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Abstract: This work presents a detailed, comprehensive study of a new structural design of protec-
tive devices with a circular cross-section (CS) (protective cables) for protecting equipment against
ultra-wideband (UWB) pulses. Multiconductor structures with 2-5 conductors with and without a
protective shield are considered. The disadvantages of using symmetric configurations of protective
cables are shown. Their simulation, multivariate analysis, and optimization through heuristic search,
as well as evolutionary strategies, were carried out. Optimization was carried out according to
the amplitude (to minimize the maximum voltage level at the output of the structures) and time
(to maximize the duration of the exciting signal) criteria. The optimization results allowed for in-
creasing the duration and overall attenuation of the exciting UWB pulse. The article shows the
possibility of improving the characteristics of such structures through their cascade connection, both
among themselves and with strip protective structures. The results of parametric optimization of
such structures are presented in the range of real (used in practice) geometric and electrophysical
parameters in terms of amplitude and time criteria, as well as the matching criterion. The article
also presents the developed prototypes of protective structures with a circular CS of three types:
circular 3-conductor cable, flat 3-conductor cable, and circular 4-conductor cable. The experimental
results describe how these prototypes were developed and created and confirm the feasibility of
these protective structures to decompose the exciting pulse signal, which was previously shown only
in simulation. Finally, it is shown that the use of asymmetry in the proposed cable structures can
improve their protective characteristics.

Keywords: electromagnetic compatibility; intentional electromagnetic interference; UWB pulse;
multiconductor modal filters; microstrip line; circular cross-section; parametric optimization; heuristic

search; cascade connection; time response

1. Introduction

The functionality and the number of technical devices (TD) of various types and
purposes are continuously growing every year. Such growth exacerbates the problem of
ensuring electromagnetic compatibility (EMC). It is associated, first of all, with the increas-
ing influence of electromagnetic interference (EMI) of various nature on the operation
of critical TD. By critical TD, we mean the devices that operate in the most important
sectors of human life. Violation of their normal operation can undermine the stability of
their work and lead to various undesirable consequences, from losses in the economic
industry to human victims. It is known that EMI sources can cause malfunctions in the
automated microprocessor systems, which can ultimately lead to serious system crashes
with significant damage. As a rule, the transmission of induced EMI to the microprocessor
part of protection and automation devices occurs through control or power cables [1-10].
To ensure the stable operation of electronic systems, it is critical to evaluate the appropriate
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characteristics of wires and cables [11]. For example, lightning is a dangerous source of
EMI, and its impact can result in TD disruption, leading to serious problems with safety
and reliability. Important research in this area is devoted to the characteristics of shielded
cables protecting against direct lightning strikes [12-14]. The work [15] describes shielded
wires that play an important role in providing communication and protection against EML
Coaxial cables are widely used in wired communications because of their shielding and
mechanical properties. Since some sensitive systems operate in a compact electromagnetic
environment, the transmission of safety-related signals is an important task [16]. Cable
reliability issues are discussed in [17]. It is known that the cable itself can affect protection
systems [18]. In [19], a coaxial low-impedance cable (2-15 (2) was developed to connect a
power system surge protective device. In addition, there are active investigations of EMI
effects and their mitigation in flexible flat cables and connectors [20].

It is obvious that the threat of EMI influence on the operation of critical TDs emphasizes
the problem of EMC provision [21]. It is known that EMIs are divided into conducted and
radiated ones. Special attention should be paid to conducted interference that propagates
directly along conductors [22]. Sources of conducted interference can include switching of
current circuits, lightning strikes, electrostatic discharge, and intentional ultra-wideband
(UWB) pulses [23]. The latter are of the greatest interest due to their peculiarities. For
example, the UWB pulses can be represented by ultrashort pulses (USPs) that have a
subnanosecond rise time and high voltage levels. Despite their low energy, USPs can cause
significant damage to critical TDs, disrupting their operation or even putting them out of
action by penetrating critical nodes. Meanwhile, traditional protection devices installed
at the TD input have some drawbacks. For example, they are vulnerable to radiation,
have a short service life, fail to work at high voltages, or provide insufficient performance.
Therefore, in the last decade, there has been an increase in the number of developments
that are devoted to protecting equipment against intentional UWB pulses.

Many of these developments are based on modal filtration technology. This tech-
nology implies the decomposition of the exciting UWB pulse in transmission lines with
inhomogeneous dielectric filling, which is possible due to the difference in mode delays.
This technology is effectively used in protective devices called modal filters (MF). The
biggest advantages of the MFs include a long service life and radiation resistance that
results from the absence of semiconductor components. In addition, their implementation
is cheap because their construction employs common and cheap materials. Particularly
relevant tasks in the MF design are the search for solutions to reduce the MF weight and
size characteristics to expand their application areas and increase the difference in mode
delays. The latter can be achieved either by changing the MF length, optimization of its
cross-section (CS) parameters, or by using dielectric materials with high relative permit-
tivity. Publication activity of researchers in this direction is quite high [24-29], although
they have mainly limited their studies to coupled and multiconductor stripe structures.
However, the implementation of the MF in cable structures with a circular CS has practically
not been studied, although we consider it relevant. This relevance is explained by the
fact that high-frequency transmission systems or measuring devices that employ various
cables have become a standard element of TD. In addition, such structures have several
advantages compared to MFs based on strip structures: the design flexibility, the length of
the structure, and the use of ready-made cable features. Therefore, additional protection in
MF-based structures with a circular CS is very important. The purpose of this work is to
comprehensively study a new structural design of protective devices with a circular CS
(protective cables) for UWB pulse protection.

The design of structures with a circular CS involves the use of circular geometry of
the elements and the CS as a whole. Note that the geometric configuration of widely used
cables suggests the presence of axial symmetry. However, due to the same electromagnetic
coupling between the conductors of symmetric cable structures, the complete decomposi-
tion of the exciting USP is practically impossible. The solution is breaking the symmetry of
such structures and proceeding to asymmetry.
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The article is divided into several sections. Section 2 provides the scientific background.
Section 3 describes the methods and approaches used in the work. Section 4 is devoted
to the preliminary simulation of a wide range of MFs with a circular CS, and Section 5 is
devoted to measurements. Section 6 presents optimization using ES. Section 7 discusses
the main results, and Section 8 summarizes them.

2. Scientific Background

The condition for the complete pulse decomposition in an MF of length [ is that the
total pulse duration f5, be less than the minimum modulus of the difference in mode
delays [25]:

t2<lmin|’ti—’rk|, i,kzl,...,N,l'#k, (1)

where ;) is the per-unit-length delay of the i(k) line mode.

An active study of protective structures with a circular CS originates from the use of
symmetry in MF geometry [30,31]. Let us consider symmetric MFs with a circular CS in
more detail. CSs of eight symmetric MFs with and without a protective shield with (N)
2-5 conductors are presented in Figure 1. Here and further, ¢,; is the relative permittivity of
the medium, and 7; is the radius of the CS element. The choice of specific parameter values
of the considered MFs is complicated. Therefore, we take arbitrary but quite realizable
in practice, values of the parameters as initial ones. The parameters of MFs 1-8 are the
following: r1 = 0.9 mm; 1, = 1.6 mm, 3 = 3.45 mm; r4 = 0.95 mm; €1 = 1; &0 = 5; &3 = 10;
€rq = 15. For MF 2, the r3 value was assumed to be 3.45 mm, and for MF 4 3.6 mm. For MFs
5-7,r3 =3.5mm, and r5 = 3.6 mm. For MF §, r3 = 3.6 mm and r5 = 3.65 mm. The equivalent
circuits of the structures with an MF length (I) equal to 1 m are shown in Figure 2. To ensure
the matching of the line with the path, the load (R) values are taken as equal to 50 (2. As
an excitation, we used a source of trapezoidal pulse signals with an EMF of 5 V and rise,
fall, and flat top durations of 50 ps. Figure 3 shows the voltage waveforms at the output of
MFs 1-8.

Figure 1. CSs of symmetric (a,e) MFs 1, 5 with N = 2, (b,f) MFs 2, 6 with N = 3, (c,g) MFs 3, 7 with
N =4, (d,h) MFs 4, 8 with N = 5. Conductors: A—active, P—passive, R—reference.
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Figure 2. Equivalent circuits of the MFs with (a) N =2, (b) N=3,(c) N=4and (d) N =5.
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Figure 3. Voltage waveforms at the output of the symmetric (a) MF 1, (b) MF 2, (c) MF 3, (d) MF 4,
(e) ME 5, (f) MF 6, (g) MF 7, (h) MF 8.
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From Figure 3, we can see the coincidence of some per-unit-length modal delay (t;)
values. In the general case, in multiconductor MFs, the number of decomposition pulses
(DP) is equal to the number of conductors. This means the simultaneous arrival of modes
to the end of the A-conductor (except for the MF with N = 2). For example, we can see two
and three pulses at the output in MFs 2—4 (assuming full UWB pulse decomposition, we
would observe three, four, and five pulses). Obviously, in symmetric MFs with a circular
cross-section (for N > 2), condition (1) is not satisfied due to the same or similar values of
the difference of the per-unit-length modal delays (A), as follows from Figure 3. However,
the symmetric arrangement of the conductors at N = 3 and more will never allow for the
complete decomposition of the exciting UWB pulse because the electromagnetic coupling
of the active conductor with each of the passive ones is the same. As a consequence, DP
overlap and an increase in the resulting amplitudes of the output voltage are inevitable
(within this example, up to 1.26 V for MF 2, 1.25 V for MF 3, 0.98 V for MF 4, 1.37 V for
MF 6, 1.87 V for MF 7, 0.86 V for MF 8). Note that, in Figure 3g, pulse 1 does not have a
trapezoidal shape, which indicates that the values of the At of some pulses (which are in the
first pulse in Figure 3g) were very close. Obviously, to achieve a complete decomposition
of the exciting UWB pulse, it is necessary to perform optimization and avoid a symmetrical
arrangement of conductors in the CS (to distinguish the electromagnetic coupling of an
active conductor from passive).

