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Electrical Characteristics of a Modal Filter With a
Passive Conductor in the Reference Plane Cutout
Maria Alexandrovna Samoylichenko , Yevgeniy Sergeevich Zhechev , Valerii Pavlovich Kosteletskii ,

and Talgat Rashitovich Gazizov

Abstract—A wider range of operating frequencies, lower supply
voltage levels, and increased circuit density of radio-electronic
equipment (REE) increase its susceptibility to electromagnetic in-
terferences. Elements of REE are becoming more sensitive to elec-
tromagnetic environment especially to ultra-short pulses (USPs)
penetrating through front door or back door channels. There is
a large variety of noise suppressing devices, but their construction
characteristics lead to limited efficiency. Modal filters (MFs), which
are based on modal distortion, protect REE from USPs. In this
article, the authors present the results of the study of a new method
for implementing a MF with a passive conductor in a reference
plane cutout and propose two prototypes of the MF with strong
and weak couplings. The article presents the results of full-scale
and computational experiments in time and frequency domains.
For the first time, the decomposition of a USP in the proposed MF
configurations is experimentally shown. Besides, we experimentally
demonstrated the arrival of additional pulses, the time of which
is determined by a linear combination of per-unit-length delays
multiplied by the line length. Thus, the proposed approach allows
implementing a simple and inexpensive technique for protection
against USPs in multilayer printed circuit boards.

Index Terms—Modal filtering (MF), per-unit-length delay, pulse
decomposition, quasistatic and electrodynamic simulations, ultra-
short pulse (USP).

I. INTRODUCTION

THE INTENSIVE development of radio-electronic equip-
ment (REE), information processing devices that are part

of robotic and other systems, and their key importance in various
fields, as well as the improvement of the means of intentional
electromagnetic exposure, lead to the need for providing proper
protection and stable functioning of these devices when they are
exposed to electromagnetic interference (EMI). However, the
problem is complex, because the disturbances can be arriving
through a communications channel (front door) or through the
case of the equipment (back door).
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A common cause of microchip malfunctions is the effect of
conducted noise in the form of surge voltages. Ultra-short pulses
(USP) are extremely threatening [1]. The main features of their
effect are a wide spectral range and a large amplitude. Such a
pulse is dangerous due to the high penetration ability attributed
to the short exposure time, high power, and wide spectrum.

Pulse surges can result in the malfunctions, such as break-
down of the dielectric layer between conductive elements or p-n
junctions of semiconductor components, melting and breaks of
current-carrying paths, or destruction of soldering and weld-
ing of conductors due to thermo and electrodynamic voltages.
Pulsed conductive EMI causes dangerous transients in analog
circuits. In digital circuits, they can cause unwanted switching.
For critical equipment, including onboard and medical equip-
ment operating in real time, even short-term malfunctions are
unacceptable as they can lead to the loss of information, errors
in the execution of computational algorithms, loss of control,
etc.

There is a large variety of noise-suppressing devices. For
example, in work [2], a chip three-terminal multilayer ceramic
capacitor EMI filter with a good stopband characteristic has been
designed. The structure of the proposed EMI filter presents a
new method to improve the stopband characteristics of capacitor
EMI filters. In the article [3], it is discussed whether traditional
protection concepts provide sufficient protection against at ultra-
wideband pulses with significant amplitudes, rise times in the
picosecond range, and pulse durations of a few nanoseconds.
Furthermore, the possibility of linear filtering is presented with
a focus on the protection of high-frequency data lines. The patent
[4] shows that some of the results for varistors presented are due
only to the packaging and not to the surge protective element in
itself. The patent application [5] relates to implantable medical
devices and, in particular, to hermetic seal feedthroughs and
EMI filters integrated into one or more packages. The invention
[6] describes to a passive electronic component architecture em-
ployed in conjunction with various dielectrics and combinations
of dielectric materials to provide one or more differential and
common mode filters for suppressing electromagnetic emissions
and surge protection. The invention [7] relates to a multiple
contact electrical connector, and in particular to an improved
high-speed serial data connector system made up of a modular
plug and a receptacle having a polarization slot and a ferrite
block filter. The article [8] presents a comprehensive survey
of different active EMI filters and their implementations for
different power converters presented in the literature. The article
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[9] proposes an integrated transmission line common mode and
differential mode EMI filter. The article [10] relates to an EMI
filter and more particularly to an EMI filter with a differential
mode and common mode combination choke that is capable
of effectively suppressing EMI. The article [11] presents new
measurement system for monitoring the fastest transmission line
coupled transients. The article [12] discusses the use of linear
filters as protection against UWB pulses and focuses on the
implementation of microstrip bandpass filters with very steep
edges. In the article [13], the effect of a single-point grounding
method of a common-mode EMI filter is first analyzed, and
then, in order to eliminate the negative effect of the common
ground line, a series-connected grounding method is introduced
and analyzed.

