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Abstract: This work is devoted to the research of new asymmetry effects in symmetric protective
structures with triple modal reservation. We analyzed the structures with different cross-sectional
locations of the reference conductor: in the center (unshielded structure), around (shielded structure),
at the top and bottom (multilayer printed circuit board), and in the form of side polygons (double-
sided printed circuit board). First, a preliminary quasi-static simulation was performed in the range
of parameters. It was revealed that in all structures, except for the shielded one (in the form of a cable),
the deviations of the output voltage amplitude, bandwidth, and frequency of the first resonance
were insignificant, whereas in the shielded structure there were significant deviations in the time and
frequency responses. The attenuation of the output voltage in relation to the input for each structure
was also estimated. In addition, we performed a parametric optimization of the structures under
consideration using a heuristic search, which made it possible to improve their characteristics. Finally,
the switching order between the conductors in these structures with the original and optimized
parameter sets was investigated in detail. The optimal conductor switching order in the case of a
component failure was determined, and the best (according to protective characteristics) parameter
configuration for each structure was found.

Keywords: electromagnetic compatibility; intentional electromagnetic interference; ultrashort pulse;
protective devices; multiconductor transmission lines; redundancy; modal reservation; switching
order; component failure

1. Introduction

With the growth of technical progress, the complexity of radioelectronic equipment
(REE) increases and exacerbates the problem of ensuring the necessary reliability of systems
and components. Despite all the measures (including manufacturing the most advanced
devices based on the most cutting-edge technologies), the reliability of components cannot
keep up with the growing system complexity. Comparing the requirements that have been
imposed on REE earlier and today, it is possible to establish the reasons for both continuous
system complication and their relatively low reliability. It is also easy to understand why
system complexity far outstrips the one that would be appropriate according to the rate of
component development. The issue lies in balancing between what we have and what we
need. We need complex devices now. This is the requirement of scientific and technological
progress. One of the ways to resolve this contradiction is to introduce hardware redundancy
or reservation [1,2]. The significance of reservation for ensuring high device reliability
can be explained by examples from nature. It is reservation or redundancy to which
extremely complex and, at the same time, highly reliable devices—living organisms—owe
their existence. One of the main redundancy types is structural redundancy or, in a simpler
way, reservation. As soon as the problem of ensuring the reliability and safety of rather
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complex or unreliable devices emerges, then one, if not the only, solution is reservation.
Its purpose is to provide the smooth operation of REE even in the case of failure of one
or more of its parts. This may be the most cost-effective or perhaps the only solution if
reliability requirements are beyond the state-of-the-art technology level. However, the
pay for reservation, in addition to the increase in complexity, cost, size, and weight of
REE, is a significant increase in power consumption, as well as the complication of the
equipment check and maintenance. If the reason for the failure can affect all the REE
reserving elements at the same time, then the benefits of reservation will be lost [3,4].
A well-known way to increase reliability for partially maintained or unattended REE is
cold reservation. In the case of a failure of the reserved (or primary) circuit, the power is
supplied to the reserving (or the secondary) one, which was not previously used. When a
reserved circuit is operating, the reserving one is not used and has almost no effect on its
operation. If the reserved circuit fails, the switching device switches the power supply to
the reserving circuit [5,6]. The main parameter of reservation is its multiplicity factor—the
ratio of the number of reserving (secondary) devices to the number of reserved (primary)
ones [7]. Therefore, multiple reservation is used in cases where it is necessary to ensure high
reliability [8]. However, the multiplicity of reservation is limited by weight, dimensions,
and cost.

Meanwhile, the increasing complexity of modern REE leads to the aggravation of
another important problem—the assurance of electromagnetic compatibility (EMC) [9,10].
The relevance of ensuring EMC and increasing the REE noise immunity in particular
is high. This is caused by the widespread use of REE in various fields of technology.
Another reason is EMC concerns all structural levels of the equipment: from microchips
to onboard REE [11,12]. Special attention should be paid to the increase in the speed and
packaging density of modern REE, which makes it extremely susceptible to the effects of
both external and internal electromagnetic interference (EMI). There are several reported
cases of intentional EMI excitations on REE that entailed negative consequences [13,14].
Particularly dangerous is the conducted interference of an ultrashort pulse (USP), which
has a high voltage level and nanosecond rise time, in contrast to other types of intentional
EMI. Despite the low USP energy, the effectiveness of its impact on a conventional system
can be significant. Experimental studies have confirmed that the measure of the induced
energy is not the total pulse duration, but its energy in a certain frequency interval that is
critical for a specific device [15].

Protecting equipment from an interfering USP is a difficult task. The existing tra-
ditional protection devices do not often provide adequate protection since the response
time of many protection devices exceeds the USP duration, passing it to the critical REE
nodes [16,17]. In this regard, it is worth noting the structures operating on the principle
of modal filtration, called modal filters (MF), which were previously proposed for REE
protection against USPs. They do not have the disadvantages of traditional protection
devices. In an MF, during the propagation of a pulse excited in an active conductor of a line
segment (with a non-uniform dielectric filling) consisting of N conductors (not counting
the reference), it can undergo modal distortions. This can entail the decomposition into N
pulses of smaller amplitude due to the difference in the per-unit length delays of the line
modes [18]. It is remarkable that MF-based protection may not require a protection device,
as it uses the existing printed circuit board (PCB) connections.