Another resource for improving the protective properties of the MFs under consid-
eration is the possibility of using cascade connection (CC) of protective structures if it is
performed with the proper parameter combinations. In addition, parametric optimization
of protective structures in the range of real geometric and electrophysical parameters is
important. It is necessary to assess if it is possible to decompose the exciting UWB pulse by
using the capabilities of real cable structures rather than resorting to expensive materials.
At the same time, MFs with a circular CS have so far been optimized only using the heuristic
search optimization (HSept) [32]. This is not always convenient, as it requires a lot of time
and concentration on a specific optimization problem from the developer (especially with
multicriteria optimization). HSopt involves the implementation of a preliminary multivari-
ate analysis in a range of parameters with one goal—to determine the relationship between
the variable parameters and the objective function (OF). Further, the identified features
are used to perform optimization. Experience in practical simulation and optimization is
relevant in HSopt. Meanwhile, the optimization of protective cables by global optimization
methods can eliminate the disadvantages inherent in HSpt. Currently, stripe protective
structures with modal decomposition are actively optimized by the genetic algorithm
(GA) [33-35] and evolutionary strategies (ES) [36]. Therefore, an important task is to study
the possibility of optimizing the MF with a circular CS using evolutionary algorithms.
Additionally, the experimental study of this MF deserves special attention. It involves the
development and creation of MF prototypes and a comparative analysis of the calculated
and measured characteristics.

3. Approaches and Methods

Two, three, four, and five-conductor MFs with a circular CS were taken as the structures
under study. Both shielded and unshielded configurations were considered. A 3-conductor
microstrip line (MSL) was also used in the CC tasks. All structures were subject to quasi-
static simulation, multivariate analysis, and parametric optimization.

The simulation took several steps. First, we created geometric models of the MF CS.
Then, we calculated the matrices of per-unit-length coefficients of electrostatic (C) and
electromagnetic (L) inductances. To calculate the responses, we made a circuit, set loads
and excitation, and then calculated the time responses in the range of parameters. The
simulation was performed in the TALGAT system, which gives acceptable accuracy and
does not require high computational costs [37]. The validation of the system has been
repeatedly demonstrated in various scientific publications, for example [38]. The values
of the loss matrices in the conductors (R) and dielectrics (G) were taken to be zero in the



Symmetry 2022, 14, 1228

6 of 34

lossless simulation. To calculate the elements of matrix G, we used the fixed values of the
relative permittivity and the tangent of the dielectric loss angle in the lossy simulation. The
elements of matrix R were calculated taking into account the skin effect, proximity effect,
and loss in the ground plane, according to the method from [39].

Optimization by HSqpt was performed according to three criteria. The first one is the
amplitude criterion to minimize the maximum voltage at the MF output. The second one is
the time-interval criterion to equalize the time intervals between the DPs at the MF output.
The third one is the range-time criterion to maximize the duration of the DPs at the MF
output. In addition, the optimization implied the matching between the MF and the path.
The MFs were optimized using a modified ES algorithm with constraints, which allows
you to set the range of optimized parameters [40]. The idea of the modified algorithm is
that a value that exceeds the specified range is replaced by a random number in that range.
Thus, the algorithm does not allow the optimized parameters to go beyond the permissible
values and, at the same time, introduces an element of randomness. It positively affects the
finding of the global extremum (as compared to the traditional ES algorithm). Finally, ES
optimization was performed according to the amplitude criteria.

In the full-scale experiment, the excitation was a real pulse signal received by taking
the derivative of a step excitation obtained with a Tektronix DSA 8300 digital strobe
oscilloscope. Frequency dependences of | 5;1 | of the prototypes were measured using a
vector electric circuit analyzer «Panorama» P4226.

4. Simulation and Multivariate Analysis of Protective Structures with a Circular
Cross-Section

4.1. Optimization of the Structures
4.1.1. Parametric Optimization of Unshielded Structures

As noted earlier, the symmetric arrangement of the conductors does not allow for
complete decomposition of the exciting UWB pulse, so it is reasonable to perform opti-
mization to eliminate this non-deficiency. We will consider MFs 2—4 because their CSs
correspond to the commonly available cable grades, as shown in Figure 1b—d. For example,
cable PBPPg (PUGNP) is widely used for switching lighting equipment and connecting
low-power devices. Another example is a widely used cable for energy transmission and
distribution. It has PVC-insulated conductors and is commonly used in industrial premises,
power plants, distribution, and lighting devices, as well as in ordinary households as
wiring. MF CSs after the parametric optimization by HSopt according to the amplitude,
the time-interval, and the minimum and maximum-time criteria are shown in Figure 4.
Optimization of MF 1 was not required because it has only one active and one passive
conductor. Hence, the exciting UWB pulse is completely decomposed at the output of such
an MFE.

{b} (<}
Figure 4. CSs of (a) MF 2, (b) MF 3, and (c) MF 4 after HSqpt.

As a result of MF 2 optimization, the following values were obtained: ¢, = 1; &,p = 5;
er3 = 19; r1 = 0.9 mm for the reference conductor and conductors 1 and 2; ; = 0.89 mm for
conductor 3; r, = 1.6 mm; r3 = 3.45 mm. The R values were taken as equal to 35 () to ensure
the matching of the line with the path. The excitation was taken the same as in Section 2.
First, in order to establish various coupling between the conductors in order to obtain a



Symmetry 2022, 14, 1228

7 of 34

complete decomposition of the exciting UWB pulse, the arrangement of conductors 2 and
3 in the internal dielectric filling was changed. The optimization process revealed that
the change in ¢, value of the external dielectric allows one to increase the time intervals
between pulses 1 and 2. A slight change of r; value for conductor 3 leads to an increase in
the U, value, thereby making it possible to align the maximum voltages of the DPs. As a
result, a complete decomposition of the exciting pulse into three pulses of lower maximum
voltages was achieved, and the amplitudes of the DPs were equalized.

As a result of MF 3 optimization, the following values were obtained: ¢, = 1; &0 = 3;
€r4 = 60 around conductors 1 and 3; ¢,4 = 120 around conductor 2; ¢,4 = 20 around conductor
4; r1 = 0.9 mm for the reference conductor and conductors 1, 2, and 4; r; = 1 mm for
conductor 3; r, = 1.6 mm; r4 = 0.95 mm for conductors 1, 2, and 4; 4 = 1.1 mm for conductor
3. The R values were taken as equal to 68 () to ensure the matching of the line with the path.
It was found that an increase in the r; values for conductor 3 and r4 for conductor 3 leads to
a slight decrease in the amplitude of U,. An increase in the ¢,4 around conductor 1 leads to
an increase in the U, and a slight decrease in the time interval between pulses 1 and 2 and
a significant increase in the Uy, and also a decrease in the time interval between pulses 2
and 3. An increase in the ¢,4 around conductor 2 leads to an increase in the U3, a significant
decrease in the Uy, and a slight decrease in the U3. As a result, complete decomposition of
the exciting UWB pulse signal into four pulses of lower maximum voltages was achieved.
To maximize the time intervals between DPs, the ¢,4 value around conductor 4 was slightly
increased, which also led to an increase in the U; and a decrease in the U,. As a result
of optimization, a complete UWB pulse decomposition was achieved, and the maximum
voltages of the first three pulses were equalized.

As a result of MF 4 optimization, the following values were obtained: ¢,1 = 1; £, = 70;
€3 = 6; £,4 = 5 around conductor 1; ¢,4 = 3 around conductor 2; ¢,4 = 10 around conductor
3; €74 = 27 around conductor 4; ¢,4 = 15 around conductor 5; r; = 1.22 mm for the reference
conductor; 71 = 0.9 mm for conductors 1 and 4; ; = 0.3 mm for conductors 2 and 3;
r1 = 0.55 mm for conductor 5; r, = 1.9 mm; r3 = 4 mm; r4 = 0.95 mm for conductors 1, 4, and
5; r4 = 0.92 mm for conductor 2; r4 = 0.69 mm for conductor 3. The R values were taken
as equal to 33 () to ensure the matching of the line with the path. Changing the ¢,3 value
made it possible to slightly increase the time intervals between pulses 2, 3, and 4. Changing
the arrangement of passive conductors made it possible to reduce U; and increase Uj. It
also allowed us to decrease the time interval between pulses 4 and 5, which also led to
a slight decrease in the time interval between pulses 1 and 2, and 3 and 4. A decrease in
the r; values for passive conductors, as well as an increase in the r1 values for the active
conductor and the 4 value for all conductors, made it possible to reduce U, and increase
Us. However, these changes also uniformly reduced the time intervals between the first
four pulses. A decrease in the ¢4 values around conductors 1 and 2 made it possible to
reduce Uz. An increase in the ¢,4 values around conductors 3, 4, and 5 made it possible
to decrease Us, increase the time intervals between the DPs, and equalize the maximum
voltages of the first four DPs.

