fabrication technique, which
makes it very cost-effective and robust. The patch and
ground are also made using copper fabric. Both materials
are very flexible and more comfortable for regular
wearable purposes. The attractive flower shape patch
inspires the people to wear. The proposed antenna
provides sufficient reflection coefficient, gain, and
efficiency in the operating band.

Furthermore, it produced excellent radiation
characteristics in simulation and measurements. The
radiation pattern of the proposed antenna in the H-plane
is bidirectional, and in E-plane, it provides an omni-
directional pattern. Also, the antenna works well in E
and H-plane bending direction. These features make
the antenna aptly suited for real-time wearable WBAN
applications such as health monitoring, physical training,
and navigation. The application of this antenna can range
from simple day to day applications to sophisticated
medical devices and military applications with the
explosion of loT.
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Abstract — This paper presents a front-end structure
of a reconfigurable patch antenna for cognitive radio
systems. The antenna structure consists of an Ultra-
wideband (UWB) sensing antenna and an array of
frequency reconfigurable antennas incorporated on the
same substrate. The UWB and reconfigurable antennas
are fed by co-planar waveguides (CPW). The
reconfigurability is achieved by rotating the series of
patch antennas through a certain angle and the rotation
is controlled by mechanical means using an Arduino
microcontroller. The rotational reconfigurability has been
preferred over MEMS switches, PIN diodes, and other
lumped elements because the latter requires the need for
bias lines. The entire structure is designed using High
Frequency Structure Simulator (HFSS) software and the
prototype is fabricated over FR-4 substrate having a
thickness of 1.6mm and measurements are carried out.
This antenna achieves a wideband frequency from 2 GHz
to 12 GHz and distinct narrow band of frequencies
by reconfigurability using single antenna consisting of
different shapes spaced accurately to ensure isolation
between adjacent frequency bands and each antenna
element working for a bandwidth of 2 GHz for frequency
from 2 GHz to 12 GHz upon a single substrate and the
reconfigurable elements are controlled using a low
cost Arduino microcontroller connected directly to the
antenna which ensures accurate controlling of the
rotation and fast switching between the antenna
elements. The measured results agree with the simulated
results and have less than 10 dB impedance bandwidth.
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Index Terms — CPW feed, mechanical control,
reconfigurable antenna, sensing applications, tracking
applications, UWB antenna.

I. INTRODUCTION

Cognitive radio (CR) is touted as the future of RF
communication systems. It can be the perfect solution
for spectrum scarcity and spectral traffic. According to
the Federal Communications Commission (FCC), “a
cognitive radio is a radio that can change its transmitter
parameters based on interaction with the environment in
which it operates.” In order to change the transmission
parameters, an antenna should have the ability to sense
its vicinity. Hence a more generalized architecture for
the CR system involves the use of a UWB sensing
antenna and frequency reconfigurable antenna arrays.
The UWB sensing antenna continuously monitors the
spectrum to identify the spectrum with the least traffic
(white spaces) and adjusts its transmission parameters to
communicate in that spectrum. This dependency on the
reconfigurable antennas has made it one of the hot topics
for research. A large amount of work has been carried
out in designing antenna structure for cognitive radio
systems. The proposed design is inspired by [1] in which
a CR system is implemented by incorporating both
UWB sensing and reconfigurable antennas on the same
substrate. The reconfigurability is achieved through the
rotation. The proposed design varies extensively in terms
of the design, material used and the technique of
controlling the rotational movement. The antenna is

https://doi.org/10.47037/2020.ACES.J.351212
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designed over an FR-4 substrate with a CPW feeding
structure. This was preferred over a microstrip feed line
as presented in [1] to enhance the bandwidth response
considering a low-cost substrate material. Detailing of
different types of reconfigurable antennas and different
methods to achieve reconfiguration has been explained
in [2]. Achieving frequency reconfigurability by providing
DC bias through a RLC coupled DC line circuit is exploited
in [3]. A polarization and frequency reconfigurable patch
antenna in which the reconfigurability is achieved through
mechanical rotation of the radiating element is explained
in [4] and a frequency reconfigurable antenna achieved
through rotation with 4 different shapes in [5].The
challenges involved in designing a CR system and the
general architecture of a CR system has been described
in [6]. An Insight on the design approaches for a CR
system is also presented. In [7], a combination of
wideband and narrowband antennas designed over the
same substrate is presented. The wideband antenna is a
CPW fed printed hour-glass shaped monopole which
operates from 3 to 11GHz. The narrowband antenna is
a microstrip patch printed on the reverse side of the
substrate and connected to the wideband antenna via a
shorting pin and designed to operate from 5.15 to 5.35
GHz. Reconfigurability in frequency can be obtained
either by making uses of switches (MEMS, LASER
diodes) or by rotational motion. Many works have been
carried out in both of these categories. In [8] the authors
have used MEMS switches to switch on parts of the
antenna structure enabling it to tune to frequencies
between 5 and 7 GHz. [9] takes another approach by
rotating the reconfigurable antennas by 180° enabling it
to work in 4 GHz and 6.65 GHz. Saravanan and Rangachar
[10-11], demonstrated reconfigurable antenna using pin
diodes operating at S-band. Lin and Wong [12] presented
a polarization reconfigurable antenna by reconfiguring
feeding network through sequential excitation by means
of pin diodes in the feed network. A most common
method of achieving polarization reconfiguration is by
etching a slot on radiating element and reconfiguring it
by means of pin diodes [13]. Polarization diversity by
bridging the slot gap with diode switches is achieved in
[14].

I1. ANTENNA STRUCTURE

The antenna is designed over an FR-4 substrate of
dimension 100 x 60 x 1.6 mm? with a dielectric constant
of 4.4. The antenna structure is shown in Fig. 1. It can be
divided into two separate modules. The first being a
UWB sensing antenna present at the left of the substrate
and the next is an array of patch antennas placed inside a
circle of radius 24 mm.

A. Wideband sensing antenna structure
The sensing antenna is a UWB sensing antenna fed
by a CPW feed line. The UWB antenna takes the shape

ACES JOURNAL, Vol. 35, No. 12, December 2020

of a planar INVERTED C Antenna (PICA) as shown in
Fig. 2. It uses a CPW feed having width of 4 mm and
a gap of 0.3 mm between the microstrip line and the
ground plane. This feed line ensures impedance matching
at the ports (50Q2). The UWB sensing antenna has a
bandwidth of about 10 GHz enabling it to scan an entire
spectrum from 2—12 GHz.

Fig. 1. Antenna structure.
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Fig. 2. UWB antenna structure (dimensions in mm).

B. Reconfigurable antenna structure

The reconfigurable antenna structure is designed to
the right of the sensing antenna as shown in Fig. 1. It is
sufficiently isolated from the sensing antenna by placing
the input ports diagonally opposite to each other thereby
minimizing the coupling between the two ports. The
reconfigurable antenna was designed with proper tuning
and spacing between each antenna element to ensure
complete isolation and reduced coupling to avoid
adjacent band interference. The arrays of patch antennas
are placed inside a circle of radius 24 mm. The various
patch antennas when rotated by a certain angle gets
excited by the feeding system. Each patch resonates at
certain frequency spanning across the entire spectrum as
defined by the sensing antenna. A thick conductive lead
is soldered to the feed line. The Arduino is programmed
in such a way that the particular structure comes in
contact with the feed for the respective angle of rotation.
Initially the conductive element represented as shape 1 is
at 0° which then rotated to an angle of 37° so that the
shape 2 conductive patch comes in contact with the



feed. Further by moving shape 2 by 37° using arduino
microcontroller the shape 3 conductive element comes in
contact with the feed point and start radiating. The Shape
4 conductive patch comes in contact with the feeding
system by further rotation of shape 3 by 99° and the
shape 5 comes into contact with feed after moving shape
4 at an angle of 60°. The initial position of shape 1 can
be regained by further moving shape 5 at an angle of
127°. The various reconfigurable shapes with its angular
positions are shown in Fig. 3.

(

12790 \ . 7 37°
== ==

SHAPE 1

=iE= A—

SHAPE 2
SHAPE 5
f 37°
60 © - - A
= (== =l =

SHAPE 4 SHAPE 3

Fig. 3. Reconfigurable positions.

I1l. RESULTS AND DISCUSSION
The design is modelled and simulated in HFSS. The
simulation results and its implication are discussed in
this section.

A. Wideband sensing antenna

The UWB sensing antenna is designed as shown
in Fig. 2. The performance of the UWB antenna is
unaltered for any given position of the reconfigurable
antenna. This is due to the fact that the antennas are
sufficiently isolated by feeding them diagonally opposite
to each other. The Si1 curve of the wideband sensing
antenna is measured using N3916A VNA and the
measurement setup is shown below in Fig. 4. It is
observed from the return loss plot shown in Fig. 5 that
the UWB antenna operates from 2—12 GHz with a
bandwidth of about 10 GHz.

Fig. 4. Measurement setup of UWB antenna.
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Fig. 5. Return loss - UWB sensing antenna.

The simulated radiation pattern of the UWB antenna
for 6 GHz, 8 GHz, and 10 GHz in E-Plane are shown in
Fig. 6. The radiation pattern is near omnidirectional over
the entire spectrum.

Fig. 6. Simulated UWB antenna radiation pattern at
f=6 GHz (dotted line), f =8GHz (solid line), f = 10 GHz
(dashed line).

The results in Fig. 7 show the measured 3D radiation
pattern of the sensing antenna. Figure 7 (a) shows the
measured radiation pattern at 6 GHz. Figure 7 (b) shows
the radiation pattern measured at 8 GHz and Fig. 7 (¢)
shows the measured radiation pattern at 10 GHz.

B. Reconfigurable antenna

The simulated and measured return loss with respect
to the frequency of the reconfigurable antennas is shown
in Fig. 8 (a) and Fig. 8 (b). It is observed from Fig. 8 that,
each shape of the reconfigurable antenna corresponds to
specific parts of the spectrum adding up to span across
the entire UWB. The simulated and measured return loss
characteristics shown in Figs. 8 (a) and 8 (b) shows a
10dB impedance bandwidth for all the frequency bands.