Nowadays, it is important to develop reliable systems that are immune to electromag-
netic interference [19]. In REE with reservation, both reliability and EMC assurance, in
terms of radiated susceptibility and conducted emissions, depend on the location of the
reserving conductors relative to each other [20–22]. There is a single modal reservation
(MR) (duplication) and a multiple MR, the multiplicity factor of which is greater than
one. Methods of single, double, and triple MR have been proposed. With a double MR,
three modes arrive at the structure output, and with a triple MR, four modes. Meanwhile,
a triple MR implies the use of four-conductor structures with a symmetrical conductor
arrangement to increase the modal filtration efficiency with MR.
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Note that the authors recently investigated the influence of symmetry and asymmetry
of a number of protective structures in which modal phenomena take place [18]. Recently,
two fundamentally new MF configurations were proposed [23]. They are a conventional
microstrip line with one or two conductors on top that are grounded at both ends of the
line. Noteworthy are the differences in the characteristics of the proposed MF from the
known ones. First, the minimum and equal pulse voltages at the output of the known MFs,
as a rule, are obtained with loads at the ends of the passive conductor, the values of which
are equal to the geometric mean of the mode wave impedances, and in some MFs, with
a short circuit (SC) at one end and open circuit (OC) at the other. However, in the new
MFs, equal pulse voltages are obtained when a passive conductor is short-circuited at both
ends of the reference one. Secondly, many known MFs have a symmetrical (or close to
it) arrangement of active and passive conductors relative to the reference, which ensures
the equality of pulse voltage amplitudes. However, in the new MFs, this is ensured with
a sharply asymmetric arrangement of these conductors relative to the reference one. In
this case, one of the MFs has two passive conductors rather than one, which are located
symmetrically relative to the reference one. Finally, among the subsequent pulses, there are
additional pulses with delays equal to linear combinations of the pulse mode delays.

However, in these studies, only one very specific aspect of asymmetry effects was
considered in detail: the appearance of additional pulses in the time response to the USP
excitation. Meanwhile, simpler influences on initially symmetric structures, which lead to
their asymmetry, have not been investigated. An example is the influence of the geometric
parameter variation on the per-unit length mode delays in the structure or on its time and
frequency responses. Such research is relevant because it determines a change in important
protection characteristics. The examples for the time response are the maximum duration
of the USP, which will decompose completely, and its attenuation coefficient. For the
frequency response, examples include the bandwidth, which is important for undistorted
transmission of the useful signal, and the frequency of the first resonance, where the
maximum attenuation will take place.

In addition, preliminary studies of triple MR structures have shown that because of
the difference in couplings between conductors, the switching order will be important.
So, for instance, in the case of a failure simulated either by an SC or by an OC at one of
the ends of the reserved circuit, the switch to the reserving circuit changes the maximum
voltage of the decomposition pulses at the structure output. In a simple example (double
reservation) of a conventional microstrip line of three conductors, where conductor 1 is
reserved (or primary) and conductors 2 and 3 are reserving (or secondary), if conductor
1 (active) fails, conductor 2 (passive) will replace it and become active itself. However, the
geometric parameters of the cross-section can be such that the choice of conductor 3, and
not 2, as the first reserving conductor will provide a greater attenuation of the exciting USP
at the output of the device. Therefore, it is advisable to correctly and efficiently switch
between the conductors.

The theoretical and practical groundwork accumulated in the field of MR, along with
the available tools for the symmetric structures research, allows us for the first time to start
solving problems arising while investigating the structures with a triple MR. Based on the
above, it is possible to highlight the main innovation of this research, which consists of a
systematic examination of the optimal conductor switching order in symmetric structures
with a triple MR after failure. This study seems to be significant and relevant, especially
considering that the implementation of this order does not require any additional costs.
To generalize the application of such technical solutions to typical areas, one can study
structures with different cross-sectional locations of the reference conductor: in the center
(unshielded structure), around (shielded structure), at the top and bottom (multilayer
PCB), and in the form of side polygons (double-sided PCB). It is worth considering the
optimal switching order in these structures for two sets of parameters: before and after
optimization. It is useful to apply these approaches when solving the following tasks:

− to simulate the structure in the range of parameters;
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− to determine the optimal switching order after failures;
− to identify the best parameter configuration (before or after optimization) in terms of

protective features after failures.

The aim of this paper is to present the results of such research.

2. Approaches and Methods

To achieve this aim, a multivariate analysis of time and frequency responses was
used in the range of cross-section (for structures without failures) and equivalent circuit
(for structures with failures) parameters. It was assumed that T-waves are propagating
along the structures under consideration. Initially, cross-section geometric models of the
structures were constructed. Next, the per-unit-length coefficient matrices of electrostatic
(C) and electromagnetic (L) inductances were calculated, and on their basis, the matrices
of characteristic impedance (Z) and per-unit-length mode delays (τi) were calculated.
Losses in the structures were not taken into account in order to eliminate their influence
at this stage of research. To calculate the responses, we created a schematic diagram to
simulate each structure, and set loads and electromotive force (EMF) values, followed by
the calculation of the time and frequency responses in the range of parameters. Failures
in the structures under consideration were simulated either by an SC or an OC. The
quasi-static simulation based on the method of moments was carried out in the TALGAT
software [24], where the above models and steps were implemented.

Parametric optimization of structures without failure was performed. Because of the
structure symmetry, the number of optimized parameters was restricted. For example,
changing the width of individual conductors will violate the structure symmetry. In
addition, the experience of practical optimization of protective structures makes it possible
to determine with high accuracy the degree to which the optimized parameters impact
the output voltage waveforms (especially in symmetrical structures). Therefore, since
the number of optimized parameters is limited and the available experience in practical
simulation and optimization is considerable, there is no need to resort to time-consuming
global optimization methods. Accordingly, parametric optimization of structures was
carried out using heuristic search demonstrating positive results.