The MF output characteristics after optimization are summarized in Table 1. In
addition, in Table 1, for clarity, the MF 1 output characteristics are summarized as well. The
At; values show that a complete decomposition of the exciting UWB pulse was achieved
in all MFs. The voltage waveforms at the MFs 2—4 output after optimization are shown in
Figure 5.

The minimum ATt; values for MFs 1-4 are 0.75, 1.72, 0.25, and 0.58 ns/m, which
demonstrates the complete decomposition of the exciting UWB pulse. The maximum
amplitudes of the DPs are 1.25, 0.73, 0.67, and 0.55 V (which is 2, 3, 3.58, and 4.18 times less
than the Uj,). Analyzing the results, one can say that the total duration of the exciting UWB
pulse (with allowance for the partial superposition of the rise and the fall of adjacent DPs)
can be increased by up to 0.744, 1.71, 0.249, and 0.579 ns for MFs 14, respectively, with the
same attenuation coefficient. According to condition (1), the duration of excitation (150 ps)
is much less than the minimum mode delay difference in the considered MFs (Table 1 at
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I'=1m). Thus, condition (1) is ensured in these MFs (in contrast to symmetric MFs with a
circular CS).

Table 1. Voltage waveform characteristics at the output of MF 1 without optimization and MFs 2—4
after HSqpt (Where Uj,—input voltage, U;—DP amplitudes).

U v DP Amplitudes, V Differences in Per-Unit-Length Delays At, ns/m
MF ins
" u, U, Us; Uy Us ATy Aty Ats Aty
1 2.49 1.24 1.25 0.75
2 22 0.73 0.72 0.73 1.77 1.72
3 24 0.65 0.66 0.67 0.45 04 0.25 0.5
4 23 0.54 0.54 0.54 0.55 0.25 0.58 0.93 1.24 0.78
E 2: - o 0.% —| g 0.6
g 0.6 = o 0.6 ~| &, 04
£03 503 3 02 n
o _ = G
- 0 T T T 1 T g 0 | - JLIN SR - . g 0 + d - : 2 -
§ 9 b 11 12 13 43 46 49 52 55 8 9 16 11 12 13
Time (ns) Time (ns) Time (ns)
(a) (b) (c)

Figure 5. Voltage waveforms at the output of (a) MF 2, (b) MF 3, and (c) MF 4 after HSopt.

4.1.2. Parametric Optimization of Shielded Structures

We consider the shielded MFs with a circular CS discussed in [41]. Their CSs before op-
timization are shown in Figure le-h with initial parameter values: r; = 0.9 mm; r; = 1.6 mm,
r3=3.5mm; 7y, =095 mm; rs =3.6 mm; e,1 =1; €0 =5; ¢,3 = 10; €4 = 15. The CSs of MFs
5-8 with parameters after HS,pt are shown in Figure 6, and the voltage waveforms at the
output of MFs 5-8 after optimization are shown in Figure 7. The output characteristics of
MFs after optimization are summarized in Table 2.

Figure 6. CSs of (a) MF 5, (b) MF 6, (c) MF 7, and (d) MF 8 after HSqpt.

In spite of the fact that the complete decomposition of the exciting UWB pulse at the
MF 5 output is achieved at the initial parameters, its characteristics could be improved by
increasing the time intervals between the DPs (achieved by reducing the r, value). After
optimization, the following parameter values were obtained: e, = 1; ¢,3 = 10; 71 = 0.9 mm;
rp = 0.9 mm; r3 = 2.8 mm. The R value was taken as equal to 18 () to match the MF
with the path. After optimization of MF 6, the rp value decreased, which resulted in
an increase in the time intervals between the DPs. The complete decomposition of the
exciting UWB pulse was achieved by changing the location of the passive conductors
relative to the active one, as well as by changing the ¢,3 value. After optimization, we
also equalized the amplitudes of all DPs. The following parameter values were obtained:
&1 =1; €2 =5; ¢,3 =23; r1 =0.9 mm for conductors 1 and 3; r; = 0.73 for conductor 2;
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rp = 0.9 mm; r3 = 3.3 mm; r5 = 3.7 mm. The R value was taken as equal to 20 ) to match
the line with the path. After optimization of MF 7, the values of ¢, ;4 around conductors
1, 2, and 4, as well as the values of r; for conductors 2, 3, and 4 and their location were
changed. After optimization, the complete decomposition of the exciting UWB pulse into
four pulses of lower amplitudes was achieved. The following parameter values were
obtained: ¢,1 =1, ¢,2 =60; ¢4 = 24 around conductor 1; ¢4 = 11 around conductor 2;
gr4 = 15 around conductor 3; ¢,4 = 5 around conductor 4; r; = 0.9 mm for conductor 1;
r1 = 0.8 mm for conductors 2 and 4; r; = 0.7 mm for conductor 3; r, = 1.3 mm; 4 = 0.95 mm.
The R value was taken as equal to 31 () to match the MF with the path. After optimization
of MF 8, the values of ¢, €4 around conductors 1-5, were changed, as well as the values
of r1 and their location for conductors 2-5. The following parameter values were obtained:
er1 = 1; €20 =120; €43 = 5; €74 = 4 around conductor 1; ¢,4 = 20 around conductor 2; ¢,4 =3
around conductor 3; ¢;4 = 55 around conductor 4; ¢,4 = 42 around conductor 5; r; = 0.9 mm
for conductor 1; r; = 0.5 mm for conductor 2; r; = 0.8 mm for conductor 3; r; = 0.82 mm
for conductor 4; r; = 0.5 mm for conductor 5; r, = 1.55 mm; r3 = 4.6 mm; r4 = 0.95 mm;
r5 = 5.1 mm. The R value was taken as equal to 29 () to match the MF with the path.

1.5 —~ 0.9 -
= o 0.6
Eﬂ 1 tq%:lo .
£ 05 £ 03
= -
0 T T T T 1 0 T - T B T T T T 1
33 3.5 3.7 3.9 4.1 43 6 7 & 9 10 11 12 13
Time (ns) Time (ns)
(@ (b)
09 0.6
& =
%}0-6 ?.D 04
£ 03 2 02
= > A
0 I 0 T " T T T [ T T T
43 46 49 5.2 55 5.8 5 6 7 8 9 10 11 12 13
Time (ns) Time (ns)
(c) (d)

Figure 7. Voltage waveforms at the output of (a) MF 5, (b) MF 6, (c) MF 7, and (d) MF 8 after HSopt.

Table 2. Voltage waveform characteristics at the output of MF 1 before optimization and MFs 5-8
after HSqpt (Where Uj,—input voltage, U;—DP amplitudes).

DP Amplitudes, V Differences in Per-Unit-Length Delays A1, ns/m
MF uinr \%
U1 UZ U3 U4 U5 ATl ATZ AT3 AT4
5 2.49 1.248 1.249 0.69
6 2.46 0.78 0.78 0.78 2.67 2.9
7 2.47 0.77 0.77 0.76 0.19 0.39 0.34 0.5
8 2.46 0.57 0.55 0.57 0.56 0.12 2.07 1.65 0.9 2.5

Figure 7 shows that 2-5 pulses of lower amplitudes come to the end of MFs 2-5. It
follows from Table 2 that the minimum A+; values for MFs 5-8 are 0.69, 2.67, 0.34, and
0.9 ns/m. Therefore, for MFs 5-8, it is possible to increase the exciting pulse duration to
0.681, 2.664, 0.324, and 0.89 ns with the same attenuation coefficient. Thus, Figure 7 shows
the complete decomposition of the exciting UWB pulse in all MFs. This is confirmed by the
results from Table 2, which, among other things, show the matching of MFs 5-8 with the
path (the Uj, values are close to half the EMF amplitude in all MFs).



Symmetry 2022, 14, 1228

10 of 34

4.2. Cascade Connection of Modal Filters

In this subsection, we explore the possibility of improving the performance of multi-
conductor MFs (with a circular CS and based on MSL) by cascading them. It is known [42]
that each pulse is successively divided into two pulses of smaller amplitudes when seg-
ments of coupled lines are connected in cascade. In other words, connecting another
segment to the line segment leads to the fact that pulse 1 is decomposed into pulse 1.1
and pulse 1.2, while pulse 2 is decomposed into pulse 2.1 and pulse 2.2. These pulses will
not coincide with each other in time if the mode delay difference of the second segment
is at least twice as big as that of the first one. The result is the sequence of pulses 1.1, 2.1,
1.2, 2.2. Consequently, the CC of n segments will lead, under certain conditions, to the
decomposition into 2" pulses, which is possible with a successive doubling or shortening
of the lengths of the connected line segments.

For a structure of n segments of connected lines, the length of the k-th segment is
defined as:

=12k —-1),k=1,...,n, 2

with the total length of the structure
Ly =12, — 1). ®)

The resulting formulas (2) and (3) relate the number and lengths of coupled line
segments for pulse decomposition with given parameters [42]. We considered the above
conditions only in relation to the CC of segments of coupled lines of the same type, while
this issue was not touched upon for structures that were different (in terms of CSs).