Figure 3 shows the various reconfigurable positions.
Reconfigurability through rotation was preferred mainly
because it doesn’t need any external bias or optical
pumping as in MEMS switches and laser diodes
which are used conventionally. In the simulation, the
reconfigurable antenna structure is rotated for the
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specified angle as mentioned in Fig. 3. The simulated

and measured radiation pattern for the reconfigurable 14
antennas is shown in Fig. 9 and Fig. 10 respectively. Table 5 1
1 gives the details, entailing each shape along with the T
gain of the reconfigurable antennas. Fig. 11 gives gainof &
the sensing antenna along the entire bandwidth. é 15
220 -
o
25 -
o7 0 Freq (GH
=~ req (GHz)
i
;ﬁ = . =shapel shape2 shape3
P;‘! . Em e (1017 CRRRETERS shape5
(b) Measured return loss (dB)
Fig. 8. Return loss (dB) at different antenna shapes.
150
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(c) 10 GHz Fig. 9. Simulated 2D radiation pattern of reconfigurable
antennas.
Fig. 7. 3D measured radiation pattern (UWB sensing 0
antenna). 360 8 15
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Fig. 10. Measured 2D radiation pattern of reconfigurable
(a) Simulated return loss (dB) antennas.
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Table 1: Performance comparison at different shapes

Freq . Simulated | Measured
Shapes | Range Bargﬂv idth Gain Gain
GHz | CHD | (gB) (dB)
Shape 1| 2-4 2 5.2 431
Shape 2| 4-6 2 6 5.53
Shape 3| 8-10 2 7 5.83
Shape 4| 10-12 2 5.1 5.23
Shape5| 6-8 2 6.8 5.93
8
7
o 2 A /-\Q
) g N
g 4 4‘\1 \/ \
s ¢
2
1
0

0 2 4 6 8 10 12 14
Freq (GHz)

Shape 1(Sim)
Shape 3(Sim)

Shape 2(Sim)
Shape 4(Sim)

Shape 5(Sim) ====- Shape 1(Mea)
----- Shape 2(Mea) = === Shape 3(Mea)
————— Shape 4(Mea) = ===+ Shape 5(Mea)

Fig. 11. Gain of the sensing antenna.

The simulated and measured efficiency with respect
to the operating band is given in Fig. 12. It is observed
that the antenna achieves nearly flat efficiency
characteristics over the operating band with a maximum
efficiency of 78%.

o

= — —Efficiency (Measured)

o

--------- Efficiency (Simulated)

Efficiency (%)
PN W b o
o O O o

o

0 2 4 6 8 10 12
Freq (GHz)

Fig. 12. Efficiency plot.

C. Radiation pattern of the reconfigurable antenna
The radiation pattern measurement is taken in the

Anechoic Chamber at the Antenna Research Center

(ARC), UiTM, Shah Alam, Malaysia, and the setup is

shown in Fig. 13. The prototype is fabricated by rotating
the shapes in the simulation. Each prototype has a U
shaped wideband sensing antenna along with one
reconfigurable antenna connected to the coplanar feed.

All the five reconfigurable shaped prototypes have
been tested in the anechoic chamber and one such setup
is presented below as an example. It can be noted that the
shapes tries to radiate with minimal loss in gain. This is
of vital importance to the considered design and its
application in cognitive radios.

Fig. 13. Radiation pattern measurement setup at ARC,
UiTM, Shah Alam, Malaysia.

D. Coupling between the two antenna modules

Since the sensing and the reconfigurable antennas
are placed on the same substrate it is essential to avoid
interference and minimize the coupling between them.
The mutual coupling between the two ports would affect
the transmission parameters and hence care has to be
taken to keep the coupling at its minimum. As shown in
Fig. 14, shows coupling isolation of 15dB was achieved
with a peak coupling isolation of 40dB. The min/max
coupling between the various shapes of the reconfigurable
antenna and the sensing antenna is given in Table 2. The
proposed antenna design is compared with other existing
antenna designs and the performance comparison is
tabulated in Table 3. The proposed antenna structure
has a sensing antenna and tracking antenna on a single
substrate having Omni-directional pattern for sensing
antenna and directional pattern for reconfigurable
antennas. The reconfigurable antennas are carefully
spaced to avoid interference between one another and
hence capable of tracking the white spaces.

E. Reconfigurability through rotation controlled using
Arduino Microcontroller

In order to practically realize and to achieve the
reconfigurability through the rotation, the prototype
antenna is controlled directly using Arduino
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Microcontroller which can be easily programmable as
per the requirements. The reconfigurable antenna section
is connected with the Servo Motor sg90 along with the
Servo Motor Shield L293D and it is powered with 5v
supply. The servo motor can be rotated to 180° clockwise
as well as 180° anticlockwise. The trigger pin is used to
control the rotation of servo motor ON/OFF state based
on the given input angle. The antenna is mounted in an
acrylic platform and the rotating part is mounted in the
blades of the servo motor. The experimental setup of
rotational reconfigurability is shown in Fig. 15. Initially,
the position of the servo motor is in zero degree position.
As per the design calculations of the antenna, angular
position for the each antenna is known. The
Microcontroller has been programmed to rotate in steps
based on the angle of separation between the shapes. The
antenna position is initially considered as origin angle
that is zero degree. The servo motor is fed with the input
angle of 37¢ for the following antenna in the clockwise
direction. The servo motor stops the rotation when the
feed and the antenna is in contact based on the input
angle. After the second antenna it will rotate another 37°
to cover the third antenna. After that it will rotate 99° to
reach the fourth antenna in the clockwise direction. After
that it will come to the initial position and rotate 127°
in the anti-clockwise direction to reach the 5" antenna.
The servo motor after moving for a certain angle
corresponding to a particular reconfigurable antenna
stops at a position where the feed and the antenna are in
contact. The metal contact has been established between
the feed and the reconfigurable shape. The duration of
pause between the consecutive antennas is configurable
as per the requirement of operation by modifying the
delay parameter between each trigger. The time for
which the antenna has to be in contact with the feed line
is programmed by applying a delay to the servo motor.
Since this rotatable antenna does not need any additional
software and computer to control the rotational motion
of the motor the switching between the antenna elements
is faster and hence tracking is faster .The operation
continues for the rest of the shapes and the result
obtained through rotation is measured using Vector
Network analyzer.

Table 2: Coupling isolation between the two modules

Shapes Max (dB) Min (dB)
Shape 1 27 15
Shape 2 28 16
Shape 3 35 17
Shape 4 31 15
Shape 5 40 15
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Fig. 14. Coupling isolation between the input ports (Sz1).

Table 3: Comparison with existing designs

Dimension Operating Pea_lk

Ref. (mm) Frequency Gain
(GH2) (dB)

[1] 70x 50 x 1.6 2-10 8.45

[3] 50x60x 1.6 | 0.9-2.5 4742
[4] 30x30x1.6 | 4.7-5.03 2.73
[5] 50 x 50 x 1.6 2-7 5.9
Proposed | 100 6o x16 | 2-12 5.83

work

Fig. 15. Experimental setup of rotational reconfigurability
using Arduino Microcontroller.

IV. CONCLUSIONS
This paper provides an insight towards designing a
rotatable reconfigurable antenna and how it can be used
as an RF transceiver for cognitive radio applications.
As discussed above a UWB sensing antenna is designed
which is operational from 2-12 GHz along with
reconfigurable antennas serving the entire spectrum of
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UWB. A significant coupling isolation of 15dB is
achieved which provides sufficient isolation between the
two ports enabling it to function together without
performance degradation. Given the obtained results, the
proposed structure holds good to serve as a transceiver
for a CR system for sensing and tracking applications. In
future by adding a GSM module the antenna can be
controlled using mobile application.
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Abstract — This paper presents a metamaterial-inspired
triple-band antenna specified for WLAN and WiMAX
applications with a compact size of 24mm x 18mm x
1mm (at 2.4 GHz). It consists of a dual-band left-handed
metamaterial (LHM) unit surrounded by a G-style
monopole antenna. The LHM is first designed and
analyzed with equivalent circuits and simulations. A
loop antenna based on the LHM unit is designed and
simulated to investigate the radiating performance of the
LHM unit structure. We also ran simulations for the
G-style monopole. Later, the LHM unit is employed as
a near-field resonant parasitic (NFRP) element that
surrounded by the G-style monopole. A prototype of this
antenna is fabricated. Simulations and measurements
were carried out and the results match well, identifying
good omni-directional radiating performance. Radiation
comparisons with the loop antenna and the G-style
monopole indicate that due to NFRP, the G-style
monopole’s pass bands are shifted to lower frequencies
to satisfy 2.45 GHz and 5.5 GHz bands requirements,
meanwhile the LHM unit structure operates a third pass
band of 3.5 GHz. The compact size and good radiation
properties of the antenna render it suitable for WLAN/
WiMAX applications.

Index Terms — Left-handed metamaterial, miniaturized
antenna, WLAN/WiMAX.

I. INTRODUCTION
With the rapid development of wireless
communications, the demand for antennas with compact
size and multiband property has greatly increased. A lot
of investigations were conducted to satisfy the wireless
local area network (WLAN) standard of 2.4 GHz to

Submitted On: July 2, 2020
Accepted On: November 30, 2020

2.484 GHz / 5.15 GHz t0 5.35 GHz / 5.75 GHz to 5.825
GHz, and the World Wide Interoperability for Microwave
Access (WiMAX) standard of 3.4 GHz to 3.69 GHz /
5.25 GHz to 5.85 GHz requirements. Various types of
miniaturized WLAN / WiMAX antennas have been
reported, among which printed monopole antennas have
been widely used because of their low cost, light weight
and good performance. Such that in [1], F shaped slots
were etched on the rectangular radiating patch and a
circular disc printed on the other side of the substrate,
achieving wide band coverage and good radiating
performance; in [2], a high gain dual-band slot antenna
was presented based on an ultra wide band slot radiating
element.

Recently, metamaterials (MTMSs) have arouse great
attentions due to their unique properties in antenna
designs [3]. Efforts to miniaturize and compactify
antennas have employed composite right/left handed
transmission lines (CRLH-TLs) and multiple electrically
small near-field resonant parasitic (NFRP) elements.
However, even though CRLH-TL may brought higher
level miniaturization since its zeroth resonance is
independent with size, high quality factors make the
corresponding operating bands extremely narrow [4-8].
Comparably, NFRP elements can be designed and
adjusted independently, thereby offering additional
degree of freedom in antenna designs [9, 10]. The
operating principle of NFRP is illustrated in Fig. 1. In
general, NFRP elements can be divided into 2 categories,
i.e., electric-driven and magnetic-driven NFRP [11],
depending on how they coupled to antennas. Meander
lines [11] and split ring resonators (SRR) [12] are
representative NFRP elements reported and significant
miniaturization were achieved [13, 14]. Besides, good

https://doi.org/10.47037/2020.ACES.J.351213
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radiating performance can also be obtained with
improved impedance matching due to NFRP coupling
[15].

Far-Field Radiation

Near-field
Evanescent Wave
Coupling

- 1
N
Vi \ \
l 5

Parasitic
Element

Far-Field Radiation

)

Dnven
Elemenl

Fig. 1. lllustration of NFRP.