Optimization using heuristic search implies manual parameter enumeration, in which
a sequential action order is repeated. It includes changing the values of the parameters of
the structures under consideration, recording the results obtained, and analyzing them.
In addition, it is important to determine the range in which the optimized parameters
will change. For example, with 5 optimized parameters, a number of effective options for
such optimization is possible: fixing 4 and changing 1 (option 1), fixing 3 and changing
2 (variant 2), or fixing 2 and changing 3 (variant 3) parameters. Fixing 1 and changing 4
parameters is not recommended since increased complexity of determining the individual
parameter(s) affects the change in the structure output characteristics. Meanwhile, in
protective structures, the optimization of which has not been performed before, it is
recommended to use option 1 until it becomes clear which output characteristics of the
optimized structures are affected by a change in individual parameters. Thus, when using
option 1, the selected parameter increases from the lower range value or decreases from
the upper one with a certain step. During the optimization, the fixed parameters are
set equal to the average value of the optimization range. At the same time, attention is
paid to the processes taking place in the optimized structure. In addition, the output
characteristics that change as a result of such a search are recorded (for example, in the
structure under consideration, a change in the width of the conductors in a certain way
affects the amplitudes of the decomposition pulses and the value of the characteristic
impedance). Then the next parameter is optimized, etc. When optimizing the structures
under consideration, it is assumed that the optimization of the parameter values that have
an immediate impact on the degree of electromagnetic coupling between conductors (due
to the symmetry of the structures) is direct.

The rest of the article is structured as follows:
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− Section 3 includes a multivariate analysis of the structures under consideration;
− Section 3.1 presents 4 structures with a triple MR for further research;
− Sections 3.2 and 3.3 cover the simulation and analysis results of the structures in the

time and frequency domains;
− Section 3.4 presents the parametric optimization and analysis results;
− Section 4 includes subsections demonstrating simulation, selection, and evaluation of

the optimal switching order of the active conductor in these structures after failures;
− Section 4.1 includes a description and analysis of circuits that simulate sequential

failures at one end of the active conductor in the structures under consideration;
− Sections 4.2–4.5 systematize the results of examining the structures with a reference

conductor in the center, around, above and below, and in the form of side polygons;
− Section 5 discusses the main results;
− Section 6 systematizes the results obtained and highlights the prospects for further work.

3. Multivariate Analysis of Structures with Triple Modal Reservation
3.1. Structures under Consideration

We considered structures with a reference conductor in the center, around, above and
below, and in the form of side polygons. Their cross-sections are shown in Figure 1, where
w is the width of the conductors, w1 is the width of the side polygons, s is the separation
between the conductors, t is the thickness of the conductors, h is the thickness of the
dielectric, d is the distance from the edge of the structure to the conductor (for the structure
with polygons it is the distance between the polygon and the signal conductor), rc is the
radius of the conductors, rd is the radius of the dielectrics, rr is the radius of the reference
conductor, and εr is the relative permittivity of the dielectric (in the structure with the
reference conductor, the designations εr1 and εr2 are used to denote the relative permittivity
of the different PCB layers). In these structures, the symmetry of the cross-sections and
boundary conditions is maintained.
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Figure 1. Cross-sections of structures with the reference conductor (a) in the center, (b) around, (c) above and below, and
(d) in the form of side polygons, where conductor C1—active; C2, C3, C4—passive; and R—reference.

The structure with the reference conductor in the center (Figure 1a) is a symmetrical
strip structure. In such a structure, due to the symmetry and location of the reference
conductor, it is easy to provide pairwise equalized amplitudes of the decomposition pulses
as well as equal time intervals between them. The structure with the reference conductor
around (Figure 1b) is a shielded four-conductor insulated cable that is widely used in
practice. The structure with the reference conductor at the top and bottom (Figure 1c) is a
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shielded strip structure in the form of a multilayer PCB. In this structure, the broad-side
coupling provides high attenuation values of the exciting USP and high differences in
per-unit-length mode delays (∆τ). In addition, due to the presence of an external shield, this
structure provides protection against radiated emissions. The structure with the reference
conductor as side polygons (Figure 1d) is a strip structure acting as a double-sided PCB.
This design simplifies its fabrication, packaging, and integration while maintaining the
broad-side coupling, as in the structure in Figure 1c.

An equivalent circuit of the structures under study is shown in Figure 2a. The length of
the strip structures was equal to l = 0.5 m, and the shielded cable 1 m. As an excitation, we
used an EMF source with a trapezoid pulse signal with an amplitude of 2 V. The durations
of the rise, fall, and flat top (at levels 0–1) were equal to 50 ps, so the total duration was
150 ps (Figure 2b). The load values (R) were chosen from the condition of matching the
structure to the path (i.e., the signal amplitude at the beginning of the line (V2) should be
equal to half of the EMF (V1) (Figure 2a) [18].
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Figure 2. (a) Equivalent circuit of the structures under consideration and (b) EMF waveform.

A simulation of the time and frequency responses was carried out in the range of
cross-sectional parameters with a small variation of their values relative to parameter set
1 (Tables 1 and 2). The main cross-section parameters are presented in three sets. This was
primarily done to provide a thorough investigation, as well as to estimate the effect of the
parameter value deviation from set 1 on the output characteristics.

Table 1. Cross-section parameter sets for strip structures.

Structure with a
Reference
Conductor

Parameter Sets
Parameter Values

s, µm w, µm t, µm h, µm

In the center
1 400 300 105 300
2 450 350 140 350
3 350 250 70 250

Above and below
1 200 200 35 180
2 250 250 70 200
3 150 150 18 150

In the form of side
polygons

1 510 1600 35 500
2 550 1650 70 550
3 450 1550 18 450
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Table 2. Cross-section parameter set for shielded cable.

Structure with a
Reference
Conductor

Parameter Sets
Parameter Values

rc, µm rd, µm rr, µm

Around
1 1500 1750 4350
2 2000 2250 5500
3 1000 1250 3100

3.2. Time Domain Analysis

Voltage waveforms at the output of the structures under study before optimization are
presented in Figure 3. The maximum voltage values (Umax) and the values of τi, calculated
in the range of parameters, are summarized in Table 3 and presented in Section 3.2.
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and below, and (d) in the form of side polygons with parameter sets 1 (—-), 2 (—-), and 3 (– –).