For the study, we selected 3-conductor MFs: with a circular CS and an MSL.
Figures 4a and 8a show their CSs, where w is the width of the conductors, d is the dis-
tance from the edge of the MSL to the nearest conductor, s is the separation between the
conductors, t is the conductor’s thickness, and # is the substrate thickness. In the simulation,
the source of UWB pulses is represented by an ideal trapezoidal signal source with 1 V
EMF and rise, fall, and flat top durations of 50 ps, so that the total duration was 150 ps.
Figure 8b,c show the equivalent circuits of the CSs, and Figure 8d,e show the voltage
waveforms at the beginning and end of single-segment MFs with a circular CS and an MSL.
We considered a multiconductor MF with a circular CS in Section 4.1. This structure for
N = 3 is shown in Figure 4a. We also performed the optimization of this MF by HS,y: for
amplitude, interval-time, and range-time criteria (see Section 4.1). Equal amplitudes of the
DPs were achieved, and a 3-time attenuation of the output signal was obtained compared
to Uiy = 0.44 V (recalculated with respect to the data from Table 1 when excitation was
1 V). An MF based on an MSL was previously considered in [43] and is a 3-conductor
transmission line (Figure 8a). The parameters of the MSL are taken as follows: ¢,; = 1;
relative permittivity of the substrate ¢,5 = 4.5; w13 = 1 mm; t = 0.178 mm; h = 0.323 mm;
s1 = 0.011 mm; s = 0.09 mm. As a result, the maximum attenuation of the output voltage
was 2.6 times compared to U, = 0.42 V (Figure 8d). Four options for CC of MFs were
considered and are described in detail below. When simulating CCs 14, the R values were
taken based on the conditions for matching the MF with the path (the Uj, value was equal
to half the EMF of the source). The lengths of the segments /; were optimized by HSqpt to
achieve a complete decomposition of the UWB pulse.

Figure 8b shows the equivalent circuit of CC 1 and CC 2. CC 1 includes two segments
of the circular CS MF from Figure 4b. CC 2 includes an MF segment with a circular CS
(Figure 4b) and an MSL (Figure 8a). As a result of optimization, the /; values of /; = 0.1 m
and [, =03 m for CC1,and [; = 0.1 m and [, = 0.5 m for CC 2 were chosen. To ensure
the matching of the line with the path, the load’s R values in this subsection are taken as
equal to 25 Q). Figure 9a,b show the voltage waveforms at the output of CC 1 and CC 2.
Figure 9a shows that three pulses arrive at the output of segment 1 (node V5 in Figure 8b)
with a maximum amplitude of 174 mV and a minimum delay difference Atp;, = 0.02 ns.
The output of segment 2 (node V1 in Figure 8b) receives nine pulses with a maximum
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amplitude of 57 mV and At = 0.03 ns, which is 8.9 times less than the level U;, = 510 mV.
Figure 9b shows that three pulses arrive at the output of segment 1 with a maximum
amplitude of 141 mV and Atpi, = 0.02 ns. Nine pulses with a maximum amplitude of
55 mV and Atpin = 0.055 ns come to the output of segment 2, which is 9.4 times less than
the Uj, =510 mV.
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Figure 8. (a) CS of a 3-conductor MSL, equivalent circuits of (b) CC 1 and 2, (c¢) CC 3 and 4, and
output voltage waveforms of the single (d) circular MF and (e) MSL.

Figure 8c shows the equivalent circuit of CC 3 and CC 4. CC 3 includes two MFs with
a circular CS, between which there is the MSL segment. CC 4 includes three segments
of the MF with a circular CS. As a result of optimization, the /; values were chosen to
equal/; =01m,l; =05m,l3=11mfor CC3,and [; =0.1m, [ =03 m, I3 =1.2 m for
CC 4. Figure 9c shows that three pulses arrive at the output of segment 1 (node V5 in
Figure 8c) with a maximum amplitude of 141 mV and Aty = 0.02 ns. Nine pulses with a
maximum amplitude of 56 mV and Aty = 0.05 ns propagate to the output of segment 2
(node V7 in Figure 8c). The output of segment 3 (node V15 in Figure 8c) receives 27 pulses
with a maximum amplitude of 22.3 mV and Aty = 0.01 ns, which is 23.1 times less than
the Uj, = 515 mV. Figure 9d shows that three pulses arrive at the output of segment 1
with amaximum amplitude of 175 mV and Aty,j, = 0.02 ns. Nine pulses with a maximum
amplitude of 58 mV and Atyi, = 0.05 ns come to the output of segment 2. A total of 27
pulses with a maximum amplitude of 20.2 mV and Aty = 0.01 ns come to the output of
segment 3, which is 25.5 times less than the Uj, = 515 mV.

Tables 51-54 (in Supplementary Materials) show the main characteristics of CCs 1-4
after optimization. The amplitudes of the DPs and delays at the output of segments 1 (node
Vs), 2 (V1p), and 3 (V5) are also presented.

Tables S1-54 show the coincidence of the U; and ¢; values at the V5 nodes in pairs in
CC1and CC4, as well as in CC 2 and CC 3. This is because the sequence of segments 1 and
2 is the same: segments 1 and 2 are MFs with a circular CS (CC 1 and CC 4), and segments 1
and 2 are MFs with a circular CS and MSL (CC 2 and CC 3). In addition, we can see that in
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the separately indicated CC, the pulses at the output of segment 2 (node V) have U; and
t; values that are close. Note are due to the partial mismatch of the modes in the CC of the
transmission line segments; there is a consistent increase in the amplitudes of individual
pulses in individual nodes. For example, in the V1 node of CC 1, we observe an increase
in the pulse amplitude from 33 mV for pulse 1 to 57 mV for pulse 9. The phenomenon of
mismatch of individual mode pulses leads to different U; values in individual nodes. It is
especially clearly observed for CCs 2 and 3, where two protective devices with different CSs
are connected. It can be seen from the minimum differences in mode delays Atp, that at
the V5 node in all CCs, this value is 0.02 ns, V1 is 0.03 ns, and V5 is 0.01 ns. This indicates
a partial pulse overlapping at the CC output, which leads to an increase in the maximum
level of the output voltage in the node (V15) when simulating CC 3 (Figure 9c). However,
the obtained results indicate the possibility of improving the protective characteristics of
individual MFs that function separately. This can be achieved by cascading them with
other MFs that have different geometric configurations.
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Figure 9. Cont.
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Figure 9. Output voltage waveforms of (a) CC 1, (b) CC 2, (c) CC 3, and (d) CC 4 after optimization.

4.3. Parametric Optimization of Modal Filters in the Range of Real Geometric and Electrophysical
Parameters

In this subsection, we present the results of simulating MFs with a circular CS in the
range of real parameters when they are designed in the shield and without it [31,41,44]. The
possibility of achieving a complete decomposition of the exciting UWB pulse is evaluated at
real geometrical and electrophysical parameters of the MF. It is important to implement the
protective cable prototype. The study considers eight 2 and 3-conductor MFs with circular
CSs, as shown in Figure 10. The choice of the optimized parameter range was conditioned
by the typical characteristics of cables in terms of their geometrical and electrophysical
parameters. Thus, during the optimization, the radius of the conductors varied within
0.5-2.15 mm, the internal insulation (around the reference conductor or in the form of a
central dielectric core) and the internal insulation around the conductors were 0.5-1.6 mm,
the external insulation was 3.55-9.75 mm, and the relative permittivity of the insulating
materials was 2.4-5.5 (with values of the dielectric loss tangent (tgd;) 0.007-0.017).
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Figure 10. CSs of (a) MF 1, (b) MF 2, (c¢) MF 3, (d) MF 4, (e) MF 5, (f) MF 6, (g) MF 7, and (h) MF 8
after HSqpt.

Eight different MFs were investigated: MFs 1-4 with N = 2 and MFs 5-8 with N = 3.
Let us describe them in more detail. MF 1 (Figure 10a) is a reference dielectric-coated
conductor. Conductors 1 and 2 are located on the outside of the dielectric, and the entire
structure is in dielectric insulation. MF 2 (Figure 10b) is similar to MF 1, but conductors
1 and 2 are in an individual dielectric filling. MF 3 (Figure 10c) is the same as MF 1 but
with an external shield and dielectric instead of a center conductor. MF 4 (Figure 10d) is
the same as MF 3, but conductors 1 and 2 are in individual dielectric insulation. MFs 5-8
from Figure 10e-h are similar to MFs 1-4, but they are distinguished by having conductor
3. We set the R values equal to 50 (2 when simulating MFs 1-8. As an input excitation, we
used a source of trapezoidal pulse signals with an EMF equal to 5 V and a total duration of
150 ps. The equivalent circuits of MFs that are 1 m long are shown in Figure 2a,b.

The parameters after MFs 1-4 optimization are presented in Table 3, and MFs 5-8-in
Table 4 (where Cg is the reference conductor and C; is the number of the signal conductor).
The calculated voltage waveforms at the output of MFs 1-8 after HSypt are shown in
Figures 11 and 12. Table 5 shows the main characteristics of MFs 1-8 after parametric
optimization by HSopt when simulating them without considering losses, and Table 6 with
considering losses.

Table 3. Parameters of MFs 1-4 after HSqpt.