In this paper, a metamaterial-inspired compact
miniaturized triple-band NFRP antenna for WLAN/
WIMAX applications is presented. A dual-band left-
handed metamaterial (LHM) is first designed and
analyzed with equivalent circuits and full-wave
simulations. Then this LHM unit is employed as NFRP
element that surrounded by a G-style monopole antenna.
We investigated the radiating performance of the G-style
monopole, a loop antenna based on the designed LHM
unit and the final proposed NFRP antenna, figured out
that the near-field resonate coupling makes the working
bands of the G-style monopole shift to lower frequencies
to meet 24GHz and 55 GHz WLAN/WIMAX
requirements, while the LHM unit itself operates
additional frequency band from 3.40 GHz to 3.69 GHz.
A prototype of the proposed antenna is fabricated and
measured, the results match well to the simulated ones,
indicating good omni-directional radiating performance
at WLAN / WiMAX frequency ranges.

I1. LHM DESIGN AND ANALYSIS

A. LHM design

A novel LHM unit is designed, as illustrated in Fig.
2, where metallic strips are printed on a 1 mm-thick FR4
whose relative permittivity is 4.4. Optimized parameters
area=10mm,b=8.3mm,c=05mm, w=1mm, and
the gap g = 0.2mm.

e W 1
(®
- a
b
IE .fl Tf-’.
H kK a a
Front Back

Fig. 2. Structure of the designed LHM unit.
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B. Equivalent circuit analysis

The designed LHM is at least capable of generating
two magnetic resonances and two electric resonances
from its metallic structure [16]. The first magnetic
resonance comes from the rectangular loop of the
metallic structure. Its equivalent circuit is illustrated in
Fig. 3, where L is the self-inductance of each strip, Cq is
the gap capacitance, and C; is the surface capacitance.

_”—_f*“f'ﬁ_

C, L
ju L 3
L, @
M I
G

Fig. 3. Equivalent circuit of the first magnetic resonance.

According to the strip line theory [17],
inductance of a strip line can be calculated using:

:2><104|{|n( ! )+1193+02235W—+t} Q)
w4+t I

Where I is the length, w is the width, and t is the thickness
of the strip line. For convenience, we define a function
to represent the calculation of the inductance of (1) as
Cal_induc(w, I, t).
The capacitance per unit length of the paralleled
strip lines, Cpu, is calculated using:
Cpul = 508eF(k)' (2)

Where &, is the permittivity of free space, &, and F(k)
are given as:

& =1+(¢& —1)F(k)/ 2F (K1), 3)
—| (21“/W O<k<L
_ 5 V2
F(k) = 1+\/_ . (4)
zl ——=<k<
n2——-= «F 7 <k<1
where
a,=0/2,b,=a,+w,
k=a,l/b,
_sinh(za, / 2h) (5)

~ sinh(zb, /2h)’

k'=+1-k?
and g is the gap width between two strips, w is the width
of each strip, h is the thickness of the substrate, and ¢, is

the relative permittivity. For convenience, we define a
function Cal _cap(w, g,h,¢,) to represent capacitance of

Q).
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For the case when the strips are on different sides of
the substrate, the capacitance can be calculated using:

£.6,S
C =2 6
5 (6)
where S is the paralleled area, d is the distance between
the strips.

When the gap capacitance Cy is too small, the
surface capacitance should be taken into consideration.
The calculation for surface capacitance is simplified as
the summation of the paralleled strips together.

Accordingly, we obtain:

L, = Cal _induc(w,b,t) ~5.51nH
C, =wxCal _cap(w,a-b-c-w,h,¢&)~0.05pF @
C, =2x(b—c—w)xCal _cap(w,a—2(c+w),h,&)
~0.2pF
Therefore, the first magnetic resonant frequency is:
1

) 27JaL x(C, +C, 12)

The second magnetic resonance mainly comes from
the mutual coupling between the metallic structures on
different sides of the substrate. Before the equivalent
circuit analysis, the capacitance constitution under this
situation should be introduced.

Figure 4 displayed the capacitance constitution.
Unlike the single sided cases, both plane-parallel coupling
and surface coupling contributes to the calculations of
equivalent capacitance. It should also be noticed that the
equivalent surface capacitance and gap capacitance only
include the coupling through the air.

Surface Coupling
Free Space 4 -~ "'_”_'“ =

~225GHz.  (8)

ml

N
/ Conductors \

I / \ |
ParaIIeI-PIaneJ_ T J_ParaIIeI-PIane
Coupling T ubstrate T Coupling
N 7
\ Conductors /

N /
~ -
|_Surface Coupling

Fig. 4. Capacitance constitution illustration.

Since the proposed structure in Fig. 2 is symmetrical,
it can be divided into 4 identical parts, of whom each part
is composed of two paralleled metallic strips separated
by the substrate. Hence, we built the equivalent circuit
for each part first, and then connect them together as
shown in Fig. 5. The surface capacitance are also equally
distributed to each branch. Therefore, the equivalent

ACES JOURNAL, Vol. 35, No. 12, December 2020

circuit for the second magnetic resonance are obtained as
illustrated in Fig. 5, where C; refers to the plane-parallel
capacitor of the two paralleled strips on different sides of
the substrate, C’g and C’s refer to the gap and surface
capacitors, respectively.

c,/2]

o

L

- o
=
=l

Fig. 5. Equivalent circuit for the second magnetic
resonance.

According to the previous setup, we can obtain that:

C, ':%XWXCBJ_Cap(W,a—b—C—W,h,é‘r =1)
~0.01pF

CS':%xZ(b—c—w)xCal_cap(w,a—2(w+c)h,gr 1)
~0.05pF

C, = S5 6 39pF.

9)

Therefore, the second magnetic resonant frequency
is:

B 1
m2

27 2L x(C,+C,+C',12) /4
The analysis for the electric resonators is quite
different. Vertically polarized electric field will activate
vertical currents on the strips as illustrated in Fig. 6. For
the first electric resonance whose equivalent circuit is
also displayed in Fig. 6.

In this figure, Czrefer to capacitance of two vertical
neighboring strips of the upper and lower units, which is
approximated as:

C, =(a—2c)xCal _cap(w,2c,h,&,) ~0.29pF. (11)

Therefore, the first electric resonant frequency is:

1
fy=—Fr——o 12
' 2zBL xC, (12)
Similarly, the equivalent circuit for the second
electric resonator of a double sided units as illustrated in
Fig. 7.

f ~5.05GHz. (10)

~ 2.30GHz.



Fig. 6. Two LHM vertically position units and their
equivalent circuit of the first electric resonator.
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Fig. 7. Equivalent circuit of the second electric resonator.

Hence it is concluded that the equivalent inductance
Le and the equivalent capacitance Ce should be:

L=L
C.=2C,||C, ~0.2pF

Therefore, the second electric resonant frequency is
obtained:

(13)

1

f - -
* 2z L xC,

C. Simulation and analysis

Simulations were operated using HFSS to get the S
parameters. The magnitude of S11 and Sy; are displayed
in Fig. 8. Due to the high loss of the substrate, passing
band property of this LHM is not very good.

The effective permeability and permittivity are
retrieved with the help of ‘S parameter retrieval’ method
in [18]. Figure 9 displayed the real part of effective
permeability s, , permittivity ¢, and refractive index

n of the LHM. It is observed that double negative
properties are from 2.12 to 2.45 GHz, 4.84 to 5.08 GHz,
and 5.19 to 5.42 GHz, respectively. The first and second
negative bands match well with our analysis. The third
one needs further investigation and will not be discussed

~ 4.80GHz. (14)
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here. These LHM bands are very close to the WLAN/
WiIMAX bands.
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Fig. 8. Magnitude of simulated S parameters of the
proposed LHM.
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Fig. 9. Retrieved effective parameters of the proposed
LHM.

I11. LHM INSPIRED ANTENNA: DESIGN
AND ANALYSIS

A. Analysis of a loop antenna using the LHM unit

Since we want to use the LHM unit not only for
NFRP, but also as a loop antenna, it is essential to discuss
the radiating property of this LHM unit with proper feed
to serve as a loop antenna. The structure is displayed in
Fig. 10. Parameters are Ls = 24mm, Ws = 18mm, Lg =
8.5mm, L = 11mm, Ws = 3mm, W>=6mm, and Wy
=7.2mm. This antenna is printed on a FR4 substrate with
a thickness of Imm.
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Fig. 10. Structure of the proposed antenna: (a) front view
and (b) back view.

The simulated Sz is displayed in Fig. 11. There are
two pass bands as observed, of which one is from 2.49
GHz to 2.58 GHz, and the other one is from 3.71 GHz to
4.34 GHz. The 2 resonant frequencies are 2.54 GHz and
4 GHz, respectively.

235 PR S T CRET R R (M R LR (R
20 25 30 35 40 45 50 55 60

Frequency (GHz)

Fig. 11. Simulated S parameter of the LHM antenna.
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B. Analysis of G-style monopole antenna
A G-style monopole antenna is designed as displayed
in Fig. 12 with parameters listed in Table 1.

Table 1: Parameters for G-style monopole (Unit: mm)
Parameters | L; L, Ls L+ Lg Ls
Length 47 124 |7 11 |85 |24
Parameters | W1 | W2 | W3 | W | Wy | W
Length 1 104 | 2 3 7.2 |18

This antenna is a normal dual-band monopole. It is
obvious that the lengths of the two branches decide its
operating bands. We ran simulations for this antenna,
and the results are shown in Fig. 13. It is observed that
the first passing band is ranging from 2.76 GHz to 3.03
GHz, while the second passing band is ranging from 5.2
GHz to 7.68 GHz.

L;
WJ_ -
]
L b
; W, ‘—wﬁ
Lg Lf Wf . Wg >
!y |
z X Wi

Fig. 12. Structure of the G-style monopole antenna.
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Fig. 13. Simulated Si; of the G-style antenna.

C. LHM inspired antenna
The G-style monopole antenna is then used to
surround the designed LHM unit, as illustrated in Fig.



14. The lengths of the parameters are exactly the same as
listed previously in Table 1. The gap between the LHM
unit and the G-style monopole g; = 0.5mm.
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Fig. 14. Structure of the LHM inspired antenna.

We ran simulations with HFSS and CST for the
LHM inspired antenna, respectively. Furthermore, a
prototype of the antenna is fabricated and its radiating
performance are measured in a microwave chamber as
displayed in Fig. 15.

The simulated and measured Si; for the LHM
inspired antenna are displayed in Fig. 16. It is observed
that there are 3 pass bands, of whom the first one is from
2.4 GHz to 2.52 GHz, the second one is from 3.4 GHz to
3.69 GHz, and the third one is from 4.47 GHz to 6 GHz,
covering the requirements of WLAN and WiMAX. The
measured Si; matches well with the simulated one.

