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Abstract: The paper considers the protection of critical radio-electronic equipment (REE) from
ultrashort pulses (USP) by means of modal filters (MFs). A new approach to improve modal filtration
by using reflection symmetry is analyzed. The results of a sophisticated research into protective devices
based on reflection symmetric MFs are presented: improving the characteristics of four MFs through
optimization both by one and simultaneously by several criteria; calculating the per-unit-length time
delays matrix of a reflection symmetric MF using the obtained analytical expressions; calculating
the time and frequency responses of an MF with and without losses in conductors and dielectric;
developing the laboratory evaluation board; analyzing the effect of moisture protection on the
characteristics; analyzing the features of reflection symmetry structures; comparing microstrip and
reflection symmetric four-conductor MFs. The obtained results allow us to argue that the reflection
symmetric MF protects REE from a USP due to its decomposition into a sequence of pulses with
pairwise equalized voltage amplitudes and close time intervals between decomposition pulses with
an attenuation coefficient of four times with a controlled bandwidth of a useful signal. This research
helps take advantage of the possibilities of using the symmetry to improve modal filtering and opens
the ways to create a large number of new MF designs, applying only the principles of the symmetry
described in the work.

Keywords: electromagnetic compatibility; protective devices; modal filtering; reflection symmetric
modal filter; time response; frequency response

1. Introduction

Currently, radio-electronic equipment (REE) has been introduced in almost all industries, including
military, nuclear, space, medical and telecommunications. Such a tendency leads to an aggravation
of the electromagnetic compatibility (EMC) problem due to vulnerability of equipment, especially
to intentional electromagnetic interferences (IEMI). The problem of IEMI is regularly discussed at
international conferences, for example at AMEREM, EUROEM and ASIAEM. At the ASIAEM 2015
conference, there was a conference panel called “IEMI Threats, Effects and Protection” and even two
special panel discussion groups “Design of Protective Devices and Test Methods”, and “Evaluation of
HEMP/IEMI Impacts on Critical Infrastructure”. The first open discussion of this problem took place at
the plenary session of the AMEREM conference in 1996 [1]. The first review of the IEMI problem was
presented at the EMC symposium in Wroclaw in 1998 [2]. In addition, in some articles of the well-known
journal “IEEE Transactions on EMC”, where the results of the latest EMC research in the world are
published, there are many valuable results that can be used to create a noise immunity technology for
critical REE. For example, [3] considered this new IEMI threat to civil society. The currently topical
EMC direction is protection against conductive interference. Particularly, it is important to protect
computers from interference originating in power lines [4]. Recent investigations have shown the
possibility of interrupting the normal functioning of IT networks through high-power electromagnetic
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interference via the power lines [5] and the local area network cables [6]. The analysis of the impact
of a commercially available powerful source of damped sinusoids on a computer network was
presented in [7]. Overview of the possible IEMI effects on cyber-physical systems was performed in [8].
A powerful ultrashort pulse (USP) seems to be especially dangerous [9]. The results obtained in the
investigation of local area networks for Fast Ethernet and Gigabit Ethernet exposed to nanosecond
electromagnetic interference were presented in [10]. The devices based on nonlinear protection elements
for electronic system protection against natural or man-made electromagnetic interferences with high
energies and amplitudes, in particular against USPs, were presented in [11].

Unfortunately, traditional devices used as a protection against pulse interference, for example,
voltage suppressors, varistors, passive RC- and LC-filters, have a number of disadvantages (vulnerability
to radiation, short service life, failure to operate at high voltages, insufficient operating speed, etc.),
making it difficult to protect against powerful USPs. One of the new protection principles is based on
modal filtering—the use of modal distortions (signal changes due to the difference in modal delays
of a multiconductor transmission line (MCTL)) based on serial modal decomposition of the pulse
in cascaded segments of coupled lines. New devices based on modal filtering technology are called
modal filters (MF) [12]. A qualitative comparison of MFs against traditional and dedicated protection
devices is presented in Table 1.

Table 1. A qualitative comparison of modal filters (MFs) against traditional and dedicated protection devices.

Parameter Network Filter USP Filter Suppression Filter-6.3A
(«EMSOTECH» Company) MF

Protection against
ultrashort pulse (USP) Does not protect Protects Protects

Weight Small Large Small

Dimensions Network filter size 40 × 30 × 5 cm Inside a power outlet
or a network filter

Radiation resistance Low High High
Service life Low Low High

Cost ($) 8–40 29,000 ≈5

They are devoid of these disadvantages and what is more, provide several benefits (lack of
semiconductor components, resulting in high radiation resistance; long service life; operation at high
voltages; and small dimensions and low cost).

In the spaceborne equipment, flexible printed cables (FPCs) are used to provide connection
between spacecraft units [13] (Figure 1).
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Figure 1. Photograph of a flexible printed cable (FPC). Figure 1. Photograph of a flexible printed cable (FPC).

Due to the large number of contacts in the rows of a connector, the outermost conductors of
the cable remain unused. In accordance with the technical specifications, they are technological
(they provide insulation on a nearby printed conductor). However, they can be used to implement
a modal filtration in the cable. Thus, the outermost conductors (which can be used as reference or
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passive) can be used as a protection means based on modal filtration. Figure 2 considers cross-sections
of two structures of such an approach. These cross-sections, according to the location of the active
and passive conductors relative to the reference, are called symmetric (Figure 2a) and asymmetric
(Figure 2b) structures.
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Figure 2. Cross-sections of (a) symmetric and (b) asymmetric structures. Conductors: P—passive,
A—active, R—reference.

The propagation of pulses in sections of an FPC of different lengths in a symmetric structure was
investigated. The reduction of the amplitude of an exciting pulse with a duration of 0.3 ns by 2 times
in the FPC segment with a length of 1 m has been shown, which demonstrates the ability to protect
REE from a powerful USP due to its decomposition into a sequence of pulses, which is easily feasible
because of the specific character of the FPC structure. The time response simulation results for the
asymmetric structure did not show any significant decrease in the amplitude of the exciting pulse at
the end of the active conductor. Thus, the possibility of modal decomposition of the excitation pulse in
the FPC directly depends on the symmetry. This can be generalized to any arbitrary pair of coupled
lines whose cross-section is symmetric with respect to the axis passing through the reference conductor.
Hence, for all matrices of per-unit-length parameters (L, C, R, G) we get:

l11 = l22; c11 = c22; r11 = r22; g11 = g22.