7;, mm g, and tgo;
MF 1 moor "™ em em tgsy &3  tgbs Cq C Cs
Gk G G G G G G €ra  tg04 €4 g0y &rg  tgdy
1 09 09 077 035 16 345 1 42 007 42 0.07
2 09 09 07 037 16 37 09 082 042 1 42 0.07 42 007 24 007 24 007 24 0.07
3 09 09 118 113 05 45 4.8 1 24 007 55 0.017
4 09 09 08 12 06 39 09 09 13 4.1 1 42 007 24 0.07 55 001755 0.017 42 0.07
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Table 4. Parameters of MFs 5-8 after HSqpt.

g,; and tgso;

r;, mm
MF 71 2 s T4 s e e tgbs Er3  tgds Cq C, Cs
Gk G G G G G G €ra  t804 &4 1804 &4 1884
5 09 09 077 035 16 345 1 42 007 42 007
6 09 09 07 037 16 37 095 082 042 1 42 007 42 007 24 007 24 007 24 0.07
7 09 09 118 113 05 45 48 1 24 007 55 0.017
8 09 09 08 12 06 39 09 09 13 41 1 42 007 24 007 55 0017 55 0.017 42 0.07
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Figure 11. Voltage waveforms at the output of (a) MFs 14 and (b) MFs 5-8 in the lossless simulation,
where MFs 1 and 5 (—-), MFs 2 and 6 (—-), MFs 3 and 7 (---), and MFs 4 and 8 (- -).
04 0.5 -
03 04 -
2 e 03 + :
g 0.2 @ 1
gy U ]
s o2l |
[} = 3
” o1 - ;
0.1 + H
i
0 R
2 3 4
Time (ns) Time {ns)
(a) (b)

Figure 12. Voltage waveforms at the output of (a) MFs 1-4 and (b) MFs 5-8 in the lossy simulation,
where MFs 1 and 5 (—-), MFs 2 and 6 (—-), MFs 3 and 7 (---), and MFs 4 and 8 (- -).

Since there are only two conductors (in addition to the reference one) in MFs 1-4
located symmetrically, it was possible to achieve complete decomposition of the exciting
UWB pulse without changing the arrangement of the conductors. However, the rest of the
resources (changing the geometric and electrophysical parameters of the MF) were used for
optimization. As can be seen from Figure 11a and Table 5, MFs 1 and 2 show equal values
of maximum output voltage (1.25 V) and high At values between DPs (0.85 ns/m). The
CSs of MFs 1 and 3 were previously analyzed in [31,41], which is why the optimization
with real parameters did not require much effort. However, in MF 3, since the reference
conductor represents an external shield, it was not possible to obtain the high At value
(0.16 ns/m). This situation was improved by adding an external dielectric to the active and
passive conductors (transition from MF 3 to MF 4). Thus, in MF 4, the At value was already
0.35 ns/m. Meanwhile, in the lossless simulation, the maximum output voltage value for
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MFs 3 and 4 is less (1.24 V) than in MFs 1 and 2 (1.25 V), which is two times less than the
value of Uj,. In addition, we can talk about an acceptable matching of MFs 1-4 with the
path because the value of Ui, is close to half the EMF, i.e., 2.5 V (maximum deviation for
MF 2 is 2.7%). Thus, when simulating MFs 1-4 without losses, it is possible to increase the
exciting pulse duration to 0.846 ns for MFs 1 and 2, to 0.156 ns for MF 3, and to 0.34 ns for
MF 4 with the same attenuation coefficient.

Table 5. Simulation results for MFs 1-8 in the lossless simulation.

DP Amplitudes U, V Differences in Per-Unit-Length

MF U, V Delays AT;, ns/m

Ul UZ U3 ATl ATZ

1 2.56 1.25 1.24 0.85

2 2.64 1.25 1.23 0.85

3 2.48 1.24 1.24 0.16

4 2.48 1.24 1.24 0.35

5 2.38 0.77 0.78 0.78 0.3 0.33

6 2.37 0.71 0.74 0.73 0.27 0.37

7 2.24 0.8 0.8 0.8 0.19 0.18

8 2.45 0.75 0.75 0.73 218 0.77

Table 6. Simulation results for MFs 1-8 in the lossy simulation.

Decomposition Pulses Amplitudes U;, V Differences in Per-Unit-Length

MF Uy, V Delays AT;, ns/m

u, U, Us; Aty Aty

1 2.55 0.36 0.32 0.85

2 2.6 0.36 0.32 0.85

3 1.84 0.35 0.35 0.16

4 1.92 0.33 0.25 0.35

5 2.35 0.18 0.19 0.17 0.3 0.33

6 2.34 0.16 0.19 0.14 0.27 0.37

7 222 0.33 0.33 0.3 0.19 0.18

8 242 047 0.26 0.34 2.18 0.77

Because conductor 3 is in MFs 5-8, it is important to ensure different couplings between
the conductors during optimization. This is possible by changing their arrangement, as well
as the geometric and electrophysical parameters of the passive conductors, and internal and
external insulation. As follows from Table 6, the use of conductor 3 allowed for the increase
in the overall MF attenuation. Thus, among MFs 5-8, the maximum attenuation of the
exciting UWB pulse is observed in MF 6 (0.74 V), which is 3.2 times less than the Uj, value.
The maximum amplitude is observed for MF 7 (0.8 V), which is 2.8 times less than the Ui,
value. As can be seen from Figure 11b and Table 6, MF 5 provides an output voltage level
of 0.78 V. However, by adding an external dielectric to the active and passive conductors
(transformation of MF 5 into MF 6), it was possible to reduce the maximum output voltage
level to 0.74 V. Nevertheless, the At; values decreased from 0.3 and 0.33 ns/m to 0.27 and
0.37 ns/n. When MF 7 was transformed into MF 8 by adding an external dielectric to
the active and passive conductors, it was also possible not only to reduce the level of the
maximum output voltage from 0.8 V to 0.75 V but to increase the values of At; from 0.19
and 0.18 ns/m to 2.18 and 0.77 ns/m. The matching of MFs 5-8 with the path is also
acceptable (the maximum deviation for MF 7 is 5.5%). Thus, in lossless simulations of MFs
5-8, it was possible to increase the exciting pulse duration to 0.291 ns for MF 5, to 0.261 ns
for MF 6, to 0.186 ns for MF 7, and to 0.76 ns for MF 8 with the same attenuation coefficient.

Figure 12a,b show the output voltage waveforms from the MFs 1-8 simulations that
considered losses. It is important to note that the optimization of MFs 1-8 was performed
for the lossless case. In view of this, on the obtained time responses, the achievability
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of the optimization criteria (equalized amplitudes of DPs, aligned and maximized time
intervals between DPs) is weakly observed. However, Figure 12a and Table 6 illustrate the
complete coincidence of the output voltage waveforms, as well as the U; and At values
for MFs 1 and 2. At the same time, due to the high At value, in comparison with other
MFs, this configuration (with this representation of the central reference conductor) is
more preferable for implementing 2-conductor MFs with a circular CS (even with a higher
maximum output voltage value compared to MFs 3 and 4). In the case of MF 3, one can see
the complete superposition of DPs due to dispersion and the low At value (0.16 ns/m). MF
4 also has a low At value (0.35 ns/m), which results in a partial superposition of DPs. From
Figure 12b and Table 6, it can be seen that the At; values for MFs 5 (0.3 and 0.33 ns/m)
and 6 (0.27 and 0.37 ns/m) are not enough for complete decomposition of the exciting
UWSB pulse in the lossy simulations. Despite the obvious superposition of mode pulses,
these MFs provide the lowest value of the maximum output voltage (0.19 V) among all
3-conductor MFs with a circular CS. This is probably caused by the influence of losses in
the MFs because the matching of the MFs with the path remains acceptable (deviation from
Ujp is 3%). The output voltage waveforms of MFs 7 and 4 are similar: there is a partial
superposition of DPs because of the low At; value (0.19 and 0.18 ns/m). Finally, at the
output of MF 8, complete decomposition of the exciting UWB pulse is observed because
of high At; values (2.18 and 0.77 ns/m). However, the output voltage amplitude level of
MF 8 is the highest among all 3-conductor MFs (0.47 V). Nevertheless, based on the data
obtained, this MF is the most promising for experimental study.

5. Experimental Studies of Modal Filters with a Circular Cross-Section

Prototypes of MFs with a circular cross-section were developed and created in three
types: circular 3-conductor cable, flat 3-conductor cable, and circular 4-conductor cable. In
addition, we present the results of a comparative analysis of the calculated and measured
MF characteristics. CSs and equivalent circuits of prototypes with the length [ =2 m are
presented in Figure 13. The CS parameters of the considered MF are presented in Table 7.
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Figure 13. CSs of (a) MF 1, (b) MF 2, (c¢) MF 3, and (d,e) equivalent circuits of real MF configurations
with a circular CS.
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Table 7. The parameters of MF 1-3 prototypes (k and p—the length and thickness of separation base
(insulation), b—the distance between internal and external insulations).

MF ti, k, p, b, mm & and tgd; R,  The Dimensions,
rn r3 rg re 17k % b &1 ea 1804 &6 1886 &7 1887 &5 1tgls mm
1 1.3 2.07 09 0.6 1 34 005 116 14 x 4.2
2 14 2.4 095 0.15 1 3.0 0.02 35 0.05 87 16.6 x 6.9
3 1.88 7.75 2.82 9.31 1.22 1.5 1 28 001 34 002 46 005 4.6 0.06 43.33 18.62 x 18.62

MEF 3 is a symmetrical 4-conductor structure, so the complete decomposition of the
exciting UWB pulse in it is impossible. Therefore, during the measurements, two of the
four conductors were assumed to be references, but this case can be simulated in two ways:
by setting the second reference conductor to an ideal «ground» (Figure 13d) or by setting it
to signal and shorted to ground (Figure 13e). The geometric mean resistance for the first
case is 43.33 (). In addition, MF 1 was simulated in the electrodynamic simulation system.
Figure 14 shows the appearance of a geometric model with a printed circuit board (PCB) at
one end (in the simulation, at both ends).

Figure 14. Geometric model of MF 1 with a PCB.