The peak gain and efficiency of the LHM inspired
antenna at different frequencies are displayed in Fig. 17.
It is observed that at the frequencies of 2.4 GHz to 2.5
GHz, the simulated peak gain is ranging from 0.73 dBi
to 1.11 dBi, and the efficiency is ranging from 71.5% to
81.3%; at 3.4 GHz to 3.69 GHz, the peak gain is ranging
from 1.25 dBi to 1.54 dBi, and the efficiency is ranging
from 78.2% to 88.5%; at 5.15 GHz to 5.85 GHz, the peak
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gain is ranging from 2.45 dBi to 3 dBi, and the efficiency
is ranging from 93.9% to 95.4%.

Fig. 15. A Fabricated prototype and measurement
facilities.
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Fig. 16. Simulated and measured Si; of the LHM

inspired antenna.

Radiation patterns of the proposed antenna are also
simulated and measured. Due to the facility limitation,
only normalized pattern is measured. Figures 18 (a) to (f)
displayed the simulated (dashed lines) and measured
(solid lines) normalized radiation pattern of the LHM
inspired antenna on YOZ plane (black) and XOZ plane
(red) at 2.45 GHz, 3.5 GHz, 3.6 GHz, 5.2 GHz, 5.5 GHz,
and 5.8 GHz, respectively. As observed, the proposed
antenna exhibits good omni-directional performance at
all the discussed frequencies.

Therefore, the gain, efficiency and radiation patterns
of the LHM inspired antenna indicate that this antenna
exhibits good radiation performance for WLAN/WiMAX
applications.
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D. Discussions of electric current distributions
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Fig. 17. Simulated gain and efficiency at frequency ranges
of 2.4 t0 2.5 GHz, 3.4 to 3.69 GHz, 5.15 to 5.85 GHz.
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Fig. 18. Simulated (dashed lines) and Measured (solid
lines) normalized radiation patterns of the LHM loaded
antenna at: (a) 2.45 GHz, (b) 3.5 GHz, (c) 3.6 GHz, (d)
5.2 GHz, (e) 5.5 GHz, and (f) 5.8 GHz.

To further investigate the radiating property, surface
current distributions of this LHM inspired NFRP antenna
at 2.45 GHz, 3.5 GHz and 5.5 GHz are displayed in Figs.
19 (a) to (c), respectively.

At 2.45 GHz, the longer arm of the G-style structure
is the main radiating element. Remarkable induced
current is observed around the LHM unit structure.
Therefore, near-field resonant coupling between the
LHM unit and the G-style monopole played an important
role to make the resonant frequencies shift to meet 2.45
GHz band requirement.

At 3.5 GHz, Strongest current is observed flowing
around the LHM unit, identifying that the LHM unit is
now turned to a loop radiator that fed through the
coupling with the G-style structure.

At 5.5 GHz, the shorter arm of the G-style structure
becomes the main radiator. Induced current is also
observed flowing around the LHM unit, identifying that
for this case, near-field resonant coupling will still serve
as a parasitic element, shifting the resonant frequencies
to meet the 5.5 GHz band requirement.
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Fig. 19. Surface current distribution of the LHM inspired
antenna at: (a) 2.45 GHz, (b) 3.5 GHz, and (d) 5.5 GHz.

Table 2 listed the comparisons of size and frequency
coverage of the proposed antenna with some recently
reported WLAN/WiIMAX antennas.

Table 2: Comparison of sizes and operating frequency

ranges with the proposed antenna

) Frequencies (GHz)
G | oy | | | i
5.15-5.85
(2%11]6) 19x25 | 2.00-2.76 | 3.04-4.00 | 5.20-6.00
(2%325) 34x30 | 1.92-2.17 | 3.40-3.60 | 5.15-5.35
(2[(2)(1)25) 40x40 | 2.20-2.80 | Not cover | 5.20-7.00
(2[(2&25) 28x32 | 2.29-2.88 | 3.26-3.88 | 4.17-6.07
(2[(2)%) 24x22.5 | 2.39-2.52 | 3.34-3.67 | 4.43-5.97
(2[3?]7) 26x29.4 | 2.23-2.89 | 3.21-4.45 | 5.32-5.85
(2[511]7) 22x45 | 2.12-3.06 | Not cover | 5.06-5.28
(2%61]8) 70x44 | 2.22-2.79 | Not cover | 5.42-6.04
(z[fﬁ’]g) 23x17 0.48-6.5
(2[3%) 32%37.2 | 2.22-2.52 | 3.42-3.68 | 5.30-5.65
Proposed | 24x18 | 2.40-2.52 | 3.40-3.69 | 4.47-6.00

Fromthis table, it is drawn that the proposed antenna
has a relatively small size while also provide a whole
coverage of WLAN/WiIMAX frequency ranges.

MAO: MINIATURIZED TRIPLE-BAND NEAR FIELD RESONANT PARASITIC ANTENNA

IV. CONCLUSION

This paper presents a metamaterial inspired
miniaturized triple-band antenna with a compact size of
24 x 18 x 1 mm?® (at 2.4 GHz). A LHM is designed and
analyzed with equivalent circuit and simulations. It is
then employed as NFRP element that surrounded by a
G-style monopole. To investigate the operating principle,
we also ran simulations for the G-style monopole
antenna, a loop antenna based on the LHM unit. The
results indicate that the LHM unit made the operating
bands correspond to the G-style monopole to lower
frequencies, while the LHM unit itself is operating an
additional passing band. A prototype of the proposed
antenna is fabricated and measured. The results were in
good agreement with the simulated ones, validating good
radiating performance of the proposed metamaterial
inspired antenna. Hence, the proposed antenna is a good
candidate for WLAN/WiMAX applications.
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Abstract —We present a third-order bandpass three-
dimensional frequency selective surface (3D FSS) with
multiple transmission zeros in this paper. The unit cell
of the proposed 3D FSS consists of an air-filled square
waveguide and a cuboid dielectric block with three
concentric metallic square loops. Due to its inner
electromagnetic coupling in the unit cell, this FSS
provides a flat passhand with three transmission poles, a
wide out-of-band rejection with three transmission zeros,
and high frequency selectivity. In order to explain the
working principle, an equivalent circuit model is
established and investigated. Finally, an FSS prototype
is fabricated and measured, and the results exhibit good
stability for both TE and TM polarizations under incident
angles from 0° to 50°. Besides, this FSS has a relatively
compact unit cell.

Index Terms — Bandpass, dual polarizations, frequency
selective surface (FSS), third-order, transmission zeros.

I. INTRODUCTION

During the past decade, frequency selective surfaces
(FSSs) have been widely studied due to their superior
spatial filtering characteristics for some practical
applications, including radar cross section reduction,
electromagnetic interference shielding and so on [1-5].
Recently, FSSs are also used as partially reflecting
surfaces with aperture antenna to drastically improve
their radiation patterns and antennas performance [6].
Typical FSSs are usually two-dimensional (2D) arrays
assembled by periodically arranged planar unit cells,
which can exhibit bandpass or bandstop filtering
responses. For the bandpass FSS, it requires flat
transmission response with low insertion loss within the
passband, as well as fast roll-off and wide rejection out
of the passband. Besides, it should also have dual
polarizations, good angular stability and compact unit
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cell.

To meet these above requirements, many second-
order bandpass FSSs have been reported [7-12]. A
bandpass FSS with second-order response is proposed by
inserting the capped dielectric in the perforated metallic
plate [7]. However, this FSS suffers from slow roll-off
out of the passband without any transmission zero,
resulting in poor frequency selectivity. To achieve fast
roll-off filtering performance, a bandpass FSS is
designed by using vertically cascaded substrate
integrated waveguide (SIW) cavities [8]. In such an FSS,
two transmission zeros located near the edges of the
passband are generated by the coupling between multiple
resonant modes in these SIW cavities. However, the
angular stability deteriorates due to its large electrical
size. Then, a quasi-elliptic bandpass FSS is presented
based on the hybrid array of double square loops and
gridded square loops, but its electrical size and thickness
are also large [9]. Moreover, three-dimensional (3D)
FSSs can provide 3D resonant cavities to achieve a
desired response [10-12], as an alternative method. For
example, two bandpass 3D FSSs with the quasi-elliptic
responses are presented, taking advantage of the shielded
microstrip lines [10-11]. Unfortunately, these two
designs only operate under a single polarization. Later,
the authors in [12] propose a dual-polarized bandpass 3D
FSS with fast both sides roll-off by the combination of
the metal cylindrical pipes and disks. Nevertheless, this
3D FSS has a large electrical size and the angular
stability is also needed to be improved.

For the third-order or high-order bandpass FSSs,
several design approaches of these FSSs are investigated
[13-19]. Two FSSs with third- and fourth-order bandpass
responses are realized by using the arrays of sub-
wavelength periodic structures with non-resonant
elements [13]. A multilayered third-order bandpass FSS

https://doi.org/10.47037/2020.ACES.J.351214
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is obtained according to the coupled matrix theory [14].
Another FSS is achieved by the two capacitive patch
layers and a slot layer, exhibiting wide-passband
performance [15]. However, these designs in [13-15] do
not have any transmission zero, so the frequency
selectivity is unsatisfactory. Then, one transmission zero
located at the right side of the passband is produced for
high frequency selectivity [16-18]. In [16], one FSS
structure is presented by a hybrid resonator to realize a
third-order bandpass response with one transmission
zero. In [17-18], similar frequency selective performances
are achieved based on the two capacitive patch
resonators and one hybrid resonator. Additionally, one
FSS with an additional transmission zero located at the
left side of the passhand is designed to provide a stable,
highly-selective, and wide-passband response [19].
However, this design has a larger unit cell size and a poor
out-of-band rejection performance. Thus, there is a
challenge for the FSS design to realize flat passhand,
high frequency selectivity, wide out-of-band rejection,
good angular stability, dual polarizations, and compact
unit cell simultaneously. In addition to the above FSSs
composed of printed microwave substrates, the FSSs can
also be made of all-dielectric materials [20], printed
surfaces [21], all-metal structures [22], and artificial
magnetic conductor [23]. Besides, one new approach in
designing bandpass FSSs is proposed by using artificial
intelligence in conjunction with an electromagnetic
simulator [24].

In this paper, a dual-polarized bandpass 3D FSS is
presented to obtain these performances simultaneously.
The unit cell of the proposed 3D FSS is composed of an
air-filled square waveguide and a cuboid dielectric block
with three concentric metallic square loops. By the
inner electromagnetic coupling in the unit cell, this FSS
realizes a third-order bandpass response with wide
out-of-band rejection and high frequency selectivity.
Meanwhile, its frequency selectivity is further improved
by the high quality factor (Q-factor) of the square
waveguide cavity. An equivalent circuit model is

established and analyzed to explain its working principle.