From Figure 3, it is seen that the use of parameter sets 2 and 3 had little effect on the
τ4 value in the structure with the reference conductor in the center, or on the τ2 value in
the structure with the reference conductor in the form of side polygons. At the same time,
simulation in the range of the structural parameters with the reference conductor around
(where, among other things, we can see the overlap of pulses 1 and 2), as well as above
and below, showed different τi values.

The maximum deviation values of τ1, τ2, τ3, and τ4 for the structures (in the order of
mention) were 0.034, 0.076, 0.028, and 0.01 ns/m; 0.31 (for pulses 1 and 2 that arrived at
the same time), 0.24, and 2.435 ns/m; 0.138, 0.107, 0.083, and 0.108 ns/m; and 0.032, 0.012,
0.063, and 0.033 ns/m. The maximum difference between the τi values was estimated by
comparing the results obtained in simulations with three parameter sets. For the structure
with the reference conductor in the center, this value was observed for pulse 2 (0.034 ns/m),
around for pulse 3 (far right) (2.435 ns/m), above and below for pulse 1 (0.138 ns/m), and
in the form of side polygons for pulse 3 (0.063 ns/m).
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Table 3. Numerical characteristics of the structures under consideration after simulation.

Structure
with a

Reference
Conductor

Parameter
Sets

Parameters

Umax,
V

τ1,
ns/m

τ2,
ns/m

τ3,
ns/m

τ4,
ns/m

∆f,
GHz

f 1,
GHz

In the center
1 0.2473 2.544 2.735 3.082 3.573 0.296 1.436
2 0.2473 2.530 2.704 3.071 3.577 0.290 1.402
3 0.2471 2.564 2.780 3.099 3.567 0.302 1.482

Around
1 0.4970 5.475 5.475 5.780 6.370 0.337 1.666
2 0.4980 5.695 5.695 5.925 8.805 0.098 2.103
3 0.4960 5.785 5.785 6.020 7.705 0.158 1.861

Above and
below

1 0.2490 3.582 4.185 4.430 4.585 0.340 1.596
2 0.2470 3.701 4.122 4.377 4.527 0.366 1.832
3 0.2510 3.720 4.230 4.460 4.635 0.344 1.692

In the form
of side

polygons

1 0.2437 2.239 2.453 2.936 3.201 0.286 0.662
2 0.2435 2.269 2.457 2.898 3.183 0.290 0.782
3 0.2435 2.207 2.445 2.961 3.217 0.282 0.696

Nevertheless, with all parameter sets, the Umax value remained practically unchanged
for each structure. Thus, the structure with the reference conductor in the center can
provide an attenuation relative to the input voltage level by 4.04 times, around by 2.01 times
(this is explained by the superposition of pulses 1 and 2 because of the specificity of the
electromagnetic coupling between the conductors), from above and below by 3.98 times,
and in the form side polygon by 4.18 times.

3.3. Frequency Domain Analysis

The frequency responses at the output of the structures under study were also obtained
for three sets of parameters and are presented in Figure 4. The bandwidth values at the
level of 0.707 (∆f ) and the first resonance frequency (f 1) for each structure are summarized
in Table 3.
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From Figure 4 and Table 3 it follows that the ∆f values for structures with the reference
conductor in the center and in the form of side polygons varied slightly for all sets of
parameters; the difference did not exceed 0.012 GHz or 0.008 GHz for either structure,
respectively. The f 1 values for different sets of parameters also differed slightly (0.08 GHz
and 0.12 GHz for parameter sets 1–3 for both structures, respectively). The ∆f values for
the structure with the reference conductor at the top and bottom differed for parameter
set 2 relative to the others (the deviation was about 0.026 GHz). The f 1 values for different
sets of parameters of this structure also slightly differed (the maximum difference was
0.236 GHz between parameter sets 1 and 2). Meanwhile, for the structure with a reference
conductor around, the ∆f values differed in all parameter sets (the difference between
parameter sets 1 and 2 was 0.239 GHz, between 1 and 3 was 0.179 GHz, and between 2 and
3 was 0.06 GHz). The f 1 values for parameter sets 1–3 were also different (the maximum
difference was 0.437 GHz between parameter sets 1 and 2).

3.4. Optimization

When optimizing the strip structures, the s and w values varied in the range of
50–2000 µm; t in the range of 18–175 µm, h in the range of 200–3000 µm, and d in the
range of 200–2000 µm. The optimized cross-section parameters of the strip structures are
presented in Table 4. When optimizing the shielded cable, the ri values varied in the range
of 200–4000 µm. As a result of optimization, the following parameters were obtained:
rc = 900 µm (conductor C1), rc = 800 µm (conductors C2 and C3), rc = 700 µm (conductor
C4), rd = 970 µm (dielectric around C1), rd = 950 µm (dielectric around C2, C3 and C4),
rr = 3500 µm, εr = 30 (dielectric around C1), εr = 5 (dielectric around C2), εr = 16 (dielectric
around C3), and εr = 6 (dielectric around C4). The voltage waveforms at the output of all
structures after optimization are shown in Figure 5.

Table 4. Optimized parameters for strip structures.

Structure with a
Reference Conductor s, µm w, µm h, µm t, µm d, µm

In the center 510 1600 500 18 1600
Above and below 200 260 100 135 6400
In the form of side

polygons 220 500 (w1 = 1600 µm) 300 18 800

After optimization, the Umax value for the structure with the reference conductor
in the center did not change (before and after optimization—0.248 V) since the pairwise
alignment of the amplitudes of pulses 1 and 3, and 2 and 4 (due to symmetry) was
deliberately achieved. For the structure with a reference conductor at the top and bottom,
the Umax value was 0.24 V (before optimization it was 0.25 V). Finally, for the structure
with a reference conductor in the form of side polygons the Umax value was 0.235 V (before
optimization it was 0.243 V).