As an excitation, we used a pulse signal that was received as a result of taking the
derivative of a real step excitation obtained using a Tektronix DSA 8300 oscilloscope, with
an EMF amplitude of 0.634 V, a rise time of 14.6 ps, a fall of 12 ps, and a flat top of 4.7 ps (at
levels 0.1-0.9), and the total duration (at level 0.5) is 22 ps. Figure 15 shows the waveforms
of the step excitation and the signal derived from it, as well as voltage spectral density and
the measurement setup with the Tektronix DSA 8300 oscilloscope.

Figure 16 shows MF prototypes with a circular CS. To surface mount the SMA connec-
tors, we made PCBs that are connected to the MF at the ends (Figure 17). In MFs 1 and 2, the
central conductor is taken as a reference. In MF 3, when measuring, two diagonal (in terms
of CS) conductors were taken as reference. The SMA connectors were installed at the ends
of all conductors to connect the MF to the measuring path. During measurements, R values
with a resistance of 50 () were installed on the SMA connectors of the passive conductors.
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Figure 15. Waveforms of (a) step excitation (- -) and a derived real UWB pulse (—-) with time shift, its
(b) voltage spectral density, and (c) the measurement setup with the Tektronix DSA 8300 oscilloscope.

(b)

Figure 16. Prototypes of (a) MF 1, (b) MF 2, and (c) MF 3.
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(d)

Figure 17. PCBs surface-mounted on (a,b) MF 1, (¢,d) MF 2, and (e) MF 3.

The characteristics of MFs 1-3 in the time and frequency domains are presented below.
Figure 18 shows the measurement setup with the Panorama P4226 vector electrical circuit
analyzer and the frequency dependences of |5y, | for each of the prototypes that were
measured using it.

The measurement results demonstrate that the bandwidth of MFs 1-3 is 0.19-0.41 GHz.
For MF 1 at a frequency of 3.8 GHz and for MF 2 at 2.8 GHz, the minimums are observed at
minus 40 dB, and for MF 3, at minus 32 dB at a frequency of 1.7 GHz.

Figure 19 shows the voltage waveforms at the output of MFs 1-3, which were obtained
in lossy simulations and experimentally (there is a coincidence of the voltage waveforms
obtained for various reference conductors from Figure 13d,e). The simulation of MF 3
was also performed using the equivalent circuit from Figure 13e to compare two types
of simulation of a 4-conductor MF with two reference conductors. The maximum output
voltage values were 0.029, 0.023, and 0.03 V during measurements and 0.024, 0.014, and
0.022 V during simulation for MFs 1-3. The maximum deviation of the obtained values
during measurements and simulation was 39% for MF 2. The measurements showed that
the values of the maximum output voltage were 21.8, 27.5, and 21.1 times less than the EMF
amplitude for MFs 1-3. The maximum output voltage in MF 1 during the electrodynamic
simulation was 0.017 V, which is 37 times less than the EMF.



Symmetry 2022, 14, 1228

21 of 34

(a)
Frequency (GHz)
6 05 1 15 2 25 3 35 4 45 5

S51 (dB)

(b)

Figure 18. (a) The measurement setup with the Panorama P4226 vector electrical circuit analyzer and
(b) frequency dependences of |5y1 | for MF 1 (—-), MF 2 (- -), and MF 3 (- -).

It can be seen that the output signal arrives at approximately the same time. Unfor-
tunately, due to the dispersion, it is impossible to accurately determine the arrival time
of each pulse during measurements. In addition to dispersion, the voltage waveforms
obtained by simulation are also affected by losses in conductors and dielectrics. This leads
to an increase in the rise and fall times of each output pulse and to their partial overlap.
This is especially clearly observed for MF 3. In general, there is a consistency in the output
voltage waveforms, which is obtained experimentally and through simulation.

Note the presence of a third pulse in the measurements of MFs 1 and 2. Since the
interval between the peaks of pulses 2 and 3 in the measurements is approximately 0.3 ns
for both MFs, the pulses may appear because of the boundary conditions of the MF and the
PCBs that are connected to them (because the dielectric filling in the CS of MF 2 is different
from MF 1). The PCBs are designed to connect with SMA connectors in a 50 () path, while
the geometric mean resistances of MFs 1 and 2 are 115 and 87 (). This causes a mismatch
and the appearance of reflections in the measured path. To verify this statement, MF 1 was
simulated, taking into account the PCBs at the ends (Figure 20).
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Figure 19. Voltage waveforms at the output of (a) MF 1, (b) MF 2, and (c) MF 3, obtained by lossy
simulation (- -) (including MF 1 in the electrodynamic simulation system (- - -) and MF 3 by the
equivalent circuit from Figure 13e (- -)) and experimentally (—-).
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Figure 20. (a) CS of PCBs at the ends of the MF, (b) connection diagram of MF 1 with PCBs at the ends,
as well as waveforms of (c) EMF (—-) and voltage at the input (- -) of the PCB during simulation.

It can be seen that not one but two pulses are observed at the PCB input, the second
being half the first in amplitude. This is confirmed by the measurement results from
Figure 19a, where pulse 3 is clearly visible, which is the result of reflections caused by
the mismatch. Finally, the presence of pulse 3 is also confirmed by the electrodynamic
simulation in Figure 19a, where the superposition of pulses 2 and 3 is observed. Meanwhile,
there is a shift of all waveforms of the output voltage over time. It can be caused by the
difference in relative dielectric permittivities.

6. Optimization of Modal Filters by Evolutionary Strategies
6.1. Optimization Features for Modal Filters with a Circular Cross-Section and Strip Modal Filters

As noted earlier, MFs are traditionally implemented in the form of strip structures;
however, both for MFs with a circular CS and for strip MFs, the optimization is always
important. To begin with, the optimization approaches for both types of MFs will have
some similarities. For example, parametric optimization equally implies the search for such
a set of optimal parameters of the structure, in which the developed MF will best answer
the purpose. However, there are more differences in optimization features because of the
significant differences in configurations.

The first and most significant difference in the optimization of strip MFs and MFs with
a circular CS is the peculiarity of their creation in the TALGAT system. When optimizing
strip structures, the optimized parameters change and do not allow overlapping of CS
elements. The construction of CS elements usually starts from zero, and each subsequent
«Line» object is not only related to the previous one but can also have its own mutable
variable, as seen in Figure 21a. In the TALGAT system, the «Line» object is a segment that
requires the setting of the initial and final coordinates (x; y). However, when constructing
structures with a circular CS (Figure 21b), we use the «Circle» object (circumference that
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requires specifying the coordinates (x; y) of its center as well as the radius, as seen in
Figure 21b). In this case, the symmetry of conductors will lead to the coincidence of
the arrival times of certain modes. This problem is solved by changing the coupling of
the active conductor with the passive one by breaking the symmetry in the conductor’s
arrangement. Therefore, it is necessary to set random coordinates (x; y), which leads to
the problem when the conductors go out of acceptable boundaries and overlap with other
objects. This happens because the coordinates of individual conductors are not related
to each other. Therefore, the optimization of the MF with a circular CS was performed
exclusively manually, using the HSqpt.
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Figure 21. Creating the CS of the MF (a) based on an MSL and (b) with a circular section.

The second difference follows from the first, in particular, the use of different coor-
dinate systems. We use the Cartesian coordinate system when constructing the CS of
stripe structures and optimizing them. The Cartesian coordinate system is ideal for such
structures. However, for optimizing an MF with a circular section, the polar coordinate
system is a more convenient option because, in this system, the coordinates of a point are
determined by the angle and radius.

The third difference is expressed in the floating boundary conditions, which, in this
case, means the range of the optimized parameters. As is known, when optimizing strip
MFs we can set the boundary conditions with exact values based on the given requirements
and physical feasibility. In this case, as noted earlier, there is no risk of superposition of
conductors and dielectrics. In an MF with a circular CS, it is possible to set exact values only
for the values of the radius of the elements and only on the condition that the distance from
the center of the conductor to the origin of coordinates is fixed. However, as the radius of
the elements changes, their boundaries may be located closer to or further from the center
of coordinates, which increases the risk of overlapping neighboring elements. Among
other things, the main difficulty lies in finding the position of the conductors relative to
each other because, in this case, we cannot accurately indicate the boundary conditions of
the parameters to be optimized (because they are unknown to us). Based on this, when
we optimize the MF with a circular CS, it is recommended to use variables as boundary
conditions for the angle where the conductor center is located. These variables, in turn,
depend on other parameters that change during the optimization process (for example,
the radius of the conductors, and the distances from the center of the conductors to the
coordinate origin).

The fourth difference is the methods that are used to optimize the MFE. Strip MFs are
usually optimized using GA and ES. These evolutionary algorithms cope perfectly with
their task and, at the same time, show high efficiency. However, due to the peculiarities
of constructing MFs with a circular CS in the TALGAT system, which were mentioned
above, their optimization is performed by the HSopt. Among other things, multicriteria
optimization is currently implemented only with the help of GA.
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Thus, the main feature differentiating optimization of an MF with a circular CS and
a strip MF is that they are constructed differently in the computer simulation system.
Obviously, the optimization using evolutionary algorithms is not suitable for MFs with a
circular CS. Nevertheless, we can create a new technique for solving this problem.

6.2. Novel Optimization Technique for Modal Filters with a Circular Cross-Section

As noted earlier, the main problem in optimizing an MF with a circular CS is the
risk that conductors will overlap with each other or on the dielectric boundaries. This
can happen when there is a search for the optimal position of the conductors within the
structure or the size of these conductors increases. The solution to this problem is to
change from the Cartesian coordinate system to the polar one. This way, the position of
the conductor in space will be determined not by two coordinates (x; y) but by the radius
(distance R from the center of the conductor to the zero point) and the angle ¢ relative to
the horizontal axis (x) as well (see Figure 22).