In addition, in order to obtain equal amplitudes of the decomposition pulses at the MF output,
the matching symmetry is important, which is discussed below. We considered the lines with strong
and weak couplings. Their cross-sections are presented in Figure 3a,b respectively, where w is the
width of the conductors, s is the separation between them, t is the thickness of the conductors, h is the
thickness of the dielectric and εr is the relative permittivity of the substrate [14]. It is established that
for the amplitudes of the decomposition pulses to be equal, it is essential to provide the axial symmetry
of the structure cross-section (active and passive conductors are mirrored with respect to the reference,
located on symmetry axis) and the symmetry of loads R (Figure 3c) expressed by

R = R1 = R2 = R3 = R4.
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Figure 3. Cross-sections of structures with (a) strong (b) and weak couplings and (c) a connection
diagram of coupled lines.

However, although the conditions of the cross-section symmetry and the load symmetry are
necessary, they are not sufficient for the equality of the decomposition pulse amplitudes. We performed
the simulation of the time response when the excitation signal had an electromotive force (EMF) of
1 kV and the duration of 300 ps. First, the nominal value of the resistors R was chosen to be equal to
the value of the diagonal coefficients (z11 = z22) of the matrix Z, calculated from the per-unit-length
matrices C and L, according to the results of [15]. As a result of simulating the time response of the
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structure with weak coupling, the decomposition pulses with close amplitudes were obtained (238 V
and 245 V). However, for the structure with strong coupling, with the same criterion for choosing
the boundary conditions, the equality of the amplitudes of the decomposition pulses is no longer
preserved (225 V and 58 V). In addition, the voltage amplitude at the beginning of the line decreases
(from 490 V to 360 V) [14]. Thus, another choice of R values is needed.

There exists a well-known analytical expression for voltage amplitudes (normalized to the
amplitude of the EMF) of the even and odd mode pulses at the end of two coupled lines [16]. In this
case, it looks like

Ve,o/E = (1 + Γe,o)/(2Pe,o) (1)

where
Γe,o = (R − Ze,o)/(R + Ze,o), Pe,o = 1 + R/Ze,o. (2)

Equating the amplitudes of the pulses of even and odd modes after simple algebraic transformations
gives the condition of symmetry matching:

R = (ZeZo)0.5. (3)

Using this value of R, the time response for structures with weak and strong couplings is similarly
calculated. The value of R, being equal to the diagonal coefficient of the matrix Z, leads to the inequality
of the amplitudes of the decomposition pulses, which is especially significant for structures with
strong coupling. If the values of R are equal to the geometric mean value of the even and odd modes
impedances, then we get pulses with equal amplitudes as a result of the decomposition. The voltage
amplitude at the beginning of the active conductor of the line is equal to half the EMF.

Note that with strong coupling, the amplitude of the pulses is much smaller (132 V) than with
the weak one (250 V). Therefore, structures with strong coupling are preferable for implementing
modal filtration.

The amplitudes of the voltage pulses with R = (ZeZo)0.5 can be obtained analytically. Substituting
Equation (3) into Equation (1), after simple algebraic transformations, we obtain an analytical expression
for the amplitudes of the normalized and equal amplitudes of the even and odd modes through their
characteristic impedances

V/E = k/(k + 1)2, (4)

where k = (Ze/Zo)0.5 with Ze > Zo.
Thus, an important condition for modal filtration is the matching condition for the choice of

resistive loads at the ends of the MF segment, which makes it possible to obtain equal amplitudes of
decomposition pulses at the MF output.

A two-conductor structure was considered, wherein the active and passive conductors are
reflection symmetric with respect to the horizontal axis, and the reference conductor is located
symmetrically to this axis (Figure 4).
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When simulating the time response to the excitation of the EMF of 5 V and the total duration of
150 ps, it was found that the amplitudes of the decomposition pulses at the end of the active conductor
are the same and equal to 1.25 V, which is half as much as the amplitude of the input pulse. It is shown
that the structure with the symmetry of the signal conductors relative to the reference allows obtaining
equalized amplitudes of the decomposition pulses at the MF output. In other words, in order to obtain
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higher characteristics of the MF, it is advisable to change the configuration of the structure before
reaching the symmetry for more efficient decomposition of the USP in the MF.

As a result, a new approach to improve modal filtration through the use of reflection symmetry
was proposed [17]. In general, reflection symmetry is a mapping of space onto itself, wherein any point
goes into a point symmetric to it, relative to a plane. From this definition it is clear that a reflection
symmetric structure can be called a structure wherein the conductors and dielectrics reflect to each
other. In the cross-section of a reflection symmetric structure, the number of conductors (except the
reference one) is even, and they are at the same distance relative to the axis of symmetry.

The reflection symmetric structure with respect to the horizontal axis of symmetry α and vertical β,
which passes through conductor 5, is shown in Figure 5. It differs from the structure with weak coupling
(Figure 3b) in that the opposite conductors 3 and 4 are added to conductors 3 and 4, the dielectric
thickness h1 = 2h + t is increased and conductor 5 is located in the dielectric.
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Thus, the reflection symmetric configuration of the MF consists of five identical and rectangular
conductors on a dielectric layer, with conductors 1 and 2 located on one side, two additional conductors
(3 and 4) placed reflection-symmetrically relative to conductors 1 and 2 on the reverse side of the
dielectric layer, and the grounded conductor 5 located in the dielectric layer at an equal distance from the
external conductors [18]. This structure is generally regarded as a four-conductor transmission line with
inhomogeneous dielectric filling in the cross-section. Consequently, four modes with corresponding
characteristics propagate in this structure. Due to the symmetry of the cross-section along two axes,
for each of the per-unit-length parameters of matrices, the following equations (given for the matrix L)
are valid:

l11 = l22 = l33 = l44; l12 = l34; l13 = l24; l14 = l23.

The reflection symmetric MF is noteworthy in that it allows one to obtain a USP decomposition
at the MF output with equal amplitudes of pulses and time intervals between decomposition pulses,
which allows one to achieve higher characteristics of the MF without additional optimization. This is
achieved by ensuring simultaneously the edge and broad-side couplings between the conductors.
The papers [19–21] are devoted to some research into reflection symmetric structures. However, there is
no systematic representation of the recently obtained and new results of reflection symmetric MFs.
Meanwhile, this is relevant, since the summary of the latest results in the field of protection from USPs
with the use of reflection symmetric MFs in one paper may be useful for an interested reader. The aim
of this paper is to fill this gap.