At last, a prototype of the proposed 3D FSS is fabricated
and measured, and its simulated results are coincided
with experimental ones.

I1. UNIT CELL DESIGN AND SIMULATION

As depicted in Fig. 1 (a), the unit cell of the
proposed 3D FSS consists of an air-filled square
waveguide, and a cuboid dielectric block with three
concentric metallic square loops is inserted in the square
waveguide. As shown in Fig. 1 (b), the gridded square
loop (GSL) structures can be observed on both the top
and bottom layers of the unit cell. The periods of the unit

ACES JOURNAL, Vol. 35, No. 12, December 2020

cell along the x- and y-axes are denoted as p. The wall
thickness and height of the square waveguide are t and h.
These two metallic square loops etched on the top and
bottom layers have the same geometrical parameters
with the size I; and width wi. The size and width of the
square loop in the middle layer are I, and w,. The relative
dielectric constant of the cuboid dielectric block is
expressed as &.

Aluminum

Dielectric

Printed Copper

h
P
= Grid
R Square GSL
Loop
j2
| t
I

)‘L fwy
| (b)

Fig. 1. Unit cell of the proposed 3D FSS. (a) Perspective
view and (b) top view.

Figure 2 gives the simulated frequency responses of
the proposed 3D FSS under normal incidence by the
commercial ANSYS HFSS Simulation Software. The
design parameters of the proposed 3D FSS are listed in
Table 1. It can be observed from Fig. 2 a third-order
bandpass response with wide out-of-band rejection and
high frequency selectivity is achieved, including three
transmission poles f;=5.46 GHz, f»=5.74 GHz and
f3=5.87 GHz in the passband, and three transmission
zeros f1=6.08 GHz, f,»,=6.35 GHz and f;3=7.1 GHz in
the upper stopband. The master and slave boundary
conditions are applied for the unit cell simulations with
Floquet ports, as depicted in Fig. 3.

For expressing the fractional bandwidths of the
passband and the upper stopband, FBW34s and FBW y4s
are defined as follows:



Bandwidthof |S,,| > -3dB
~ Center frequency of the passband (f,)
Bandwidthof |S,,| < -20dB
Center frequency of the upper stopband (f,)
The simulated 3 dB bandwidth of the passband is
0.61 GHz (5.3-5.91 GHz), and the center frequency of
the passband (fi) is 5.605 GHz. The simulated 20 dB
bandwidth of the upper stopband is 2.7 GHz (5.99-8.69
GHz), and the center frequency of the upper stopband (f2)
is 7.34 GHz. Therefore, FBW3q4g and FBWq4g are 10.9%
and 36.8%, respectively.

FBW, g

x100%, (1)

FBWass = x100%. (2)

Table 1: Design parameters of the proposed 3D FSS

p Iy I, W1
11.4 mm 8.5 mm 7.1 mm 0.2 mm
W2 h t &
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Fig. 2. Simulated frequency responses of the proposed

3D FSS by HFSS.
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Fig. 3. Periodic boundary conditions of the unit cell.

I11. EQUIVALENT CIRCUIT MODEL
In order to explain the working principle of the
proposed 3D FSS, an equivalent circuit model is

YU, TANG: BANDPASS THREE-DIMENSIONAL FREQUENCY SELECTIVE SURFACE

established under the normal incidence and depicted in
Fig. 4. The equivalent circuit model consists of five
parts, including three LC resonators separated by the two
square waveguides. These three LC resonators represent
the GSLs at the top/bottom layers and the square loop in
the middle layer. These three LC resonators are denoted
as Ri, Ry and Rs, as shown in Fig. 4 (a). The square
waveguide is modeled as the transmission line with the
frequency-depended characteristic impedance Z(f) and
electrical length @2 under the dominant mode TEi. The
inductors Lo and L; are the self-inductance of the grid and
square loop of the GSLs, respectively, and the inductor
L. is the self-inductance of the square loop in the middle
layer. The capacitor C; is the gap capacitance between
the square loop and the grid for the GSL. The capacitor
C, is the gap capacitance between the square loop and
waveguide inner wall, which is located in the middle
layer. The electrical and magnetic couplings between
R1 and R2 are represented by the mutual capacitance Cn,
and the mutual inductance Lm, whereas the electrical
and magnetic couplings between the R; and Ri/R are
denoted by the mutual capacitance Cy1 and the mutual
inductance Lmi. For the equivalent circuit modeling, the
losses are not considered and included.

z(), a2

—1
S

Z(), 02
Port 1 &

O Port 2

Top Layer

Middle Layer | (

Bottom Layer

Fig. 4. Equivalent circuit model of the proposed 3D FSS.
(a) General model and (b) simplified model.

For simplicity, only the magnetic coupling (Lm)
between R; and R; is considered in our equivalent circuit
modeling. The mutual inductance Ly can be denoted by
an impedance inverter K=ol [25]. Thus, a simplified
circuit model is obtain and shown in Fig. 4 (b). It is
observed that two propagation paths, including the
coupling path through mutual inductance (Lm) and the
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signal path directly through the square waveguide cavity
(Z(f), 6), are constructed. The electromagnetic waves are
combined out-of-phase by these two paths, resulting in
multiple transmission zeros at finite frequencies. The
initial circuit values of the electrical parameters Lo, L,
Ly, C1 and C; can be calculated by using the given
formulas in [26], and the final parameter values of the
equivalent circuit model are extracted by the curve-
fitting method [27], as shown in Table 2. The free space
at the top and bottom layers of the unit cell can be
modeled as a transmission line with the characteristic
impedance of Zo=377 Q.

Table 2: Final parameter values of the equivalent circuit
model

Lo L1 Lo
4.43 nH 5.36 nH 13.01nH
Lm Ci C,
-0.0015nH 0.1 pF 0.0494 pF

In view of the symmetry of the equivalent circuit
model shown in Fig. 4 (b), symmetric network theory is
adopted to simplify the analysis of this circuit, as depicted
in Fig. 5 (a). The even- and odd-mode equivalent circuits
are given in Fig. 5 (b) and Fig. 5 (c) by applying an ideal
magnetic wall (an open circuit) or an ideal electrical wall
(a short circuit) at the symmetry plane T-T ', respectively.

1
Z(N. 82 | Z(N), 62

Port 1 Port 2

(b)

Fig. 5. Even- and odd-mode analysis method. (a)
Symmetry plane T-T ', (b) even-mode circuit, and (c)
odd-mode circuit.

The characteristic impedance Z(f) and electrical

length @ of the square waveguide transmission line are
defined as [28]:

ACES JOURNAL, Vol. 35, No. 12, December 2020

Z(f)ziz Ho ;
8 \ e, (A1) Y 3)
2(p-2t)
)= —— @
f 8.8,
0= h\/(z;zf ¥ 114, ‘[pfgj : (5)

where 1 is the magnetic permeability of free space, and
& is the electric permittivity of free space.
From Fig. 5 (b), the load impedance Z, of the square

waveguide transmission line (Z(f), €2) is calculated by:
. 1
Z =jol2L, )+ ——
L Jw( 2)+ ] (Czj- ©)
Jo Y

Then, the corresponding input impedance Zi, can be
expressed as:

Z,=2(f

in

\Z, +jZ(f)tan(9/2)

) - - (7)
Z(f)+ jz, tan(6/2)

Consequently, the even-mode input admittance Yeven

is represented as:

¢ L. 1 S
JQ)LO + JCU(L1 + Lm) Zin ' (8)

1

Similarly, the odd-mode input admittance Yoqq Can
be deduced from Fig. 5 (c) as follows:

Youd = 1 + ! +
odd —
Ja)LO + 1 _ Zsc ’ (9)
- 2 L,
o, 1)
Z,, = jz(f)tan(9/2), (10)

where Zs is the input impedance of the waveguide
transmission line (Z(f), &2) under a short circuit.

Finally, the scattering matrix parameters of the
proposed 3D FSS can be calculated by using the
following equations [25]:

1Yz2,2-Y,.Y
S — S — 0 even’ odd 11
" # (]/ZO +Yeven)(]/ZO +Yodd )’ ( )
YZ, (Yos ~Yeren)
S — S — o] even
“ . (]7/20 +Yeven)(]7/zo +Y0dd ) . (12)

Figure 6 compares the reflection and transmission
coefficients obtained from HFSS and equivalent circuit
model, and there is a good agreement. There is a relative
difference at the upper stopband from 6 to 10 GHz,
because the couplings (Cm, Cm1, Lm1) are ignored in the
equivalent circuit model. Besides, the square waveguide
is analyzed under the dominant mode TEi, without
considering the effect of the higher modes. However, the
established equivalent circuit model can give a view of



the working mechanism of the proposed 3D FSS.
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Fig. 6. Comparison of the reflection and transmission
coefficients by HFSS and equivalent circuit model.

1IV. FABRICATION AND MEASUREMENT

To verify the performances of the proposed 3D FSS,
the prototype is fabricated. It consists of two building
parts and their geometrical dimensions are given in Fig.
7 (a). The building part I is one piece of aluminium plate
with a thickness of 1.0 mm, and 27 slots are periodically
cut halfway along the plate. The building part 1l is one
cuboid dielectric block with a thickness of 10 mm, and it
is fabricated by using multi-layer PCB technology. The
material of the dielectric block is FAB and its relative
dielectric constant is 3.5 with the loss tangent of 0.005.
For assembly, the pieces (building part I) are cross-
joined together through the opening slots to construct an
aluminium frame, which achieves the periodic square
waveguides. Then, the cuboid dielectric blocks (building
part 11) are inserted, one by one, into the constructed
frame. Finally, the size of the fabricated 3D FSS is 317.4
mmx317.4 mm with 26x26 unit cells, as shown in Fig. 7
(b). The electrical size of the unit cell pxpxh is
0.21A0%0.2140%0.187X0, where Ao is the free-space
wavelength at f.

The frequency responses of the proposed 3D FSS
are measured by the free-space method, and its
measurement environment is given in Fig. 7 (c). There
are two wideband horn antennas (operating from 1 to
18 GHz), the FSS prototype, and the rotatable screen
covered by absorbers. The FSS prototype is placed
within the rectangular through-hole window in the center
of the rotatable screen for measurement of incident
stability. A pair of horn antennas are located about 1.2 m
apart from each side of the centered rotatable screen, so
that a uniform plane wave striking upon the FSS. The
two horn antennas are connected by the vector network
analyzer. Besides, the measurement device is surrounded
by using the absorbing screens. For the transmission
coefficients measurement, the propagation loss is firstly
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eliminated by the normalization of the measured results
without the FSS prototype, and the environment noise is
eliminated by the measured results of an identically-
sized metallic plate. Then, the frequency responses of
proposed 3D FSS can be obtained. Besides, the time-
domain gating function of the vector network analyzer
is also applied to calibrate the measured results for
considering the multipath effects.