Y

¥ =
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N

Figure 22. Determining the position of the conductor according to the polar coordinate system.

To keep the CS correct, we took the angles (in degrees) as the boundary conditions.
The minimum angle between the centers of the active and each of the passive conductors
was determined by
_ 180(Xrci)
=0
7TRpaA

4)

where Rpy is the distance from the zero point to the center of the passive and active
conductors. For simplicity, this value is taken the same for passive and active conductors
and equal to the value for passive ones. The r¢; is the radius of adjacent conductors,
between which the angle should be found.

Assuming the active conductor location angle x4 to be constant, the boundary condi-
tions for each optimized (relative to active) conductor using (4) will look like

©=0ap *+ (c+3), 5)

where for the second (according to the order) conductor (which is the first passive conduc-
tor), which is exemplified in Figure 4a, the boundary will be determined by subtracting the
obtained angle o from the fixed 4. In addition, the addition of another 3° to the angle o
will prevent the conductors from contacting. In this case, for the third (according to the
order) conductor (which is the second passive conductor), the boundary will be determined
by the sum of these angles. Note that the proposed method for optimizing an MF with a
circular CS is suitable for an MF with any number of conductors.
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6.3. Optimization of a 3-Conductor Modal Filter with a Circular Cross-Section

To begin with, we decided to optimize the MF with only two parameters, ¢, and ¢,
to test the methodology proposed in Section 6.2. The optimization was performed using a
modified ES algorithm that allows setting the ranges of the parameters to be optimized [40].
This method is implemented in Python with the ES algorithm library included. This
aspect allows using variables as boundary conditions. Without this feature, appropriate
optimization of the cable MF will be impossible because in this MF, the boundaries for
determining the optimal parameters depend on the parameters being changed. As such, we
cannot use GA optimization since this algorithm is implemented directly in the TALGAT
system in the built-in language and takes only numbers as arguments that are responsible
for the boundaries for finding the optimal value.

To test the technique, we chose a 3-conductor MF from Figure 4a. The fixed values of
the CS parameters are chosen as follows: e, =1, &2 =5, &3 =19, rg = 0.9 mm, rp = 0.9 mm,
rp1 = 0.9 mm, rpp = 0.89 mm, r;g = 0.7 mm, Rp; = 2.525 mm, Rpp = 2.525 mm. In this work,
losses were not taken into account in order to exclude their influence at this stage of the
study. As an excitation, we used a trapezoidal UWB pulse with an EMF of 5V, a flat top
duration tq = 50 ps, and a rise and fall time ¢, = t; = 50 ps (the total duration of the UWB
pulse was ty, = 150 ps). The length of the MF was equal to 1 m. The load values were
equal to 50 Q). As input parameters (initial solutions) for the algorithm, the list of starting
points was used for each optimization parameter and an initial step size that is adapted
and modified during the optimization process. The ranges for angle optimization were
the following: @1 from 10° to the boundary, which is determined by formula (5); ¢, from
the boundary, which is determined by formula (5) to 350°. The initial solutions for ES
optimization were as follows: @1 =45°, @, = 260°, and the step is o = 5°.

Table S5 (in Supplementary Materials) shows the optimization results for a 3-conductor
MF with a circular CS by ES with limitations. In Table S5, N is the number of runs, and Nj;
is the number of calculations at one run. Optimization was performed according to the
amplitude criterion (minimization of the maximum output voltage value (Umax)). Table
S5 summarizes the values of the optimized parameters, Umayx, as well as the calculation
time and stopping criteria (SC) during ES operation. During optimization, the following
ES SC were obtained: I is the stop when the number of calculations reached its maximum,
P is when the values of the optimized parameters converged, and Q is the stop when the
objective function converged. Figure 23 shows the CS of a circular MF after 2-parameter
optimization and the best-case MF output voltage waveforms.
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Figure 23. (a) CS and (b) output voltage waveform of a 3-conductor MF with a circular CS after
2-parameter optimization.

From Table S5 and Figure 23, we can see that the smallest value of the voltage at the
MF output is 0.652 V (at 5000 calculations). The voltage value at the MF input, in this case,
was 1.58 V, and the minimization of Umax was achieved by equalizing the amplitudes of
modes 1 and 2. The T1; values with the parameters after optimization were 8.47, 12.85, and
13.75 ns/m, and the At; values were 4.38 and 0.9 ns/m. Note that to find a solution, the
algorithm requires 2000-5000 calculations and 2000-7000 s per run. Meanwhile, even with
two optimized parameters, the minimum Upmax value was 0.652 V.
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6.4. Optimization of a 4-Conductor Modal Filter with a Circular Cross-Section by Evolutionary
Strategies with Limitations

When optimizing a 4-conductor MF with a circular CS (Figure 6c), the following
conditions were applied: active and reference conductors are fixed; radius values of passive
conductors (rp1, ¥py, rp3), distances from the center of passive conductors to the origin (Rpy,
Rpa, Rp3), angles (@1, @2, @3) between the x-axis and these centers and internal dielectric
thickness (rq) are optimized. Figure 24 visualizes these conditions, where r4; is the radius
of the internal dielectric relative to the origin, and ry4, is the radius of the external dielectric
relative to the origin.

Figure 24. Optimized parameters for a 4-conductor MF with a circular CS.

The fixed values of the CS parameters are chosen as follows: ¢,1 =1, e, =2.4, £,3 = 4.2,
rr = 0.9 mm, r4 = 0.9 mm. The excitation parameters, as well as the lengths and loads at
the ends of the MF, were taken the same as in Section 6.3.

Table S6 (in Supplementary Materials) shows the results of the optimization per-
formed according to the amplitude criterion. Table S6 summarizes the values of the
optimized parameters (¢1, @2, @3 in degrees, the rest in mm), Umax in volts, calculation
time in seconds, and stopping criteria during ES operation. The boundary conditions
for the optimized parameters are the following: rpj, #py, and rp3 from 0.5 to 0.9 mm,
ttg from 0.1 to 0.7 mm, Rpy, Rpy, and Rps from the difference (rgo — 7p1/p2/p3 — 25 pm)
to the sum (r41 + rp1/p2/p3 + 25 um), @1 from 10° to the boundary, which is determined
by formula (5), ¢, from the boundary, which is determined by formula (5) to 260°, for
@3 both boundary conditions are determined by formula (5). I=The initial solutions
are the following: rpy= 0.7 mm, rpp= 0.7 mm, rp3= 0.7 mm, ry= 0.5 mm, Rp;= 2.45 mm,
Rpy=2.45 mm, Rp3=2.45mm, @1=45°, o= 260°, @3= 315°, and the step is 0 = 0.1 mm.
Figure 25 shows the output voltage waveforms of a circular 4-conductor MF, as well as its
CS after 10-parameter optimization for identifying the best result.

Table S6 and Figure 25 illustrate that the minimum Umax value is 0.53 V (with 500
calculations). As we know, when matching with the path, the U;, value is equal to half
the EMF of the source. After ES optimization, the Uj, level was 1.83 V (whereas in the
matched case, it would tend to 2.5 V). The T; values were 5.49, 5.71, 6.11, and 6.56 ns/m,
and At were 0.22, 0.4, and 0.45 ns/m. In all cases, the algorithm stopped calculations when
the specified number of iterations came to an end. With 5000 calculations, the algorithm
needed about 17,570 s per run, but the best result was obtained with fewer iterations (500
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in this case). This could be explained by the use of randomness in the algorithm of the
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Figure 25. (a) CS and (b) output voltage waveform of a 4-conductor MF with a circular CS after
10-parameter optimization.

6.5. Optimization of a 3-Conductor Modal Filter with a Circular Cross-Section with Insulation
around the Conductors by Evolutionary Strategies with Limitations

When a 3-conductor MF with a circular CS with insulation around the conductors
(Figure 10f) was optimized, the following conditions were applied: active and reference
conductors were fixed; the values of rp1, ¥pp, Rp1, Rp2, ©1, @2, dielectric thickness around
the reference (rigr), active (riqa) and passive conductors (r,qp; and ryqpp) were optimized.
Figure 26 visualizes these conditions, where rq; is the radius of the internal dielectric
relative to the origin, and 4, is the radius of the external dielectric relative to the origin.

Figure 26. Variable parameters of a 3-conductor MF with a circular CS with insulation around
the conductors.

Table S7 (in Supplementary Materials) summarizes the values of the optimized pa-
rameters, Umax, calculation time, and SC. The fixed values of the CS parameters are the
following: €,1 =1, e, =24, &3 =4.2, rg = 0.9 mm, rp = 0.9 mm. The excitation parameters,
as well as the lengths and loads at the ends of the MF, were taken the same as in Section 6.3.

The boundary conditions for the optimized parameters are as follows: rp; and rpy
from 0.5 to 0.9 mm, rg from 0.1 to 0.7 mm, riga, "igp1, and rigpp from 0.1 to 1 mm, Rpg
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and Rp; from the difference (rqp — rp1,/p2 — "tap1/p2 + 25 pm) up to the sum (rq; + 7p1/p2
+ r'tdp1/p2 + 25 pm), @1 from 10° to the boundary, which is determined by formula (5), ¢»
from the boundary, which is determined by formula (5) up to 350°. Initial solutions are
the following: rp;= 0.7 mm, rpp= 0.7 mm, riga= 0.5 mm, rygp;= 0.5 mm, rgpy= 0.5 mm,
rtgr= 0.5 mm, Rp;= 2.45 mm, Rpp=2.45 mm, @1=45°, @,=260°, and the step is 0 = 0.1 mm.
Figure 27 shows the output voltage waveforms of the MF under consideration, as well as
its CS after 10-parameter optimization for the best result.
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Figure 27. (a) CS and (b) output voltage waveform of a 3-conductor MF with a circular CS with
insulation around the conductors after 10-parameter optimization.