In addition, for the three above-mentioned structures, it was possible to equalize the
time intervals between the decomposition pulses so that the ∆τi values were 0.245, 0.255,
and 0.245 ns/m; 0.34, 0.355, and 0.36 ns/m; and 0.255, 0.252, and 0.27 ns/m, respectively.

It should also be noted that it is much more difficult to achieve complete decom-
position of the exciting USP in a shielded cable than in strip structures. This is due to
the specific character of electromagnetic coupling between the conductors. Nevertheless,
after optimization, the Umax value was 0.29 V (before optimization it was 0.5 V). The
increased attenuation of the exciting USP was obtained by establishing different couplings
between the C1–C2 and C1–C4 conductors. As a result, the amplitudes of pulses 1, 2, and 4
were equalized.
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4. Simulation, Selection, and Evaluation of the Optimal Switching Order in Structures
with Triple Modal Reservation
4.1. Active Conductor Switching Options after Failures

Figure 6 shows the options for choosing an active conductor after sequential failures
at one of the ends of the structures with a triple MR. Figure 7 shows an equivalent circuit
that simulates sequential failures at one end of the active conductor. After failure 1, it is
possible to switch to any of the three free conductors. In this case, the switching order
determines the behavior of the output characteristics (the decomposition pulse amplitudes
Ui and the τi values). Thus, after failure 1, three switching options appear. After failure 2,
for each of the three options, two switching options remain, and after failure 3, you can
switch only to the last remaining conductor (Figure 6). Let us consider, for example, option
1 after failures (Figure 6, the extreme path on the left): After failure 1 at one of the active
conductor C1 ends, we can switch to the conductor C2 and the output characteristics will
change; after failure 2, we can switch to either C3 (option 1.1) or C4 (option 1.2). However,
from Figure 1a it follows that the characteristics for these options will be the same. This is
because the two remaining conductors are located on one conductive layer of the structure.
After failure 3 for options 1.1 and 1.2, you can switch to either C4 or C3. However, in
this case, the output characteristics will also be the same. Consequently, there are three
switching orders; failure 3 does not affect the switching order (Figure 7) in the case of
symmetrical structures. Figure 7 shows that C1 is the active conductor in each case (before
and after faults). Moreover, each failed conductor was an active conductor before the
failure, which is also true for all symmetric structures. Thus, the equivalent circuit shown
in Figure 7 is valid for all symmetric structures with triple MR.
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symmetric structures with triple MR (each failed conductor is an active conductor before a failure).

4.2. Structure with the Reference Conductor in the Center

A cross-section of a triple MR structure with the reference conductor in the center is
shown in Figure 1a. For the simulation, the original and optimized sets of cross-sectional
parameters were used, which are summarized in Table 5. The resistor R nominal was
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chosen equal to 92 Ω for the original parameter set, and 50 Ω for the optimized one for the
structure before failures. If the reserved circuit failed (SC or OC), it was assumed that the
reserving circuit took over the functions of the reserved one. In the simulation, the values
of resistors R1 and R2 for the active conductor were equal to R (i.e., the R values before
failure). The nominal resistor values on passive conductors were equal to 1 MΩ (OC), and
1 µΩ (SC) for various failures.

Table 5. Parameter sets for simulation.

Set w, mm s, mm t, mm h, mm εr

Original 0.3 0.40 0.105 0.3 5
Optimized 1.6 0.51 0.018 0.5 4.5

For this structure, the voltage waveforms at the far end of the active conductor (C1)
with the original parameter set after failures 1 and 2 are shown in Figures 8–12. Note that
we only specified waveforms that were not identical for different failure options. So, for
example, the waveforms with an active conductor C1 with R–R (at the near–at the far ends
at C2), R–R (at the near–at the far ends at C3), and R–R (at the near–at the far ends at C4)
were identical to the forms of voltages with active conductors—C2, C3, and C4, respectively
(Figure 7). In addition, the voltage waveforms were identical if the boundary conditions on
the passive conductors for different failure options were symmetrical. For example, the
voltage waveform of the R–R option on C2, R–SC on C3, and OC–R on C4 was identical to
R–R on C2, SC–R on C3, R–OC on C4, respectively, etc. This was true for all considered
parameter sets. Voltage waveforms with the minimum (best case) and maximum (worst
case) Umax values are presented below.
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From Figures 8–12 it can be seen that after failures 1, 2, and 3 (Figure 7), when the
boundary conditions on the passive conductors C2, C3, and C4 changed, the amplitude val-
ues of each of the decomposition pulses changed. The figures shed light on these changes.
In the rest of the paper, voltage waveforms are not considered. The Umax values for struc-
tures with original and optimized parameter sets after failures 1, 2, and 3 are summarized
in Table S1 (in Supplementary Materials). Figure 13 shows the dependences of Umax values
on the failure number for structures with original and optimized parameter sets.

Figure 13a shows that for the structure with the original parameter set, with switching
options 1, 2, and 3, after failure 1 there was an increase in the Umax value to 0.284, 0.285,
and 0.266 V, respectively; after failure 2 to 0.324, 0.305, and 0.303 V, respectively; and
after failure 3 to the same level of 0.346 V, which did not depend on the switching option.
Switching option 3 is optimal, since the Umax values after failures 1 and 2 were minimal
(0.266 and 0.303 V, respectively).
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Figure 13b shows that for the structure with the optimized parameter set, with switch-
ing options 1, 2, and 3, after failure 1 there was an increase in the Umax value to 0.274, 0.29,
and 0.262 V, respectively; after failure 2 to 0.319, 0.304, and 0.287 V, respectively; and after
failure 3 up to 0.334 V. Switching option 3 is optimal, since the Umax values after failures
1 and 2 were minimal (0.262 and 0.287 V, respectively). The Umax values for the optimal
switching orders are summarized in Table 6. Figure 14 shows the dependences of the Umax
values on the failure number for structures with the original and optimized parameter sets.