2. Cross-Sections and Schematic Diagram of MFs under Consideration and Simulation Approach

2.1. Cross-Sections and Schematic Diagram of Reflection Symmetric MF

Generally speaking, with a quasistatic approach, the number of modes propagating in a line
is equal to the number of conductors (N) in the line. The reflection symmetric MF is considered
as a four-conductor transmission line with inhomogeneous dielectric filling in the cross-section.
Consequently, in such structure four modes with corresponding characteristics are distributed. In this
work, four structures of reflection symmetric MFs slightly differing from each other by the arrangement
of conductors in the dielectric are used as the objects of research. Cross-sections of these structures are
shown in Figure 6.
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Per-unit-length parameters and responses were calculated with a quasistatic approach in the
TALGAT software assuming the propagation of only T-waves [22]. In order to do that, first, the geometric
models of the investigated MFs cross-sections were developed, and the matrices of the per-unit-length
coefficients of electrostatic (C) and electromagnetic (L) induction were calculated. If it was necessary to
consider the losses, we calculated the matrices of the per-unit-length resistances R (for the losses in
the conductors) and conductivities G (for the losses in the dielectric). When considering the losses,
we used a widely known model [23] of the frequency dependence of the relative permittivity and the
tangent of the dielectric loss angle of FR-4 material for calculating the G matrix. The entries of the
matrix R were calculated considering the skin effect, the proximity effect and the losses in the ground
plane using the method proposed in [24]. In the case without losses, the per-unit-length entries of the
resistance matrix (R) and conduction matrix (G) were accepted to be equal to zero.

The conductor roughness was not considered, since it has a significant effect only at a small
value of the conductor thickness (≈5 µm). However, in the long run, this can be useful and easy to
accomplish in practice using the TALGAT software. The situation is similar with regard to the frequency
dependence of the substrate permittivity. For example, in continuation of research [23] for a single
transmission line, it was shown in [25] that when the frequency dependence of the permittivity is
considered, the non-causality in the form of a premature arrival of a pulse signal to the output of
a coupled line becomes less. Such research for the considered MFs will be performed in the future.

Next, we created a schematic diagram for simulation, and set loads and pulse excitation values.
Finally, we calculated the time and frequency responses in the parameter range. In some tasks,
parametric optimization was also performed by heuristic search.

The schematic diagram of the reflection symmetric MF is shown in Figure 7a. The resistance
values (R) were taken to be equal to 50 Ω while the MF length was l = 1 m. To simulate the time
response, we used a source of trapezoidal pulse signals, represented by an ideal EMF source with
an amplitude of 5 V and with durations of rise, fall and flat top of 0.05 ns each, so the total duration of
the input pulse (tΣ) was 0.15 ns (Figure 2b). The simulation of the frequency response of the MFs was
performed with the harmonic excitation of the EMF source of 2 V in the frequency range from 1 MHz
to 3.5 GHz.
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2.2. Confirmation and Validation of the Simulation Approach

Traditionally, when simulating such protective devices, electrodynamic and quasistatic approaches
are used. The first is based on Maxwell’s equations considering all types of waves. It provides high
simulation accuracy, but leads to high computational costs, even for simple configurations. Therefore,
the electrodynamic approach is used mainly for simulating the structures at microwave frequencies.
The quasistatic approach considers the propagation of only a transverse T-wave without considering
higher types of waves. It is based on reducing Maxwell’s equations to telegraph equations [26],
which are less expensive to solve, and its accuracy is often quite reasonable, especially for extended
structures [27].

Telegraph equations use matrices of per-unit-length parameters. The accuracy of their calculation
is of key importance. To validate the results of the TALGAT system, we calculated the C matrix in
the range of parameters of the two-conductor strip structure. These results are compared with the
results of measurements and simulations performed by the Green’s function method (GFM), method
of moments (MoM), and variational method (VM) published in [28] (Table 2). The coincidence of our
data with the others is satisfactory: the maximum error for C11 is −6.3%, and for C12 is −16.7%.

The considered MF is a four-conductor structure. Therefore, along with this MF, we also compared
two other four-conductor structures and carried out similar simulations using the published results
with sufficient initial data.

The results of calculating matrix C of a four-conductor structure of a complex shape in the air
above the infinite ground plane using the TALGAT system while increasing segmentation and using
another method [29] are listed in Table 3. The maximum difference with the data from [29] is ±15% with
20 segments on the conductor perimeter (this is an error for capacitances between curved conductors,
which is quite natural for such a specific arrangement and coarse segmentation in the method of
moments), but quickly decreases with increasing segmentation, as can be seen from the convergence of
the data obtained to the data in the last row.
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Table 2. The results of measurements and simulations obtained with Green’s function method (GFM),
method of moments (MoM), variational method (VM) and TALGAT (pF/cm).
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Size (mills)
for h1 = 10, h2 = 20, t = 0.5 Results C11 −C12

w = 40, s = 10

GFM 5.61 0.77
MoM 5.62 0.76
VM 5.64 0.68

TALGAT 5.52 0.69
Max. error, % −2.1 −10.4
Measurements 5.59 ± 0.06 0.62 ± 0.15

w = 20, s = 10

GFM 3.78 0.70
MoM 3.78 0.70
VM 3.78 0.63

TALGAT 3.66 0.62
Max. error, % −3.2 −11.4
Measurements 3.69 ± 0.04 0.38 ± 0.10

w = 10, s = 20

GFM 2.66 0.29
MoM 2.65 0.30
VM 2.67 0.24

TALGAT 2.57 0.28
Max. error, % −3.7 −16.7
Measurements 2.64 ± 0.03 0.20 ± 0.05

w = 10, s = 5

GFM 2.77 0.59
MoM 2.76 0.60
VM 2.77 0.53

TALGAT 2.65 0.50
Max. error, % −4.3 −16.7
Measurements 2.75 ± 0.30 0.48 ± 0.12

w = 40, s = 10

GFM 3.00 0.97
MoM 2.99 0.97
VM 2.96 0.94

TALGAT 2.81 0.83
Max. error, % −6.3 −14.4
Measurements 2.95 ± 0.03 0.92 ± 0.23
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Table 3. Matrix C (pF/m) of a four-conductor structure of a complex shape.
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Source, Number of
Segments Per Conductor C11 C22 C33 = C44 C23 = C24 C34 C12 = C13 = C14

TALGAT, 20 132.89 110.63 129.98 −28.32 −23.23 −44.30
TALGAT, 40 135.17 122.95 142.60 −34.10 −28.94 −45.06
TALGAT, 80 135.79 127.50 147.23 −36.26 −31.08 −45.26

TALGAT, 160 135.94 128.52 148.28 −36.75 −31.57 −45.31
TALGAT, 500 135.99 128.84 148.60 −36.90 −31.71 −45.33

[29] 136.0 128.87 148.64 −36.92 −31.73 −45.33

Next, we compared the entries of matrix C for a four-conductor structure [30], where the reference
(left) one is a similar conductor (like in the reflection symmetric MF). All conductors with a radius of
0.19 mm are isolated by dielectric (εr = 3.5) with a radius of 0.44 mm and are located in a line with
a pitch of 1.27 mm (Table 4). The maximum deviation is less than ±0.44% and confirms the correctness
of the C matrix calculations performed in the TALGAT system.