From Table S7, it can be seen that the minimum Uy« value is 0.78 V (with 5000 calcu-
lations). At the same time, Table S7 shows the convergence of the OF with an increase in the
number of iterations. Figure 27b shows that there is a partial overlap of the decomposition
pulses. However, this does not affect the Umax level. The minimization of Umay is achieved
by equalizing the amplitudes of modes 1, 2, and 3. At an EMF of 5V, the Uj, level is
2.87 V (whereas in the matched case, it would tend to 2.5 V). The T; values are 5.4, 5.54, and
6.11 ns/m, and Aw; are 0.14 and 0.57 ns/m. In all cases, the algorithm finishes calculations
at the end of a given number of iterations. To find a solution, the algorithm needs about
5000 calculations and about 37,900 s per run.

7. Discussion
1.  Optimization of Protective Structures with a Circular Cross-Section

The study has shown that due to the coincidence of certain 1; values in the MF with
and without a protective shield, some pulses overlap, and the final UWB pulse attenuation
decreases. This could be caused, first of all, by the fact that the electromagnetic coupling of
the active conductor with the passive ones is the same. We managed to achieve CD of the
exciting UWB pulse in all considered MFs when performing optimization by HSqpt. The
total duration of the exciting UWB pulse (taking into account the partial superposition of
the rise and the fall of adjacent DPs) can be increased to 0.744, 1.71, 0.249, and 0.579 ns for
MFs 14, respectively, with the same attenuation coefficient. We have also analyzed the
specific behavior of UWB pulses at the output of structures without a shield and structures
with a shield. The analysis showed that in the MF with a shield, it is much more difficult
to achieve CD of the output signal. This happens because DPs arrive at the end of the
structures ahead of time (compared to the MF without a shield). However, complete UWB
decomposition is possible through careful optimization.

2. Cascade Connection of Modal Filters

The results have shown that when the segments are cascaded, and the parameters of
the structures are selected correctly, each pulse is successively decomposed into pulses of
smaller amplitudes, which do not coincide with each other in time. The analysis results
showed that when two segments of structures with a circular CS are connected in cascade
at N = 3, a sequence of nine pulses is obtained at the output with a maximum amplitude
8.9 times less than the amplitude of the input voltage. If we add the third segment, the
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pulses are also decomposed into a sequence of 27 pulses with a maximum output amplitude
25.5 times less than the Uj,. When cascading a structure with a circular CS and an MSL
at N = 3, a sequence of nine pulses is obtained at the output with a maximum amplitude
9.4 times less than the amplitude of the input voltage. If we add a second MF segment with
a circular CS to the structure, the pulses are also decomposed into a sequence of 27 pulses
with a maximum output amplitude 22.3 times less than the Uj,. Summarizing the above, a
significant improvement in the characteristics of multiconductor protective structures can
be received if segment cascading is used and its parameters are selected correctly. Thus,
when three segments of structures with a circular CS are connected in cascade, the output
signal was attenuated by 25.5 times.

3. Parametric Optimization of Modal Filters in the Range of Real Geometric and Electro-
physical Parameters

The MFs with a circular CS have been simulated and optimized in the range of real
geometric and electrophysical parameters. As a result of optimization, the exciting UWB
pulse was completely decomposed in all MFs with the maximum attenuation of 3.2 times
(for MF 6 in the lossless simulation) and 12.4 times (for MFs 5 and 6 in the lossy simulation).
Relatively equal time intervals were also achieved between DPs in MFs 5-7. Finally,
acceptable path matching was ensured in all MFs after optimization. The data obtained
demonstrate that the lossless optimization allowed improving the characteristics of the
studied MFs according to a number of criteria. However, it is important to note the need
for further lossy optimization of MFs for experimental implementation.

4.  Experimental Studies of Modal Filters with a Circular Cross-Section

The results of the experiment confirm that the exciting pulse can be decomposed at
the end of the active MF conductor, which was previously shown only in simulations. The
MF was also studied in the frequency domain. In addition, we compared the results of
computational and natural experiments in the time domain. The output voltage wave-
forms that we obtained experimentally and through simulation showed consistency. The
measured MFs were found to have a bandwidth of 0.19-0.41 GHz, and the values of the
maximum output voltage were 21.8, 27.5, and 21.1 times less than the EMF amplitude for
MFs 1-3, respectively. In general, the discrepancy between the results of the experiment
and lossy simulation can be explained by the following factors: loss matrices were inac-
curately calculated; the influence of the frequency dependence of the relative dielectric
permittivity of materials was left unaddressed; the surface-mount SMA-connectors and
PCBs had inhomogeneities; the conductive media (copper on the PCB and aluminum in the
MF) differed; the CS of the MF was heterogeneous along the entire length; and the values of
the relative dielectric permittivity and the loss tangent, which were used in the simulation,
might have deviated from the real ones. Nevertheless, the results of the experiment are
comparable with the results of lossy simulations.

5. Optimization of Modal Filters by Evolutionary Strategies

The article shows the distinctive features in the optimization of an MF with a circular
CS and a strip MF. Based on these features, a technique for optimizing the MF with a
circular CS using the ES algorithm has been developed. The workability of the presented
technique was shown in the example of optimization of 3 and 4-conductor MFs. When
optimizing these MFs, 10 parameters were simultaneously optimized, and the time spent
on one run, at 5000 iterations, was in the range of 17,000-40,000 s.

Finally, we present a table (Table 8) showing a comparison of MF based on strip [24-29]
and cable (presented in this paper) protective structures.
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Table 8. Approximate characteristics of strip and cable protective structures.

Structure & I, m ATpin, NS/m I-ATmin, NS
Strip line 4-10 0.01-1 125 0.01-2.5
Protective cable 2-5 0.5-100 0.2-1.7 0.1-170

Despite the lower ¢, value used in protective cables, the possibility of increasing their
length favorably affects the mode delays in such MFs. This means that the attenuation of
the UWB pulse that came to the input of such an MF will be due not only to attenuation
(due to the large length) but also to its complete decomposition into a sequence of modes.

The significance and novelty of the proposed methods, in terms of the use of asym-
metry in the MFs under consideration, are due to the revealed possibility of attenuating
the exciting USP (because of its complete decomposition into a sequence of modes) in
multiconductor cable configurations with proper optimization. Due to the ubiquitous use
of cable structures, they primarily transmit interference signals, which is why the use of
additional protection in them is an important task. In terms of using the optimization of
the MF with a circular section by means of ES, for the first time, a technique for solving this
problem was implemented and tested. Its significance, first of all, is due to the appeared
possibility of correct optimization of the MF data without resorting to a time-consuming
heuristic search.

8. Conclusions

We have carried out a comprehensive study of a new design of protective devices with
circular CS (protective cables) for protection against UWB pulses. Multiconductor structures
with 2-5 conductors were considered in their design with and without a shield. The study
demonstrated the disadvantages of using symmetric protective cable configurations. To
eliminate these disadvantages, breaking the symmetry of the traditional (symmetric) cable
configurations was performed. This is performed through their simulation, multivariate
analysis, and optimization by HSqpt; also ES were performed. The optimization was
performed according to the amplitude and time criteria. The amplitude criterion was
employed to minimize the maximum voltage level at the output of the structures. The time
criterion was necessary to maximize the duration of the interfering signal. An improvement
in the protective characteristics was observed when symmetry was broken and asymmetry
was introduced into the CS of the structures under consideration. The optimization results
ensured the increase in the duration and final attenuation of the exciting UWB pulse.
Improving the characteristics of such structures is possible through their cascade connection,
both among themselves and with strip protective devices. We also presented the results of
parametric optimization of such structures in the range of real (used in practice) geometric
and electrical parameters in terms of amplitude, time, and matching criteria. The results of
the experiment included the development and creation of layouts for the structures with
a circular CS of three types: a circular 3-conductor cable, a flat 3-conductor cable, and a
circular 4-conductor cable. We managed to confirm the possibility of the exciting UWB
pulse decomposition in protective structures with a circular CS, which was previously
shown only in simulations.

Thus, the expediency of further in-depth study of the considered MFs is shown in
terms of creating a prototype MF and its experimental studies. It also seems relevant
to study the possibility of multicriteria optimization of the considered MFs using global
optimization methods.

Supplementary Materials: The following are available online https://www.mdpi.com/article/10
.3390/sym14061228/s1, Table S1: Voltages (U;, mV) and delays (t;, ns) of pulses along the active
conductor of CC 1, Table S2: Voltages (U;, mV) and delays (f;, ns) of pulses along the active conductor
of CC 2, Table S3: Voltages (U;, mV) and delays (t;, ns) of pulses along the active conductor of CC 3,
Table S4: Voltages (U;, mV) and delays (;, ns) of pulses along the active conductor of CC 4, Table S5:
Optimization results for a 3-conductor MF with a circular CS, Table S6: Optimization results for
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a 4-conductor MF with a circular CS, Table S7: Optimization results for a 3-conductor MF with a
circular CS with insulation around the conductors.
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