Table 6. Umax values for optimal switching orders.

Set Before Failure Umax, V After Failure 1 Umax, V After Failure 2 Umax, V After
Failure 3 Umax, V

Original R–R, R–R, R–R 0.250 R-R, R-R, R-SC 0.266 SC-R, R-R,
R-SC 0.303 R-OC,

SC-R, R-SC 0.346

Optimized R–R, R–R, R–R 0.250 R-R, R-R, R-SC 0.262 SC-R, R-R,
R-SC 0.287 R-SC,

OC-R, SC-R 0.334
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Figure 14 shows that with the optimal switching orders after failure 1, there was
an increase in Umax value up to 0.266 (for the original parameter set) and 0.262 V (for
the optimized parameter set). After failure 2, the increase went up to 0.303 and 0.287 V,
respectively, and after failure 3 up to 0.346 and 0.334 V, respectively. Thus, with the
optimized parameter set, the Umax values after all failures were minimal and equal to 0.262,
0.287, and 0.334 V, respectively. Therefore, the optimized parameter set is more preferable
in this case.

4.3. Structure with the Reference Conductor Around

A cross-section for simulating a triple MR structure with a reference conductor around
is shown in Figure 1b. The original and optimized cross-sectional parameter sets were
used for this (Table 7). Note that the structure with a reference conductor around is the
only one that, in the course of optimization, lost the cross-section symmetry for ensuring
different electromagnetic couplings between conductors, and, as a consequence, complete
decomposition of an exciting USP.
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Table 7. Parameter sets for simulation.

Set
rc, mm rd, mm (Around Conductors) rr,

mm
εr (Around Conductors)

C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4

Original 1.50 1.50 1.50 1.50 1.75 1.75 1.75 1.75 4.35 10
Optimized 0.90 0.80 0.80 0.70 0.97 0.95 0.95 0.95 3.50 30 5 16 6

In the simulation, R nominals were chosen equal to 12 Ω for the original parameter
set and 31 Ω for the optimized one. The Umax values for the structure with the original
parameter set after failures 1, 2, and 3 are summarized in Table S2. Figure 15 shows the
dependence of Umax on the failure number for the structure with the original parameter set
for switching options 1, 2, and 3 (from Table S2).
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Figure 15 shows that for switching options 1, 2, and 3, after failure 1 there was an
increase in the Umax value to 0.513, 0.502, and 0.502 V, respectively. After failure 2 it went
up to 0.515, 0.505, and 0.515 V, respectively, and after failure 3 up to 0.517 V. Thus, for this
structure, switching option 2 is optimal since the Umax values after failures 1 and 2 were
minimal (0.502 and 0.505 V, respectively).

The Umax values for the structure with the optimized parameter set after failures 1,
2, and 3 are summarized in Table S3. Figure 16 shows the dependence of the Umax values
on the number of the failure for the structure with the optimized parameter set. Since this
structure lost its cross-sectional symmetry during the optimization, the circuit shown in
Figure 6 was used to study the switching order. In this circuit, only the optimal switching
order shown in Figure 17 was considered.
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Figure 16. Dependence of Umax for the optimal switching option from the failure number for a
structure with an optimized parameter set.

Table S3 shows that for options 1, 2, and 3 after failure 1, there was an increase in
Umax up to 0.517, 0.766, and 0.507 V, respectively. After failure 2 it went up to 0.527 and
0.769 V, respectively, and after failure 3 up to 0.622 V. The optimal switching option is 3
since the Umax values after failures 1 and 2 in this case were minimal (0.507 and 0.527 V,
respectively, as can been seen in Figure 16). The Umax values for the optimal switching
orders are summarized in Table 8. Figure 18 shows the Umax dependences (from Table 8)
for the original and optimized parameter sets on the failure number.
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Table 8. Umax values for optimal switching orders.

Set Before
Failure Umax, V After

Failure 1 Umax, V After
Failure 2 Umax, V After

Failure 3 Umax, V

Original R–R, R–R,
R–R 0.502 R-R, R-R,

R-OC 0.502 R-R, R-SC,
OC-R 0.505 R-OC,

R-SC, R-SC 0.517

Optimized R–R, R–R,
R–R 0.291 R-R, R-R,

R-SC 0.507 R-SC, R-R,
SC-R 0.527 R-OC,

R-SC, SC-R 0.622
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Figure 18 shows that with optimal switching orders after failure 1, the Umax value
increased to 0.502 (for the original parameter set) and 0.507 V (for the optimized parameter
set). After failure 2, the increase went up to 0.505 and 0.527 V, respectively, and after failure
3 up to 0.517 and 0.622 V, respectively. Thus, for the original parameter set, the Umax values
after all failures were minimal and equal to 0.502, 0.505, and 0.517 V, respectively. Therefore,
the original parameter set is preferable.

4.4. Construction with the Reference Conductor Above and Below

A cross-section for simulating a triple MR structure with the reference conductor
above and below is shown in Figure 1c. The simulation was based on the original and
optimized cross-section parameter set (Table 9). The R values (before failures) were equal to
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40 Ω for the original set 1 and 50 Ω for the original sets 2 and 3, as well as for the optimized
parameter set.

Table 9. Parameter sets for simulation.

Set w, mm s, mm t, mm h, mm h1, mm εr εr1

1 0.200 0.200 0.035 0.137 0.250 10.2 4.3
2 0.200 0.200 0.035 0.206 0.360 10.2 4.3
3 0.200 0.200 0.035 0.360 0.360 10.2 4.3

Optimized 0.260 0.200 0.135 0.200 0.400 10.2 4.3

The Umax values for the structure with the original parameter sets 1, 2, and 3 after
failures 1, 2, and 3 are summarized in Table S4. Figure 19 shows the Umax values depen-
dences for these parameter sets and switching options 1, 2, and 3 (from Table S4) on the
failure number.
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Figure 19. Dependences of Umax for options 1 (···), 2 (—), and 3 (—-) on the number of failures in the structure with the
original parameter set (a) 1, (b) 2, and (c) 3.