Table 4. Matrix C (pF/m) of the structure of the conductors in isolation with one of them being
the reference.
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Data C11 = C33 C12 = C23 C13 C14 C22 C24 C34 C44

[30] 38.152 −15.974 −2.2829 −2.0343 38.401 −3.2263 −17.861 26.017
TALGAT 37.916 −15.850 −2.2891 −2.0411 38.165 −3.2327 −17.735 25.909
±∆% 0.31 0.39 0.14 0.17 0.44 0.1 0.35 0.21

Thus, the performed comparative analyses showed satisfactory coincidence of the results and
the relevance of the TALGAT system for computing per-unit-length matrices for structures of various
complexities. Meanwhile, for complete verification, we must compare the time response of the structure.

There exist indicative and commonly available examples of comparing the TALGAT system results
with the measurement [31] and electromagnetic analysis [32] results being omitted here. However, it is
representative to show the comparison results for coupled lines consisting of three conductors [33],
one of which is the reference (Figure 3b), because this line is a prototype of a reflection symmetric MF.
Electrodynamic simulation has been performed using the CST MICROWAVE STUDIO (CST MWS)
software with rare (2 h 7 min) and fine (6 h 33 min) segmentations, while the quasistatic approach used
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the TALGAT system (11 s). When segmentation increases, there is a convergence of the CST MWS
results to the TALGAT results both in pulse delays and amplitudes. Thus, we have correct TALGAT
results obtained in a considerably lower computational time. The voltage waveforms are presented in
Figure 8.
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Figure 8. Voltage waveforms at the near and far ends of the active conductor of the structure from
Figure 3b obtained with rare (–) and fine (—-) segmentations in CST MWS and in TALGAT (– –) [33].

3. The Investigation of the Reflection Symmetric MF

3.1. Optimization

3.1.1. Parametric Optimization of Reflection Symmetric Modal Filters by Heuristic Search by
Two Criteria

As previously noted, the reflection symmetric MF, due to its specificity, allows obtaining high
attenuation characteristics of the USP (while decomposing a USP into a sequence of pulses with
pairwise equalized voltage amplitudes and close time intervals between the decomposition pulses),
without resorting to global optimization methods. However, to improve the characteristics of the
reflection symmetric MF, it is advisable to use optimization, for example, parametric optimization
by heuristic search. To begin with, we specify the main optimization criteria: by amplitude and
by time [34]. Meanwhile, in order to obtain higher characteristics of the reflection symmetric MF,
the following criteria are relevant:

1. Minimization of the maximum voltage of an MF output waveform. This criterion is the most
important, since it is the amplitude of the voltage of an MF output that determines its main
characteristic: filter attenuation. Due to the peculiarity of the USP decomposition in reflection
symmetric structures, it is assumed that the achievement of this criterion is possible, first of all,
by equalizing the pulse amplitudes at the MF output.

2. Equalization of decomposition pulse delay differences. This criterion is important to prevent
the overlapping of pulses at the MF output, and, as a consequence, the increase of the total
amplitude of decomposition pulses. At the same time, the equalization of delay differences
between the decomposition pulses will maximize the duration of the input excitation to be
decomposed completely.

In this section, four structures of reflection symmetric MFs are optimized for several parameters.
The parameters s and w were optimized in the range of 200–2000 µm according to two criteria with the
same parameters: t = 18 µm, h = 500 µm, εr2 = 1, εr1 = 4.5, tgδ = 0.017.

As a result, for structure 1 (Figure 6a), the values w = 1600 µm, s = 250 µm were obtained.
With these parameters we satisfied the first criterion—minimization of the maximum voltage of an MF
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output waveform (Figure 9a). When optimizing by the second criterion (equalization of decomposition
pulse delay differences), the values w = 1600 µm, s = 500 µm were obtained (Figure 9b). Structure 2
(Figure 6b) differs from structure 1 in that the conductors 1, 2, 3, 4 are located under the dielectric-air
boundary. As a result of the optimization, according to the first criterion, w = 1600 µm, s = 250 µm were
obtained (Figure 9a), and for the second criterion, w = 1600 µm, s = 550 µm (Figure 9b). Structure 3
(Figure 6c) differs from structure 1 in that the separations between the edges of conductors 1, 2 and 3,
4 are filled with dielectric. As a result of optimization, according to the first criterion, w = 1600 µm,
s = 250 µm were obtained (Figure 9a), and for the second criterion, w = 1600 µm, s = 575 µm (Figure 9b).
Structure 4 differs from structure 1 in that the dielectric is filled by the external edges of conductors
1, 3 and 2, 4 (Figure 6d). As a result of optimization, according to the first criterion, w = 1600 µm,
s = 250 µm were obtained (Figure 9a), and for the second criterion, w = 1600 µm, s = 520 µm (Figure 9b).
The waveforms at the output of the reflection symmetric MF after optimization by the first criterion are
presented in Figure 9a, and after optimization by the second criterion in Figure 9b.
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The values of the optimized parameters, the amplitudes of the pulses at the MF output, as well as
the decomposition pulse delay differences are summarized in Tables 5 and 6. In this case, the voltages
at the MF output are similar for all the structures under consideration and do not exceed 0.622 V
(Table 5), which is four times less than the input pulse amplitude. We also obtained approximately
equalized time intervals between decomposition pulses (Table 6), which makes it possible to eliminate
the overlapping of pulses in these structures with an increase in the duration of the excitation pulse up
to 450 ps, and as a result, an increase in the maximum amplitude.

Comparative analysis of the structures showed that a change in the arrangement of conductors in
a single dielectric does not significantly affect the values of the amplitudes of the pulses or the values
of the differences in the delays between the decomposition pulses.

Table 5. Optimization results for criterion 1.

Structure
Parameter Values Pulse Amplitude Values Ui, V

w, µm s, µm t2 − t1 t3 − t2 t4 − t3

1 1600 500 0.4852 0.5191 0.4971
2 1600 550 0.4996 0.4738 0.4573
3 1600 575 0.4794 0.4607 0.4873
4 1600 520 0.5226 0.5188 0.4507

Table 6. Optimization results for criterion 2.