Rotatable Screen

Fig. 7. Fabricated 3D FSS. (a) Building parts and
dimensions, (b) photograph of the fabricated FSS
prototype, and (c) measurement setup.

The measured results under different incident angles
and polarizations are demonstrated in Fig. 8 compared
with the simulated ones. It is clear that the transmission
coefficients keep very stable versus variable incident
angles up to 50° for transverse electric (TE) and
transverse magnetic (TM) polarizations. The insertion
loss within passband gradually becomes larger as the
incident angle increases, which is mainly caused by
the variation of wave impedance of the incident wave.
The measured insertion loss (1.1 dB) is larger than the
simulated one (0.7 dB) under the normal incidence. In
addition, due to the decrease of the Q-factor for the
fabricated 3D FSS, the measured 3dB bandwidth of the
passband is widened. The discrepancies between the
measurement and simulation result from fabrication
tolerance, assembly tolerance and measurement error.
Table 3 provides the comparison between the presented
3D FSS and previously reported designs with similar
frequency responses, and our proposed 3D FSS exhibits
good angular stability, dual polarizations, and small
electrical size. However, compared with 2D FSSs
composed of PCB, our designed 3D FSS suffers from the
assembly process on account of a large number of
building blocks.
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Table 3: Comparison of the FSS designs with similar responses
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the proposed 3D FSS is constructed. Due to the inner
electromagnetic coupling in the unit cell, this FSS can
achieve a flat passband response with wide out-of-band
rejection and high frequency selectivity. The selectivity
can be further improved by the high Q-factor of
square waveguide cavity. An equivalent circuit model
successfully demonstrates the working principle. The
measured results show high consistency with the
simulated ones, which verifies the performances of the
proposed 3D FSS.
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Abstract — To address the uncertainties of the radiated
susceptibility of multiconductor transmission lines
(MTLs), a surrogate model of the MTLs radiated
susceptibility is established based on generalized
polynomial chaos (gPC), and the gPC is made sparser by
combining the adaptive hyperbolic truncation (AHT)
scheme and the least angle regression (LAR) method.
The uncertainties of the radiated susceptibility of
transmission lines are calculated using the adaptive-sparse
polynomial chaos (AS-PC) scheme. The parameters related
to the incident field, such as elevation angle 6, azimuth
angle v, polarization angle #, and field amplitude E, are
inevitably random. Therefore, these four variables are
taken as random input variables, and each of them is
subject to different variable distributions. The MTLs
model with infinite ground as the reference conductor is
adopted, different impedances are used and the AS-PC
scheme is combined with transmission line theory to
calculate the average, standard deviation and probability
distribution of the radiated susceptibility of MTLs.
Sobol global sensitivity analysis based on variance
decomposition is adopted to calculate the influence of
random input variables on the MTLs radiated susceptibility
model. The calculation results are compared with the
results of the Monte Carlo (MC) method, proving that
the proposed method is correct and feasible.

Index Terms — Adaptive Hyperbolic Truncation (AHT),
Least Angle Regression (LAR), Multiconductor
Transmission Lines (MTLs), polynomial chaos, radiated
susceptibility.

I. INTRODUCTION
The electromagnetic compatibility problem caused
by the complex electromagnetic environment has attracted
more and more attention of researchers. Transmission lines,
as the carrier of power and signal, are an indispensable
part of electrical and electronic equipment. As an
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important problem in electromagnetic compatibility,
MTLs radiated susceptibility has received increasing
research attention. By combining the transmission
line equation, the solution of the double-conductor
transmission lines radiated susceptibility equation is
obtained when the relevant parameters of the incident
field are determined [1]. Then, the double-conductor
transmission line model is extended to a more complex
MTLs model, and the frequency-domain response of the
radiated susceptibility of MTLs is obtained by [2,3].
Due to the complexity of the electromagnetic
environment and the possible position change of the
electronic equipment, the relevant parameters of the
incident field (such as elevation angle 8, azimuth angle
w, polarization angle #, and field amplitude E) will
inevitably have uncertainties. In the past decades, the
uncertainties of transmission line radiated susceptibility
have been studied. Researches used stochastic reduced-
order models to analyze the uncertainties of induced
current generated by MTLs radiated by random plane
wave [4]. The probability immunity method was used to
analyze the radiated susceptibility of a double-conductor
electric short transmission line incident by a random
plane wave [5], and the statistical characteristics of the
response current of MTLs excited by a random plane
wave were analyzed [6]. [7] studied the simulations
of uniform and non-uniform transmission lines and
compared the results of the two. The time domain model
of MTLs in the ordinary differential equation form was
used in reference [8] to analyze the fast response of
MTLs in the field line coupling situation, and the BLT
(Beam-Liu-Tesche) equation [9] was used to calculate
the frequency-domain response of lossless MTLs under
plane wave radiation. A PCB radiated electromagnetic
compatibility model [10] is established, which can
accurately reproduce the NFS signals emitted by electronic

circuits with transient excitation of nanoseconds duration.

For the uncertainties of electromagnetic coupling of

https://doi.org/10.47037/2020.ACES.J.351215
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MTLs, the probability distribution model of the
electromagnetic coupling of MTLs is established by
combining the full-factor numerical integration, sparse-
grid numerical integration, and maximum entropy
methods [11]. Polynomial chaos [12] was used to analyze
the uncertainties of the electromagnetic coupling of a
naval ship harness. Similarly, [13-15] combined with the
gPC analyzed the uncertainties of radiated susceptibility.
In order to predict the model more efficiently, least angle
regression method [16] is proposed, and on this basis, a
sparse chaos polynomial is proposed [17], which is used
to solve the engineering probability problem. In view of
different transmission line types, the frequency-domain
response of the twisted pair transmission lines radiated
susceptibility with ground as the reference conductor
was analyzed [18]. Analogously, the twisted pair
transmission lines radiated susceptibility model [19] was
established by using the variable distance function and
the moment method. The uncertainties of the radiated
susceptibility of the randomly wound transmission line
model with ground as the reference conductor was
calculated and analyzed [20].

Quantify the uncertainties of the model output is
at the heart of uncertainty analysis. Therefore, global
sensitivity analysis which can quantitatively analyze the
impact of the interaction between multiple input
variables on the model outputs is necessary. The global
sensitivity analysis method mainly includes the Sobol
method based on variance decomposition [21]. First-and
second-order reliability methods are used to analyze
the reliability and global sensitivity of the radiated
susceptibility of MTLs [22].

On the basis of the gPC, this paper proposes an AS-
PC method that combines the AHT scheme with the LAR
to analyze the uncertainties of the radiated susceptibility

ACES JOURNAL, Vol. 35, No. 12, December 2020

of MTLs with different impedances and combines it with
the Sobol global sensitivity analysis method based on
variance decomposition to calculate the global sensitivity
of the input variables of the radiated susceptibility of
MTLs. Finally, the total and first-order sensitivity indices
are obtained, and the influence degree of different input
variables on the transmission line radiated susceptibility
model is analyzed quantitatively. The calculation results
are compared with the results of 20000 MC realizations
to verify the correctness and efficiency of this method.

II. ADAPTIVE SPARSE POLYNOMIAL
CHAOS

The polynomial chaos from the homogeneous
function [23,24] in Wiener theory has a solid
mathematical foundation and can accurately describe the
randomness of variables in any form of distribution.
Wiener first used Hermite orthogonal polynomials based
on Gaussian random variables to establish polynomial
chaos. Later, Xu and Karniadakis extended them to more
traditional random variable distribution types through
the Askey scheme and obtained a gPC with a wider
range of application [25]. The orthogonal polynomials
corresponding to the distribution types of the traditional
random input variables are shown in Table 1.

Let the original model be Y =y(¢) and expand it

with the gPC scheme. The result is as follows:

¥ =tolo +icilll(§i1)+iici1i212 (gil’fiz )+
=1
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Table 1: Orthogonal polynomials corresponding to distribution types

Distribution Type Probability Density Orthogonal Weight Function Variable
Function Polynomial Range
1 r - X212
Normal —¢ Hermite H, (x e -0, +00
uniform %e‘xz’z 1/2 Legendre P, (x) 1 [-1,1]
T
1-x)"1+x)g _
e Jacobi P(“#) (x 1-x)" (1+x [-1.1]
p P8 (a 14T 0| e e
exponential e ¥ Laguerre L, (x) g~X [0,+00]

In(2), 1, (éil g, ) represents a mixed orthogonal
polynomial of n order, which is a function of multi-
dimensional standard random variables |:5i1""'§in J ¢

and @, correspondto Cij, i, and 'n(5i1,~~~,é‘in)i”(1):

respectively. Polynomial chaos expansion @, (&) is the

product of the one-dimensional orthogonal polynomial
basis function corresponding to each random variable.
The number of terms in the expansion of gPC is
theoretically infinite. To calculate the coefficients of the



gPC expansion, the traditional method must select the
highest order P of the polynomial and truncate it at the P
order, and the obtained polynomial chaos expansion is:

V-6 (¢) @

When the dimension of the input variables of the
model is n, the number of truncated polynomial chaos
expansion terms (N) is:

(P+n)!
N= o &

One of the core functions of the gPC method is
solving the expansion term coefficient (¢ ), which is

generally calculated by the regression or projection
method. (3) indicates that the number of terms of the
expansion increases with the dimension of the input
variables and the truncation order of the gPC scheme,
resulting in a dimension problem and reducing the
coefficient calculation efficiency of the expansion term
of the gPC scheme. If the truncation order is reduced,
then the solution accuracy of the expansion coefficient
cannot be guaranteed. Therefore, the key to solving the
problem is to use an appropriate truncation method and
the sparse method to reduce the polynomial, which is not
very important in the expansion term of gPC.

A. Adaptive hyperbolic truncation

According to the effect sparsity and ordering
principles of the model [26], the lower-order effect in the
model is more important than the higher-order effect, and
focus should be on the “important few” rather than the
“unimportant many.” The hyperbolic truncation scheme
can effectively reduce the high-order effect factors
among the variables in the model [27]. Let pi be the
highest order of ®,, and the order of the k-th dimension

random variable is lx when the traditional truncation
scheme is adopted:

p=D b=kl (4)
k=1

Given that the concept of norm is used in the
hyperbolic truncation scheme, and q refers to the norm,
then (4) is redefined as:

pi:(i(lk)qj <P,0<q<l. (5)

k=1

(5) shows that when q = 1, Pmax = P, the truncation
scheme is the traditional truncation scheme. Meanwhile,
the hyperbolic truncation scheme parses the high-order
effect of the model on the basis of the traditional
truncation scheme. When q <1, all the remaining
polynomials are located under the hyperbolic curve or
surface. To intuitively show the truncation effect of the
hyperbola, two-dimensional input variables are taken as
examples, as shown in Fig. 1.
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n=2, q=1 n=2, q=0.75 n=2,q=0.5

Fig. 1. Hyperbolic truncation diagram of different
dimension input variables and g norms.