Figure 19 shows that for switching options 1, 2, and 3, after failure 1 there was an
increase in Umax value to 0.27, 0.311, and 0.266 V; 0.284, 0.305, and 0.274 V; and 0.286, 0.287,
and 0.269 V for original parameter sets 1, 2, and 3, respectively. After failure 2 it went up to
0.338, 0.332, and 0.289 V; 0.344, 0.333, and 0.309 V; and 0.328, 0.309, 0.308 V, respectively,
and after failure 3 up to 0.361, 0.373, and 0.352 V, respectively. Switching option 3 is optimal,
since the Umax values after failures 1 and 2 were minimal (0.266 and 0.289 V; 0.274 and
0.309 V; and 0.269 and 0.308 V for original parameter sets 1, 2, and 3, respectively).

The Umax values for the structure with an optimized parameter set after failures 1,
2, and 3 are summarized in Table S5. Figure 20 for switching options 1, 2, and 3 (from
Table S5) shows the dependences of the Umax values on the failure number.
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Figure 20 shows that for options 1, 2, and 3 after failure 1, there was a change in Umax
value to 0.293, 0.294, and 0.271 V, respectively. After failure 2, it changed to 0.347 V, 0.328 V,
and 0.327 V, respectively, and after failure 3 to 0.383 V. Switching option 3 is optimal since
the Umax values after failures 1 and 2 were minimal (0.271 and 0.327 V, respectively). Thus,
for the structure with the optimized parameter set, the Umax values after all failures are
minimal and equal to 0.262, 0.287, and 0.334 V, respectively. As a result, in the structure
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with the optimized parameters to failures, the Umax value was minimal. However, after
failure 3, it became the highest among all parameter sets.

The Umax values for the optimal switching orders are summarized in Table 10. Figure 21
shows the Umax dependences (from Table 10) on the failure number for the original param-
eter sets 1, 2, and 3 and the optimized parameter set.

Table 10. Umax values for optimal switching orders.

Set Before
Failure Umax, V After

Failure 1 Umax, V After
Failure 2 Umax, V After

Failure 3 Umax, V

1 R-R, R-R, R-R 0.248 R-R, R-R,
R-SC 0.266 SC-R, R-R,

R-SC 0.289 R-SC,
OC-R, SC-R 0.361

2 R-R, R-R, R-R 0.252 R-R, R-R,
R-SC 0.274 SC-R, R-R,

R-SC 0.309 R-SC,
OC-R, SC-R 0.373

3 R-R, R-R, R-R 0.250 R-R, R-R,
R-SC 0.269 SC-R, R-R,

R-SC 0.308 R-SC,
OC-R, SC-R 0.352

Optimized R-R, R-R, R-R 0.243 R-R, R-R,
R-SC 0.271 SC-R, R-R,

R-SC 0.327 R-SC,
OC-R, SC-R 0.383
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Figure 21 shows that with the optimal switching orders after failure 1, there was an
increase in the Umax value to 0.266, 0.274, and 0.269 (for the original parameter sets 1,
2, and 3, respectively) and 0.271 V (for the optimized parameter set). After failure 2, it
increased up to 0.289, 0.309, 0.308, and 0.327 V, respectively, and after failure 3 up to 0.361,
0.373, 0.352, and 0.383 V, respectively. Thus, for the structure with the original parameter
set 1, the Umax values after failures 1 and 2 were minimal and equal to 0.266 and 0.289 V,
respectively; however, after failure 3, the minimum Umax value was for the structure with
parameter set 3 (0.352 V). For all parameter sets, switching option 3 is optimal. As a result,
parameter sets 1 and 3 are more preferable since they give lower Umax values.

4.5. Structure with the Reference Conductor in the Form of Side Polygons

A cross-section for simulating a triple MR structure with the reference conductor in
the form of side polygons is shown in Figure 1d. The original and optimized cross-section
parameter sets were used for the simulation (Table 11). The R values (before failures)
were equal to 50 Ω for the original parameter set and 105 Ω for the optimized one for the
structure before failures.

Table 11. Parameter sets for simulation.

Set w, mm w1, mm s, mm t, mm h, mm εr d, mm

Original 1.6 1.6 0.51 0.018 0.5 4.5 1.6
Optimized 0.5 1.6 0.22 0.018 0.3 4.5 8

The Umax values for structures with the original and optimized parameter sets after
failures 1, 2, and 3 are summarized in Table S6. Figure 22 shows the dependences of Umax
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values on the failure number for these structures for switching options 1, 2, and 3 (from
Table S6).
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Figure 22a shows that for the structure with the original parameter set, with switching
options 1, 2, and 3, after failure 1 the Umax value increased to 0.292, 0.33, and 0.27 V,
respectively; after failure 2 to 0.377, 0.362, and 0.32 V, respectively, and after failure 3 up to
0.409 V. Switching option 3 is optimal since the Umax values after failures 1 and 2 in this
case were minimal (0.27 and 0.32 V, respectively).

Figure 22b shows that for the structure with the optimized parameter set, with switch-
ing options 1, 2, and 3, after failure 1 there was a change in the Umax value to 0.293, 0.291,
and 0.272 V, respectively. After failure 2, it changed to 0.35, 0.334, and 0.337 V, respectively,
and after failure 3 to 0.393 V. Switching option 3 is optimal since the Umax value after
failure 1 was 0.272 V, and after failure 2 was 0.337 V (differing from switching option 2 after
failure 2 only by 0.003 V). The Umax values for optimal switching orders are summarized
in Table 12. Figure 23 shows the dependences of Umax values (from Table 12) on failures
for the original and optimized parameter sets.