Structure
Parameter Values Pulse Amplitude Values ∆ti, ns

w, µm s, µm t2 − t1 t3 − t2 t4 − t3

1 1600 500 0.4852 0.5191 0.4971
2 1600 550 0.4996 0.4738 0.4573
3 1600 575 0.4794 0.4607 0.4873
4 1600 520 0.5226 0.5188 0.4507

As a result of the parametric optimization of the four reflection symmetric MF structures by
two criteria, it was obtained that optimizing structures 2 and 3 by criterion 2 the deviations of the
neighboring values of the delay differences were 0.02 ns, while optimizing structure 4 by criterion 2 the
optimal value of the difference between the delays of the fourth and third pulses was not obtained.
Meanwhile, optimization of all structures by criterion 2 made it possible to increase the minimum
delay differences. However, the amplitudes of the pulses are almost the same (Table 5). Meanwhile,
by criterion 1, the same values of w and s were obtained for all structures.

3.1.2. Multicriteria Optimization of Reflection Symmetric Structure Parameters

Optimization by two criteria performed separately allowed us to obtain positive results, but when
one criterion is reached, the other deteriorates. Thus, when criterion 1 is fulfilled (Figure 9a), the first
and second pulses become closer to each other, which can lead to their overlapping (for example,
due to dispersion, when considering the losses or increasing the duration of the input pulse), however,
the equal amplitudes of pulses 1 and 3, as well as 2 and 4 are obtained. When criterion 2 is fulfilled
(Figure 9b), an increase in the maximum voltage at the end of the active conductor from 0.627 V to 0.63 V
is observed, which somewhat reduces the attenuation coefficient of the MF, however, equalized values
of the delay differences of decomposition pulses are achieved. Meanwhile, with such optimization,
attention was not paid to the matching of the path, although it is important for minimizing reflections
of useful high-frequency signals from the MF input. Thus, it is advisable to perform multicriteria
optimization to further improve the characteristics of the reflection symmetric MF simultaneously
using three criteria: minimizing the maximum voltage (max(U)) at the MF output, equalizing the time
intervals between decomposition pulses (∆ti), and ensuring matching with the path of 50 Ω. To achieve
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matching, we used the condition that the signal amplitude at the beginning of the line (V2) should
be equal to half the EMF of the signal source (V1) (Figure 7a) [34]. The optimization by three criteria
was performed for four reflection symmetric MF structures (Figure 6) by heuristic search in the range
of parameters.

The parameters s and w were optimized in the range of 200–2000 µm. The values of the parameters
t and h did not change during optimization. The waveforms at the output of four reflection symmetric
MF structures are presented in Figure 10, while optimization results are summarized in Table 7.
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Table 7. Multicriteria optimization results.

Structure w, µm s, µm max(U), V ∆ti, ns

1 1600 510 0.625 0.49; 0.49; 0.49
2 1600 488 0.625 0.47; 0.49; 0.47
3 1600 567 0.625 0.48; 0.46; 0.47
4 1600 580 0.625 0.43; 0.49; 0.54

As can be seen from Table 7, the best optimization results are obtained in structure 1, since it
simultaneously provides all 3 criteria: equalized time intervals between decomposition pulses and the
lowest possible voltage level at the end of the active conductor along with the matching of the MF.
Thus, this structure of the reflection symmetric MF can decompose the USP having the duration of up
to 150 ps with an attenuation coefficient of 4 times. On this basis, structure 1 has been selected for
further research.

3.2. Analytical Expressions for Calculating Modal Per-Unit-Length Time Delays of a Reflection Symmetric
Modal Filter

In this section, we consider the calculation of modal per-unit-length time delays (τi) of the
reflection symmetric MF using analytical expressions. Analytical expressions for calculating τi for
a four-conductor transmission line are presented in [16]:

γ1,2 =
1
2

(
a11 + a14 + a22 + a23 ±

√
(a11 + a14 − a22 − a23)

2 + 4(a12 + a13)(a21 + a31)

)
; (5)

γ3,4 =
1
2

(
−a11 + a14 + a22 − a23 ±

√
(a11 − a14 − a22 + a23)

2 + 4(a12 − a13)(a21 − a31)

)
, (6)

where aij, i, j = 1, 2, 3, 4 are the elements of matrix A, which is the product of matrices C and L.
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The expressions (5–6) were used to calculate the τi values for structure 1 of the reflection symmetric
MF (Figure 6a) with the parameters obtained after multicriteria optimization. The results of calculating
τi using the TALGAT software and analytical expressions are compared in Table 8.

Table 8. Comparison of τi calculation results, ns/m.

Mode Number TALGAT Analytic Expressions

1 5.46988 5.46988
2 5.95914 5.95914
3 6.47467 6.47467
4 6.96879 6.96879

As can be seen from Table 8, the values of τi, obtained using the TALGAT software and analytical
expressions completely coincide. This is due to the fact that in the TALGAT software, the calculation of
τi is performed through the eigenvalues of the product of L and C matrices using the mathematical
library (Eigen). Yet with small orders of the matrix (4 × 4 in this case), because of the replacement of
numerical methods with analytical expressions, the same operations are actually used with the same
numbers. Therefore, the values of τi, obtained using the TALGAT system may coincide with the results
of analytical expressions.

Note that as the structure is symmetric (Figure 6a) with respect to the vertical and horizontal axes,
the diagonal elements of matrix A are the same a11 = a22 = a33 = a44 and there is a pairwise equality of
elements outside the main diagonal (a12 = a34 and a13= a24). Finally, matrix A turns out to be symmetric,
since it is a product of symmetric and commutative matrices L and C:

A =


3.8979× 10−17 6.26357× 10−18 2.62733× 10−19 3.05864× 10−18

6.26357× 10−18 3.8979× 10−17 3.05864× 10−18 2.62733× 10−19

2.62733× 10−19 3.05864× 10−18 3.8979× 10−17 6.26357× 10−18

3.05864× 10−18 2.62733× 10−19 6.26357× 10−18 3.8979× 10−17

, F·H/m2

In addition, by simplifying expressions (5, 6), it is possible to obtain analytical expressions in
a short form for the reflection symmetric MF:

γ1 =
√
(a11 + a14 + a12 + a13), γ2 =

√
(a11 + a14 − a12 − a13), (7)

γ3 =
√
(a11 − a14 + a12 − a13), γ4 =

√
(a11 − a14 − a12 + a13). (8)

Thus, the values of τi have been calculated using analytical expressions. The obtained analytical
expressions can be used not only to calculate the per-unit-length time delays matrices, but also as part
of more complex analytical expressions to calculate the time response, which can significantly speed
up the optimization process.