Figure 1 shows that for input variables of different
dimensions, the hyperbolic truncation scheme can
effectively reduce the high-order effect of the model and
maintain the low-order effect below the curve. In Fig. 1,
when g = 1, the hyperbola is a straight line, as shown in
a; when ¢ < 1, the straight line becomes a hyperbola, as
shown in b and c¢. With the decrease of g, the penalty of
the hyperbolic truncation scheme for the high-order
effect of the model is more obvious. The traditional
truncation order (P = 5) and the input variable dimension
(n = 2) are taken as examples, as shown in Fig. 2.

Xz Xz Xz

o o ¢ o
o o ¢ o
® @ x
® & x x
® x Xx

X X
e o X X

0 X,

P=5, 4=0.75

Xy
P=5, g=1 P=5, g=0.5
Fig. 2. Truncation effect of hyperbolic truncation when
P=5,n=2.

To show the influence of the related sparse
processing method on the model, let g be the sparse
coefficient:

g=N'/N. (6)

In the above equation, N' is the number of
polynomial expansion terms after sparse processing, and
N is the number of polynomial expansion terms without
sparse processing. For the model with n = 4 (input
variables) and g = 0.8 (hyperbolic truncation norm), the
sparse coefficients generated by different truncations are
shown in Table 2.

Table 2: Comparison of the number of polynomial terms
of the traditional and hyperbolic truncation schemes with
different truncation orders

Traditional g=0.8 g
P=5 126 61 48.4%
P=10 1001 408 40.8%
P=15 3876 1476 38.1%
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Table 2 shows that the hyperbolic truncation scheme
can effectively reduce the number of polynomial terms,
and the sparse coefficients decrease with the increase in
the truncation order. Thus, the hyperbolic truncation
scheme can effectively perform the preliminary sparse
processing of the model. In practical calculation and
analysis, the choice of hyperbolic truncation norm q is
important. When the value of norm q is extremely low,
although many high-order effects are removed, the low-
order effects of the model are also affected, resulting in
an extremely large error in the final calculation results of
the model. In view of the selection of the hyperbolic
truncation norm q, an adaptive method is proposed to
select the appropriate hyperbolic truncation norm q,
which takes the leave-one-out (LOO)verification error as
the criterion.

The LOO cross-validation error uses cross-
validation to overcome the overfitting problem caused
by the normalized empirical error, which is a technology
developed in statistical learning. Let the LOO cross-
validation error be & ,,. m metamodels are established,
with each based on the simplified experimental design,
and their predictions are compared at the exclusion point
with the true value ¢ o, can be expressed as follows:

$ (1) )

Eloo = = . (7)

N 2

(] o)

i=1

In (7), M(x®) is the response value of the model at
point x® of the ith metamodel, MPYi(x®) is the response
value of the polynomial chaos model at point x® of the

ith metamodel, and £ is the mean value.

The main steps of the selection algorithm of AHT
norm g with ¢ o, as the criterion are as follows:
(1) Set the selection range of hyperbolic truncation

norm g to [a, b] and the step size to s.
(2) Set threshold of ¢ -
(3) When g . is lessthan the set threshold or exceeds

the maximum selection range, the program stops,
and the obtained g value is the final selection result.

B. Least angle regression

The AHT can effectively reduce the influence of
high-order effects among variables in the model. Table
2 shows that although the number of polynomial terms
after hyperbolic truncation is reduced by more than half
compared with the traditional gPC, some space remains
for the sparse processing of the number of polynomial
terms after the AHT due to the large number of basic
terms of the polynomials. LAR is an important sparse
algorithm that can effectively make the model sparser.
Therefore, on the basis of the AHT, LAR is used to
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sparse the hyperbolic truncation polynomials to further

sparse the number of terms of the polynomial chaos. In

2004, Efron proposed a variable selection method similar

to forward stepwise regression [16]. The main idea of

LAR is as follows:

The model is represented as Y =X, using the
cosine similarity method to select the most relevant
independent variable (X;) with dependent variable Y.
The residual (y) of Y and X is calculated, moving in
the direction of X;until another variable X; appears. The
correlation between X: and residual y is equal to that
between X; and residual y, that is, residual y is located
on the angle bisector of X; and X; and then continues to
move forward along the angle bisector until the next
independent variable that is most related to the residual
appears. In short, we are constantly looking for variables
that are most relevant to the current residual. Taking the
two-dimensional input variables as an example, the
schematic of LAR is shown in Fig. 3. The main steps of
LAR are as follows:

(1) Let all polynomial coefficients be 0, and the initial
residual y be the observation vector.

(2) Find the most relevant variable (X1) with dependent
variable Y by cosine similarity.

(3) Let variable X; move in the current direction until
X1 and Xz can be divided equally, that is, until the
correlation between X; and the residual is the same
as that between X; and residual y. At this time,
residual y is located on the angular bisector of X; and
Xa.

(4) Similar to Step 2, continue to move in the direction
of the angular bisector obtained in Step 2 until a
new independent variable (X3) appears with the
same degree of correlation as residual y.

(5) Update the coefficients and move eligible arguments
from the candidate set to the active set.

(6) Repeat the above steps until all variables are iterated.

X1 X1*0 X3

Fig. 3. LAR of two-dimensional input variables.

C. Global sensitivity analysis based on polynomial
chaos

The Sobol method is the most classical among the
global sensitivity analysis methods. In this method, the
interaction between single and multiple input variables
is ANOVA, and their contribution to the model output
variance is calculated to analyze the influence degree of
different single or multiple variables’ interaction on the



output model, that is, the idea of ANOVA. With the use
of the Sobol method, the output model is decomposed
into the sum of 2" increasing terms:

Y(f)ZYOJFZn:)’i(fi)JF Z Yij (fivfj)Jf

I<i<j<n (8)

Y12...n (flvfzv---afn)-

In (8), & represents the n-dimensional input
variables [&1, &, ..., &, Yo is the mean value of Y
(&), and the decomposition terms have an orthogonal
relationship. The coefficients of each decomposition
term in (8) can be obtained by recursively calculating
the sum of the expansion terms through an integral. To
obtain the variance decomposition formula, the variance
is taken from both sides of (8):

Var[Y(&)]=D= iDi +

Z Dj+-+Dys n
I<i<j<n
The different decomposition terms in (9) represent
the influence of different input variables and the
interaction between variables on the output response
variance. The Sobol sensitivity indices are defined as:

(9)

<ig<ns=1...n (10)

Di....ic .
Sill"'lis = D ,1S|1<...

Sirefers to the first-order sensitivity indices, which
represent the contribution of a single input to the output
response variance. The sum of the first-order sensitivity
indices of each input variable and the sensitivity indices
of the interaction between each variable is defined as the
total sensitivity indices

ST =S +> Sixi++Sis. (11)
j<i

In the early days of the Sobol method, the total
sensitivity indices and the sensitivity indices of each
order were calculated by MC. However, MC has a
high calculation cost and a low calculation efficiency.
Therefore, this paper combines AS-PC and the Sobol
method to calculate the total sensitivity indices and the
sensitivity indices of each order [28]:

V(@)= + > Y e, (2,)+

i=1 acl;

DI H (5i1’5i2)+m

1<h<ip<n aEIiLiz (12)

+ z Z cad)a(g"il,---,éis)+

Ik <e-<naely i

Y @ (&g, )

a€ly  n

In (12),
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il

:{ae(%,az,---,an)ﬂk:0;} (13)
ke(il,”-,is),Vk:l,-'-,n

Y (¢) can be calculated:
Y(E)= Y @, (&8, ) (14)

aEIily"',is
According to the orthogonality of the basis functions of
polynomial chaos,
Dy..i = Z c:. (15)
aejilv'“vis
The global sensitivity indices of Sobol based on AS-

PC, including the first-order and total sensitivity indices,
can be obtained by combining (10) and (11).

III. NUMERICAL EXAMPLE

This paper focuses on the research and analysis of
the uniform lossless MTLs with ground as the reference
conductor. In real life, all kinds of electrical and
electronic equipment and large-scale systems are
exposed to complex electromagnetic environment, and
the uncertainty factors that lead to the electromagnetic
compatibility radiated susceptibility of transmission
lines in all kinds of equipment and systems are mainly
concentrated in the incident field generated by the
external electromagnetic environment. The elevation
angle (), azimuth angle (), polarization angle (»), and
level amplitude (E) of the incident plane wave of the
MTLs system with the ground as the reference conductor
is shown in Fig. 4.

G —Jv

X d

inc

¢
©0) 7 o

y

Fig. 4. Relationship between plane incident wave and
transmission line position.

Where d is the distance between transmission lines,
h is the height of the transmission lines from the ground,

1560



1561

r is the radius of the transmission lines, @ is the elevation
angle, v is the azimuth angle, # is the polarization angle
and Eo is the level amplitude of the incident plane wave.

In this section, the gPC model of the radiated
susceptibility of MTLs is established. The random input
variables of MTLs radiated susceptibility are 9, y, 7,
and the Eo. According to the distribution type of each
variable, the corresponding orthogonal substrate can be
determined and the gPC proxy model can be established.

The number of transmission lines is 3, and a (3+1)
MTLs model with the ground as the reference conductor
is established. As shown in Fig. 5, the length of the
transmission lines is | = 1m, the radius is r = 0.4mm, the
distance between transmission lines is 1cm, the height
(h) from the ground is 2cm. The impedance of the source
end and the load end of the transmission line are set
as low impedance and high impedance respectively.
The radiated susceptibility under different impedance
conditions is compared and analyzed.

X

|
The first
R R transmission line

The second
R[] transmission line

Y

The third
R[] transmission line

Fig. 5. (3+1) MTLs system.