Table 12. Umax values for optimal switching orders.

Set Before
Failure Umax, V After

Failure 1 Umax, V After
Failure 2 Umax, V After

Failure 3 Umax, V

Original R–R, R–R,
R–R 0.247 R-R, R-R,

R-SC 0.270 OC-R, R-R,
R-SC 0.320 R-SC,

OC-R, SC-R 0.409

Optimized R–R, R–R,
R–R 0.237 R-R, R-R,

R-SC 0.272 SC-R, R-R,
R-SC 0.337 R-SC,

OC-R, SC-R 0.393
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Figure 23 shows that with the optimal switching orders after failure 1, there was
an increase in Umax values up to 0.27 (for the original parameter set) and 0.272 V (for
the optimized parameter set). After failure 2, the increase went up to 0.32 and 0.337 V,
respectively, and after failure 3 up to 0.409 and 0.393 V, respectively. Thus, for the structure
with the optimized parameter set, the Umax values after failure 3 were minimal and equal
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to 0.393 V. However, if we consider failures 1 and 2, then the Umax values were minimal for
the structure with the original parameter set and were 0.27 and 0.32 V, respectively.

5. Discussion

A preliminary comprehensive study of structures with a reference conductor in the
center, around, above and below, and in the form of side polygons was carried out. As a
result of simulating the structures in different parameter ranges, it was revealed that the
deviations of the Umax, ∆f, and f 1 values were insignificant. However, for the structure
with a reference conductor around, there were deviations in the output signal waveforms
(in time and frequency responses) and in the ∆f and f 1 values for different parameter sets.
The attenuation of the exciting USP (relative to the input) was achieved for each structure
by 4.04, 2.01, 3.98, and 4.18 times, respectively.

As a result of optimization by heuristic search, it was possible to equalize the time
intervals between the decomposition pulses for structures with a reference conductor in
the center, above and below, and as side polygons. In addition, it was possible to reduce
the output voltage for structures with a reference conductor around (from 0.5 to 0.29 V), on
the top and bottom (from 0.25 to 0.24 V), and as side polygons (from 0.243 to 0.235 V). For
the structure with a reference conductor in the center, this value did not change because
pairwise equalization of the pulse amplitudes was deliberately achieved by means of the
structure symmetry.

The optimal switching orders for these structures with the original and optimized
parameter sets were studied in detail:

1. For the structure with a reference conductor in the center, for both parameter sets,
the optimal switching option was 3, and after all failures, the minimum Umax values
were obtained in the structure with the optimized parameter set (0.262, 0.287, 0.334 V),
which makes it the most preferable.

2. For the structure with a reference conductor around, after failures 1, 2, and 3, the
minimum Umax values (0.502, 0.505, and 0.517 V, respectively) were observed with
the original parameter set. The optimal switching order for the structure with the
original parameter set was option 2. For the optimized parameter set, option 3 was
optimal since the Umax values were minimal (0.507, 0.527, and 0.718 V, respectively),
but they were higher than with the original parameter set. Thus, the structure with
the original parameter set is the most preferable in this case.

3. For the structure with a reference conductor above and below, after failures 1 and
2, the minimum Umax values (0.266 and 0.289 V, respectively) were observed with
parameter set 1, and after failure 3 with parameter set 3. For all parameter sets,
option 3 was optimal. More preferably, there can be a structure with the original
parameter set 1 with the minimum Umax values after failures 1 and 2 (0.266 and
0.289 V, respectively).

4. For the structure with a reference conductor in the form of side polygons with the
original and optimized parameter sets, option 3 was optimal. With the optimized
parameter set, the Umax value after failure 3 for all switching options was minimal and
equal to 0.393 V. However, if we consider failures 1 and 2, then the Umax values were
minimal for the original parameter set and were 0.27 and 0.32 V, respectively. More
preferable may be the structure with the original parameter set with the minimum
Umax values after failures 1 and 2 (0.27 and 0.32 V, respectively).

Based on the analysis of the data obtained, it can be concluded that the implementation
of new devices with a triple MR is expedient for all the structures considered. However,
for the structure with a reference conductor in the center, it is better to use the optimized
parameter set. At the same time, for the structures with a reference conductor around,
above and below, and as side polygons, the original one is best. The possibility of creating
these structures is justified by the feasibility of structural and technological implementation.
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6. Conclusions

For the first time, systematically (on four structures, with the original and optimized
parameter sets), two new effects of asymmetry in initially symmetric structures with
triple MR were investigated. First, the influence of asymmetry caused by the geometric
parameter variations on per-unit length mode delays and time and frequency responses of
the structures was shown. This allowed us to make useful quantitative estimates, showing,
in general, a slight deterioration in MR effectiveness. Then, the successively increasing
influence of the boundary conditions asymmetry caused by successive failures (SC or OC)
was investigated. The evaluation of the sequential deterioration in the MR effectiveness
that was carried out revealed the possibility of choosing the optimal order of switching
the reserved circuits. It ensures the minimum deterioration without any costs for the
implementation of such an order.

This study is remarkable due to its use of a simple but highly efficient method in
which EMC is ensured only through reserving circuits, rather than widely used additional
costly measures (such as protective devices or filters). The main difference between the
investigated structures with triple MR and similar ones (for example, structures with single
MR, which were more commonly studied earlier) is the fact that the problem of specifying
the optimal switching order in those structures does not arise at all. Finally, the novelty
of the performed research is clearly expressed in finding the optimal switching order of
circuits after failure. This contributes to a highly effective way to maintain the protective
characteristics of a structure. Meanwhile, the practical implementation does not require
any costs.

In the future, we are planning to investigate structures with a triple MR in which
failures are manifested not at the ends but along the conductors (a task that has never been
posed before). In addition, next year it is planned to develop layouts, and to manufacture
and measure the proposed structures. Finally, the authors are planning to investigate other
asymmetry effects.
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