3.3. Computational Experiment for a Reflection Symmetric MF

Note that in the previous sections, a quasistatic approach was used in the simulation. However,
it is advisable to check its reliability with regard to the possibility of USP decomposition in the reflection
symmetric MF. Therefore, it is important to perform a computational experiment, namely, to simulate
a time response under the excitation of the USP, and then compare the results with the results of the
quasi-static simulation with the same cross-section parameters. Within the framework of this task,
the simulation will be carried out both with and without considering the losses for two approaches:
quasi-static and electrodynamic. In the electrodynamic simulation without considering the losses,
the perfect electric conductor (PEC) was used with the dielectric material having the parameters
εr1 = 4.5 and tgδ = 0. When considering the losses, the conductor material is copper (relative magnetic
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permeability µr = 1, electrical conductivity σ = 5.8 × 107 S/m), and the parameters of the dielectric
material are εr1 = 4.5 and tgδ = 0.017.

For the experiment, we selected structure 1 (Figure 6a) with the optimal parameters obtained by
multicriteria optimization: w = 1600 µm, s = 510 µm, t = 18 µm, h = 500 µm, εr = 4.5 with l = 1 m and
R = 50 Ω.

The voltage waveforms at the reflection symmetric MF output with quasi-static and electrodynamic
approaches without losses are presented in Figure 11a, and with losses in Figure 11b.
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Table 9 summarizes the amplitudes of the decomposition pulses, as well as the time delays of
each pulse in both quasi-static and electrodynamic approaches without considering the losses.
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Table 9. Comparison of voltages (U) and time delays (t) of four output pulses for various types of
approaches without considering the losses.

Parameters Electrodynamic Quasi-Static Deviation, %

U1, V 0.63 0.62 0.8
U2, V 0.60 0.58 1.7
U3, V 0.62 0.56 5
U4, V 0.58 0.64 4.9
t1, ns 5.75 5.47 2.5
t2, ns 6.22 5.97 2
t3, ns 6.55 6.58 0.2
t4, ns 6.84 6.97 0.9

As can be seen from Table 9, the maximum deviation in the pulse voltages is 4.9%, and in the time
delays it is 2.5%, which can be considered acceptable. The difference in the shape of decomposition
pulses and the difference in time delays obtained by quasi-static and electrodynamic approaches are
explained, first of all, by different ways to consider the frequency dependence of εr, as well as by
a possible influence of radiation losses which are considered only in the electrodynamic approach.

A similar simulation was performed considering the losses in conductors and dielectrics
(Figure 11b). The consistency of results is also acceptable. Meanwhile, with the quasistatic analysis,
non-causality in the form of a premature arrival of a pulsed signal is observed. For example,
when simulating without considering the losses, the first pulse comes to the output in 5.75 ns,
whereas with considering the losses, the time of the pulse arrival shifts to 5 ns. This is explained by
neglecting the frequency dependence of εr and tgδ in the quasistatic analysis.

Table 10 summarizes the amplitudes of the decomposition pulses in both quasistatic and
electrodynamic analyses considering the losses.

Table 10. Comparison of voltages (U) of four output pulses for various types of approaches considering
the losses.

Parameters Electrodynamic Quasi-Static Deviation, %

U1, V 0.22 0.33 20
U2, V 0.19 0.29 20.8
U3, V 0.2 0.28 16.7
U4, V 0.22 0.22 0

The loss consideration showed a significant (by half) decrease in the pulse amplitudes. However,
the difference in considering the frequency dependence of losses in quasi-static and electrodynamic
analyses led to an increase in the deviation of up to 20%. Therefore, the evaluation of the pulse delays
was not performed.

Thus, the simulation results obtained using the quasi-static analysis are generally confirmed by
the electrodynamic analysis. This fact is important since it allows us to assume that the implementation
of the layout of the reflection symmetric MF printed-circuit board (PCB) and its measurement will
show similar results. An important conclusion is also the need for a more accurate calculation of the
frequency dependence of material parameters.

3.4. Frequency Characteristics of a Reflection Symmetric Modal Filter

In this section, the effect of the reflection symmetric MF on a useful signal is estimated by
determining the MF bandwidth, which can be done through frequency analysis. To characterize a filter
in a frequency domain, S-parameters, particularly |S21| representing a transmission coefficient, are used.
To calculate |S21|, we perform the simulation using the quasi-static approach, and confirm the reliability
of the results by the electrodynamic approach.
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Figure 12 shows the simulation results for|S21| with and without taking into account the losses.
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Figure 12. Frequency dependences of |S21| for the reflection symmetric MF calculated by quasi-static
(—-) and electrodynamic (– –) approaches (a) without and (b) with taking into account the losses.

Table 11 presents bandwidths by the level of −3 dB (∆f ) and the values of the first three
resonant frequencies (f 1, f 2, f 3), and their deviations obtained using both quasi-static and
electrodynamic approaches.
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Table 11. Bandwidths and resonant frequencies of the reflection symmetric MF for two approaches and
their deviations.

f, GHz
Quasistatic Electrodynamic Deviation, %

Lossless Lossy Lossless Lossy Lossless Lossy

∆f 0.216 0.171 0.185 0.164 7.7 2.1
f 1 0.5 0.49 0.567 0.563 6.2 6.1
f 2 1.01 1 1.519 1.683 20 25.4
f 3 1.5 1.47 2.11 2.08 16.8 17.1

As can be seen from simulation results, the MF bandwidth is 0.216 GHz with the quasi-static
approach and 0.185 GHz with the electrodynamic approach, however, with the simulation considering
the losses, the bandwidth decreases slightly to 0.171 GHz and 0.164 GHz, respectively. The deviation
for ∆f is 7.7% without and 2.1% with considering the losses. For f 1, the consistency of the results of
the quasi-static and electrodynamic approaches is visible, where the deviation is 6.2% without and
6.1% with considering the losses. As can be seen from Table 11, the frequency of the second and
third resonances in the electrodynamic approach is shifted by 0.5 GHz in relation to the frequencies
obtained in the simulation by the quasi-static approach. This is explained by the difference in simulating
a dielectric, losses and frequency dependence, as well as by the presence of radiation losses during the
electrodynamic approach. In general, we can consider the results obtained with the use of different
approaches to be reasonably consistent.