The random input variables in the example are the
elevation angle (), azimuth angle (), polarization angle
(n), and level amplitude (E) of the incident plane wave.
Elevation angle @ is subject to uniform distribution
on the interval [0,0.5%], azimuth angle y is subject to
uniform distribution on the interval [- =, ©t], polarization
angle 5 is subject to uniform distribution on the interval
[0,2x], and level amplitude E is subject to normal
distribution with a mean value of 1 V/M and a standard
deviation of 0.2v/m. According to the different
distributions of random input variables, the corresponding
orthogonal basis is selected to build the g°PC model. In the
traditional truncation scheme, taking the remote induced
current (Ir2) of the second transmission line in Fig. 5 as
an example, truncation orders (P) 5, 10, 15, and 20 are
used. In the case of low impedance and high impedance
respectively, the mean value and standard deviation of the
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gPC model of MTLs radiated susceptibility are calculated,
the low impedance is 50Q, and the high impedance is
10kQ. The frequency range of the incident field is set to
[10MHz, 1GHz], and the calculated mean value and the
standard deviation are combined with the calculation of
20000 MC runs. The results are shown in Fig. 6.

oA
|

= ARy f g
El 4 1t W g
g 4 ih 8
g / v E
3 e 10% ) s
X ,.,f“"" il N?T’/ 2
v 5.35 7]

22
5 -
VI O S E B 5 L. 4 M SR S B B 10T U O S S o
107 10° 10° 107 10° 10°
Frequency(Hz) Frequency(Hz)

(a) Comparison of mean value and standard deviation
of low impedance

[--mc

Mean value

Standard deviation

10 10° 10° 10 10° 10°
Frequency(Hz) Frequency(Hz)

(b) Comparison of mean value and standard deviation
of high impedance

Fig. 6. Comparison between the mean value and standard
deviation of traditional gPC with different truncation
orders and the 20000 MC realizations.

According to the comparison results in Fig. 6, for
the mean value and standard deviation of the radiated
susceptibility induced current (lr2) of the MTLs, the
calculation results of the standard deviation of the low-
order truncation are poor under the traditional truncation
scheme, but the calculation results of the mean value and
standard deviation approach the calculation results of
MC as the truncation order increased. Next, for different
truncation orders (P), we select ¢, atthree frequency

points (i.e., 50, 80, and 100MHz) for comparison, as
shown in Fig. 7. Figure 7 shows that the lower-order
truncation, such as the 5th and 10th order truncations, is
relatively large, and the calculation results are not
ideal, whereas the ¢ o, of the 15th and the 20th order

truncations are relatively low and basically consistent.
Therefore, the calculation accuracy increases with the
truncation order (P), indicating that the 15™-order
truncation can achieve a high accuracy in the traditional
truncation.
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Fig. 7. &0, comparison between different frequency
points and different truncation order.

According to (3), 3876 expansions of gPC exist in
the traditional truncation scheme of order 15.A large
sparse processing space remains in gPC. To further
reduce the calculation cost and improve the calculation
efficiency, the AHT scheme introduced earlier is used to
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deal with the polynomials. Taking the induced current
(Ir2) at 50MHz as an example, the selection interval of
hyperbolic truncation norm q is [0.5,1], the step s is 0.05,
and the threshold value is 0.05. It is also calculated for
low impedance and high impedance respectively.

0.5
041

031

‘Loo

0.2r

011

0.5 0.6 0.7 0.8 0.9 1
g-norm
(a) Low impedance

0.5 0.6 0.7 0.8 09 1
g-norm

(b) High impedance

Fig. 8. &, curve of different g norm.

Table 3: Comparison of sparse coefficient g with different g norm when P=15

q 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
N’ 263 358 480 662 873 1133 1476 1893 2404 | 3095 3876
g 6.79% | 9.24% | 12.4% | 17.1% | 22.5% | 29.2% | 38.1% | 48.8% | 62.0% | 79.9% 1

According to Fig. 8, when q = 0.8, ¢, reaches
the threshold value, and when q >0.8, ¢, changes

slightly. Combined with the sparse coefficient (g) in Table
3, compared with q >0.8, when ¢, is nearly the

same, sparse coefficient g = 0.8 is the smallest, and the
calculation cost is the lowest. Therefore, g = 0.8 satisfies
the expectation of this work and can complete the initial
sparse processing of polynomials. g is set to 0.8 for
further analysis. After completing the selection of
hyperbolic truncation norm g, the LAR introduced in the
previous paper, that is, AS-PC, is combined for a more

intensive sparse processing of the model. The previous
study proved that under the traditional truncation scheme,
P =15 can achieve good accuracy. To verify that P = 15
can also achieve ideal accuracy when using the AS-PC,
the induced current at 50, 80, and 100MHz is also selected
as an example to compare the different truncation orders,
as shown in Fig. 9.

Figure 9 indicates that when g = 0.8, compared with
the calculation result of low-order truncation, the different
of &, betweenP =15andP =20 issmall and basically

consistent, indicating that the proposed model can achieve
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the ideal precision when g = 0.8 and P = 15. Therefore
we take the P=15 as the truncation order for the
following study. To further verify the accuracy of AS-PC,
the probability distribution of the radiated susceptibility
induced current of the MTLs at the frequency points
of 50, 80, and 100MHz is calculated. The probability
distribution curve of the radiated susceptibility induced
current of the MTLs is calculated by combining with AS-
PC, as shown in Fig. 10.
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o 6749 q=0.8
S0.5¢ 1
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0.0463 0.0221
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0.5 429 I I
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g q=0.8
w 0.103
0.018 0.007]
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The truncation order number P
1 . .
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g 05 q=0.8
w
0.151
0.023 0.018
0 1
5 10 15 20

The truncation order number P
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Fig. 9. Comparison of different truncation order & oo
at different frequency points when g = 0.8 and P = 15.

The comparison of the results of the probability
distribution curve in Fig. 10 shows that AS-PC can
effectively calculate the probability distribution of
induced current I, at different frequency points on the
premise of ensuring the calculation accuracy, and we can
see that in the case of low impedance, the induced current
is smaller than that in the case of high impedance, which
shows that increasing the load impedance of transmission
line can effectively reduce the induced current when
the transmission line is radiated. Take the case of low
impedance, further analysis can be made by combining
the calculation times of AS-PC and gPC and the sparse
coefficient g, as shown in Table 4.
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Fig. 10. Comparison of induced current probability
distribution of AS-PC calculated #2 transmission line at
different frequency points.

Table 4: Computing time comparison between AS-PC
and gPC

Computing time (s) g
AS-PC 6.39 3.25%
gPC 13.69 100%
20000 MC 2001.54 nan

The main frequency of the CPU used is 2.3GHz,
and the RAM is 8GB. Table 4 shows that compared
with the calculation time of 20000 MC realizations, the
calculation time of gPC decreased greatly. However, AS-
PC further compresses the calculation time effectively,
saving calculation costs and improving the calculation
efficiency while ensuring the calculation accuracy. On
the basis of the above calculation results, AS-PC can
effectively sparse gPC and accurately calculate the
induced current probability distribution of the radiated
susceptibility of MTLs at different frequency points.

The above calculation and analysis show that the
AS-PC method can quickly and accurately calculate the
relevant statistical characteristic parameters (such as
the mean standard deviation probability distribution) in
the uncertainties of the radiated susceptibility of MTLs
on the premise of ensuring the calculation accuracy. Next,
to further analyze the influence of different input variables
on the model in the MTLs radiated susceptibility system,
the global sensitivity calculation method introduced in
the previous paper was studied.

The global sensitivity indices of each input variable
are calculated by combining (10) and (11) and the
expansion coefficients of AS-PC. Taking the response
current at 50MHz at the right end of #2 transmission lines
as an example, under different impedance conditions,



the total and first-order sensitivity indices of each input
variable are calculated as follows.
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Fig. 11. Comparison between the total and first-order
sensitivity indices.

Figure 11 shows that the total and first-order
sensitivity indices calculated based on the proposed
method are basically the same as those calculated by
the 20000 MC realizations, and the influence degree of
various input variables on the model is also the same.
The total sensitivity indices and the first-order sensitivity
indices of the polarization angle # are both kept at a high
level in the case of low impedance and high impedance,
which is an important factor affecting the radiated
susceptibility of the MTLs at this frequency point.
However, in the case of low impedance, the sensitivity
indices of elevation angle 0 is low, which has little
influence on the whole model. In the case of high
impedance, the sensitivity indices of azimuth angle w
is at a low level, which has less influence on the model
than that of polarization angle #. On the basis of the
above analysis, the proposed method is faster and more
efficient and is thus effective in calculating the total
sensitivity index and the first-order sensitivity indices of
the radiated susceptibility of MTLs.

To more intuitively show the influence degree of
different random variables at different frequency points
on the whole model, the total sensitivity indices of the
influence degree of each parameter on the radiated
susceptibility of MTLs in the frequency band [LOMHz,
1GHz] is calculated as shown in Fig. 12.

It can be seen from the analysis of Fig. 12 that no
matter in the case of low impedance or high impedance,
in the frequency band [LOMHz, 1GHz], the influence
degree of level amplitude E is maintained at a low
level, which has little influence on the model as a
whole. Although the influence is increased in the higher
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frequency band, such as [900MHz, 1GHz], the influence
degree of polarization angle # at the same frequency
band is far greater than level amplitude E, and when the
frequency is higher than 200MHz, the influence degree
of elevation angle 6 on the model is also far greater.
In the case of low impedance, azimuth w becomes an
important factor affecting the model at about 200MHz,
but the influence degree is greatly reduced at the high
frequency, while in the case of high impedance, the
influence of azimuth y is very weak at the low frequency.
On the basis of the above analysis, when the location
and frequency range of the radiation source in the
surrounding environment are known in the practical
engineering application, when designing the electrical
system in this environment, attention should be paid to
the polarization angle of the radiation source, and the
position distribution of the transmission line should be
adjusted reasonably and effectively to avoid unnecessary

electromagnetic compatibility problems.
0.7
0.6
[ o5
| 104

0.2 0.4 0.6 0.8 1

Frequency(GHz)
(a) Low impedance

11

0.2 0.4 0.6 0.8 1
Frequency(GHz)

(b) High impedance

Fig 12. [10MHz, 1GHz] influence of parameters on
radiated susceptibility of MTLs.

IV. CONCLUSION
The uncertainties of the radiated susceptibility of
MTLs with infinite ground as the reference conductor
are studied. The elevation (#), azimuth (), polarization
angle (y),and level amplitude (E) of the incident plane
wave of the random input variables related to the radiated
susceptibility of the MTLs are respectively subject to the
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corresponding random distribution type. A surrogate transmission line driven by a random plane wave
model is established by gPC. On this basis, an AS-PC field,” IEEE Trans. on Electromagn. Compat., vol.
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the gPC is sparsed and calculated to obtain the [6] S. Pignari and D. Bellan, “Statistical character-
transmission lines-induced current (voltage)-related ization of multiconductor transmission lines
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as the mean value, the standard deviation, and the International Symposium on Electromagnetic
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