3.5. Development of a Reflection Symmetric MF Printed-Circuit Board

This section presents the results of simulating and developing the reflection symmetric MF PCB.
The PCB parameters were chosen in compliance with the technological characteristics: the minimum
values of s and w (in this case, the gap between conductors) of 200 µm for t = 18 µm; and 250 µm
for t = 35 µm; h values are 500, 1000, 1500 and 2000 µm. We also consider the fact that the software
used for the PCB development has a minimum grid spacing of 25 µm. Therefore, all parameters were
taken as multiples of this number. To design the PCB, as a basis, we took the parameters obtained
previously by multicriteria optimization and it was assumed that s = 500 µm and w = 1600 µm.
Meanwhile, the minimum distance from the edge of the PCB to the conductors (d) necessary to ensure
the proper-quality mounting of components is set to 0.3 mm. We accepted d = 2w. The final values of
the parameters are presented in Table 12. They will allow providing the minimum possible voltage level
at the MF output, as well as equalized time intervals between decomposition pulses with a matching
of the path of 50 Ω.

Table 12. Parameters of the reflection symmetric MF printed-circuit board (PCB).

h, µm t, µm w, µm s, µm d, µm εr1 εr2 tgδ

500 18 1600 500 3200 1 4.5 0.017

When designing the PCB, the following features were taken into account: the reference conductor
is located in the dielectric between the upper and lower layers; the length of the MF is 1 m, and the
PCB size is 27 × 30 cm, so the line is made in the form of a meander; to reduce the influence of turns on
each other, the separations between them were chosen to be 5w.

A connection pad (CP) of 0.85× 2.8 mm was used to mount the matching resistors and Subminiature
version A (SMA) connectors. In the CP, to ensure connection with the reference conductor, there are
three vias with a diameter of 0.2 mm (Figure 13). The vias are taken out to the upper and lower layers
of the PCB on the CP.
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Figure 13. CP which provides connection to the reference conductor.

To provide matching, the resistors of type 0603 with a resistance of 50 Ω (Figure 14) are used;
their dimensions are presented in Table 13. To enable the subsequent mounting of resistors, a CP with
the size of 1.7 × 0.925 mm is installed at each end of the passive lines, with the distance between the
reference CP and the CP for the resistor being 1 mm.
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Table 13. Dimensions of type 0603 resistor.

EIA Standard Size Standard Size Metric L (mm) W (mm) H (mm) D (mm) T (mm)

0603 1608 1.6 ± 0.1 0.85 ± 0.1 0.45 ± 0.05 0.3 ± 0.2 0.3 ± 0.2

To connect the PCB with the measurement path, we need to install an SMA connector (Figure 15).
For its installation, a CP of 0.85 × 0.925 mm is installed at the end of the active line. The distance
between the reference CP and the CP for the SMA connector is 4 mm.
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Thus, the prototype of the PCB with the reflection symmetric MF with l = 1 m was developed
(Figure 16). In the future, it is planned to manufacture it and to verify the reliability of the obtained
results by conducting a full-scale experiment. Meanwhile, the implementation of this design is possible,
but very difficult, because it does not follow the standard technological process of manufacturing
multilayer PCBs (three-layer PCB). However, the development of the configuration of a reflection
symmetric MF with multiple numbers of layers is highly relevant and will be carried out in the future.
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3.6. Analysis of the Waterproof Coating Influence on the Characteristics of a Reflection Symmetric Modal Filter

This section discusses the assessment of how the waterproof coating influences the characteristics
of a reflection symmetric MF. Traditionally, PCB waterproofing is provided by using vanishes based
on urethane, acrylic and epoxy resins, which also perform the important function of protecting the
PCB surface from contamination and accidental short-circuiting of conductors. The application of the
waterproof coating ensures reliable operation of products in different environmental conditions [35].

To analyze the effect of a waterproof coating on the parameters of a reflection symmetric MF,
we chose EP-730 lacquer (code GOST 0824-81), which is applied on the board in three layers and
represents an epoxy resin solution mixed with organic solvents with the addition of a hardening agent.
In accordance with GOST 20824-81, the thickness of the dried monolayer film is 18–22 µm, with a value
of the tangent of the dielectric loss angle tgδ = 0.03 and a relative dielectric constant εro = 3.5 at the
frequency of 1 MHz.

The simulation of the reflection symmetric MF coated with one, two and three lacquer layers
with thicknesses (ho) of 20, 40 and 60 µm, respectively, was performed in the TALGAT system [22].
The cross-section of the investigated MF covered with one layer of lacquer (ho = 20 µm) is shown in
Figure 17. It should be noted that layers two and three evenly and completely cover the MF.
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The MF simulation was carried out with the cross-section parameters obtained after multicriteria
optimization of structure 1. The losses in the conductors and dielectrics were not considered.
The excitation EMF waveform is shown in Figure 7a, and the schematic diagram is shown in
Figure 7b.

The simulation results (values of the maximum voltage at the end of the active conductor Umax

and differences of decomposition pulse delays ∆ti) of the reflection symmetric MF covered with one,
two and three lacquer layers, as well as without coating, are summarized in Table 14. The waveforms
at the MF output are shown in Figure 18.

Table 14. Characteristics of the reflection symmetric MF with waterproof coating.

ho, µm Umax, V ∆t1, ns ∆t2, ns ∆t3, ns

0 0.625 0.489 0.515 0.494
20 0.629 0.525 0.481 0.471
40 0.629 0.515 0.433 0.448
60 0.629 0.547 0.452 0.468
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Table 14 shows that with the growth of the ho parameter, the Umax value remains unchanged
when the coating thickness changes and does not exceed 0.629 V, which is 7.94 times less than the EMF,
while the MF with optimal parameters without a covering layer decomposes the USP into pulses eight
times lower than the EMF. As ho increases, ∆ti changes non-linearly, but as can be seen from Table 14,
∆ti values are approximately equalized. This fact is confirmed by the MF output waveforms with
approximately equal time intervals between the decomposition pulses obtained with increasing ho.

Thus, the analysis of the reflection symmetric MF covered with one, two and three layers of lacquer
was performed. It was found that the increase in the thickness of the lacquer layer slightly affects the
output characteristics of the signal. However, it was revealed that the influence of lacquer thickness on
the minimum difference in pulse delays has a non-linear nature, which requires additional research.

3.7. Features of Reflection Symmetric Structures

The final section presents some specific structural features of protective devices based on reflection
symmetry. Taking into consideration all the obtained results, their analysis and evaluation, several
features of reflection symmetric structures can be distinguished:

1. In the reflection symmetric MF, the diagonal and reciprocal elements of matrices L and C are the
same. Some of the reciprocal elements are the same, depending on their location relative to the
ground. This feature can be used to calculate τi using analytical expressions in reduced form.

2. The values of the modal voltage matrix of the reflection symmetric MF are equal in magnitude.
It was revealed that changes in the structure parameters change the values of τi, but do not affect
the elements of the modal voltage matrix Sv. For example, for the reflection symmetric MF with
N = 2 (Figure 4), the eigenvector matrix of the product of matrices L and C is equal to

Sv =

[
−0.707 −0.707
0.707 −0.707

]
.

For the reflection symmetric MF with N = 4 (Figure 5), it is equal to

Sv =


0.5 0.5 0.5 0.5
0.5 −0.5 −0.5 0.5
0.5 0.5 −0.5 −0.5
0.5 −0.5 0.5 −0.5

.
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3. Providing both the edge and broad-side couplings with certain parameters of the reflection
symmetric MF simultaneously allows obtaining close values of the time intervals between
decomposition pulses and the pairwise equality of decomposition pulses.

3.8. Comparative Analysis of the Microstrip and Reflection Symmetric Four-Conductor MFs

Reflection symmetry of an MF is proposed to improve the interference protection devices
based on modal filtration technology. However, as noted earlier, there are other MF structures.
Therefore, it would be useful to make a qualitative comparison of the reflection symmetric MF with
another MF that is close in structure. For the comparative analysis, the four-conductor microstrip
(Figure 19) and reflection symmetric MF structures were selected. These MFs have the same number of
conductors but differ in their emplacement. Such a comparison will make it possible to determine the
advantages and disadvantages of each device, and, in particular, to identify the pros and cons of using
reflection symmetry.
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The results of a qualitative comparison of the microstrip and reflection symmetric MFs for
a number of attributes are presented in Table 15. The following are clarifications for each of the points.

1. The microstrip and reflection symmetric MFs are able to reduce the amplitude of the input signal
due to its modal decomposition into four pulses of smaller amplitude at the output.

2. Due to the constructive arrangement of the conductors relative to the grounded conductor
in the reflection symmetric MF, broad-side and edge couplings are simultaneously provided,
which allows obtaining close values of the time intervals between decomposition pulses at the
MF output without resorting to additional optimization.

3. Equalized time intervals between decomposition pulses can be obtained for both structures
by optimizing the parameters. However, due to the specificity of the reflection symmetric MF
structure, the process of optimization by this criterion is easier.

4. The microstrip MF has both a larger set of parameters for optimization and a range for their
optimization since it is not limited to maintaining symmetry, unlike the reflection symmetric MF.

5. To optimize the reflection symmetric MF, it is sufficient to use a heuristic search, whereas when
optimizing the microstrip MF, it may be necessary to use other approaches (for example, genetic
algorithms) [34].

6. The microstrip MF has a wider bandwidth than the reflection symmetric MF [36].
7. For s = 200, 500 and 800 µm, the reflection symmetric MF is able to decompose the input signal

with a duration of up to 345, 540 and 465 ps, respectively, whereas with the microstrip MF this
value is only up to 165, 150 and 135 ps.

8. distinctive feature of the microstrip MF is the simplicity of manufacturing (a single-layer PCB)
and low cost, whereas manufacturing the reflection symmetric MF is laborious and expensive.
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Table 15. Comparison of the four-conductor microstrip (MS) and reflection symmetric (RS) MFs.
Notations: (+) suitable; (0) medium suitable; (–) not suitable.

№ Attribute MS RS

1 Attenuation of the input signal by decomposing it intoa sequence of pulses of smaller
amplitude + +

2 Presence of both broad-side and edge couplings 0 +
3 Ability to align the time intervals between the decomposition pulses 0 +
4 Possibility to increase the structure and the range of values of optimized parameters + 0
5 Absence of necessity to use additional optimization 0 +
6 High bandwidth + 0
7 Possibility to increase the duration of the input pulse 0 +
8 Simplicity of implementation + 0

Thus, a comparative analysis of two new devices for protection against a USP (microstrip and
reflection symmetric four-conductor MFs) was performed. The comparison revealed a number of
advantages and disadvantages of each device for a number of features. In addition, the results of
a comparative analysis showed that the use of reflection symmetry leads to the improvement in the
MF protective properties in view of the simplicity to achieve the required characteristics of the MF,
but at the same time it also leads to an increase in the final cost of the MF if it is put into production.
The comparison results showed the importance of such work since it can be used to further research
and compare various configurations for protection devices in order to identify their strengths and
weaknesses. Note that some of the features discussed in Table 15 are related to each other. For example,
the greater the attenuation of a filter, the lower the bandwidth is. However, this relation was not
considered here.

4. Conclusions

The paper presents for the first time the results of a comprehensive research of the characteristics
of various reflection symmetric MF structures. Obviously, due to the constructive arrangement of the
conductors, relative to the reference conductor, in the reflection symmetric MF both broad-side and
edge couplings are simultaneously provided, which allows to obtain pairwise equalized voltages of
decomposition pulses and close values of the time intervals between them. Due to the symmetry, this is
achievable by means of conventional parametric optimization by heuristic search (manual search of
parameters) without resorting to costly global optimization methods (for example, genetic algorithms).
The results of optimization for four reflection symmetric MF structures are presented both separately
by two criteria, and simultaneously by three criteria along with considering the matching criterion.
Analytical expressions were obtained for calculating τi of reflection symmetric MFs, which can be used
not only for calculating per-unit-length time delay matrices, but also as part of more complex analytical
expressions for calculating the time response, which can significantly speed up the optimization.
A computational experiment for the MF with optimal parameters with and without considering losses
in conductors and dielectric in the time and frequency domains has been performed, which confirmed
the reliability of the results obtained. This fact is important because it suggests that the implementation
of the PCB layout of the reflection symmetric MF and its measurement will show similar results.
A prototype of the reflection symmetric MF with a length of l = 1 m was developed. In the future,
it is planned to produce a PCB prototype based on the MF design developed. An assessment of the
effect of the waterproof coating on the MF characteristics was performed. It was found that increasing
the thickness of the lacquer slightly affects the output characteristics of the signal. As a result of
a comprehensive research of reflection symmetric structures of MFs, their features and properties
have been revealed. A comparative analysis of two new USP protection devices (the microstrip and
reflection symmetric four-conductor MFs) was performed, which revealed a number of advantages
and disadvantages of each device in a number of characteristics, as well as strengths and weaknesses
of structures with reflection symmetry to protect against a USP.
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Thus, the researched configurations of reflection symmetric MFs can provide proper REE protection
against a USP through its decomposition into a sequence of pulses four times smaller in amplitude
with a controlled bandwidth of the useful signal. The results are important for further research and the
possibility of creating various configurations of protection devices based on both reflection symmetry
and completely new structures.
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