However, features of these devices limit the scope of their
application. The development of modern protection devices re-
quires that their implementation be simple and cheap; therefore,
their improvement is relevant.

It is much simpler in circuit design and manufacturing to use
a USP protection device called a modal filter (MF) in which the
interference pulse is decomposed in a segment of a coupled line
into modes each of which propagates with its own delay so that
the MF output pulses have smaller amplitude. For instance, the
article [14] presents a new approach to EMC protection through
the proper use of inherent properties of coupled interconnects,
with some preliminary results of the approach implementation
being demonstrated. Particularly, such key characteristics as the
difference of per-unit-length modal delays for various types of
cables and PCB interconnects have been calculated. It is shown
that the difference can be around 1 ns/m, while for special
structures, it can be increased up to 5 ns/m. In the article [15],
two new simple printed structures are proposed, which provide
low-cost and effective protection against ultra-wideband pulses.
The first is a structure of asymmetrical MF without resistors,
which allows for the 20-time attenuation. The second is another
simple structure, a turn of a meander line, allowing for the
2.5-time attenuation. The essential advantages of the MF are
its low weight, increased reliability, radiation resistance, and
high speed. There have been studied and manufactured different
types of MFs, for example, cable MFs for the power supply
network [16], mirror-symmetric MFs [17], and MFs with a
periodic profile of the coupling region [18].

Previously (above) studied MFs have a passive conductor
that takes up space and has mass. Some of them are difficult
to manufacture. For example, a mirror-symmetric MF is a
three-layer printed circuit board, the implementation of which
is difficult, and an MF with a periodic profile complicates the
implementation in printed circuit boards. Therefore, it is impor-
tant to explore new possibilities for implementing the MF. One
of the simplest options is obtained by modifying the microstrip
line (MSL). The design of such an MF is formed by means of
two cutouts in the ordinary plane of the MSL ground, which
form a passive conductor between themselves. The results of a
numerical simulation of the time response at the MF output are
presented in [19], [20], and show that by the weaker coupling
between the active and passive conductors, greater attenuation
can be achieved. However, no full-scale experiment has been

conducted. The purpose of this article is to experimentally
confirm that a USP decomposes in an MF with a passive con-
ductor in the cutout of the reference plane with weak and strong
couplings.

II. APPROACHES, METHODS, AND DESIGNS

This section presents the simulation approaches used in the
article, the methods of the experiment, as well as the design
characteristics of the proposed MFs.

A. Simulation Approaches

To simulate the time and frequency responses, two approaches
were used: quasistatic and electrodynamic.

The quasistatic approach is implemented in the form of fast
and accurate mathematical models in the TALGAT system [21].
The system can analyze regular transmission lines with arbitrary
cross-sections. A segment of a transmission line with N signal
conductors and a reference conductor is described based on a
given cross-section. The waveforms of currents and voltages
along the line are determined using telegraph equations for
the line segment taking into account the boundary conditions.
According to the circuit theory, currents and voltages at any
point, when only the TEM waves are transmitted, can be related
by the following equations:

d

dx
V = −ZI (1)

d

dx
I = −YI (2)

where I and V are matrix columns of size N × 1 of voltages and
currents in lines, and

Z = R+ jωL (3)

Y = G+ jωC (4)

where j is the imaginary unit,ω is the angular frequency, C is the
matrix of per-unit-length coefficients of electrostatic induction
of size N × N, L is the matrix of per-unit-length coefficients
of electromagnetic induction of size N × N, G is the matrix of
per-unit-length conductivities of size N × N, and R is the matrix
of per-unit-length resistances of size N × N.

The matrices L and C are calculated by the method of
moments [22]. The losses in conductors and dielectrics are
determined by the matrices R and G. To calculate the elements
of the matrix G, we used the model of the frequency dependence
of the relative permittivity and the tangent of the dielectric loss
angle of the material FR-4 [23], and the elements of the matrix
R are calculated taking into account the skin effect, proximity
effect, and losses in the reference conductor according to the
technique [24] implemented in TALGAT. In the simulation, it
was taken into account that the increase in segmentation (at
the edges of the conductors) results in the increase of accu-
racy of the results; therefore, in our simulation, we took n =
5, where n is the number of segments at the edges of the
conductors.
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Fig. 1. Digitized signal of the oscilloscope C9-11.

The electrodynamic approach is well-known and often used
in solving problems of electromagnetic compatibility and the
propagation of electromagnetic waves. The propagation of elec-
trical signals in transmission media is accurately described by
Maxwell’s equations. Often, the electrodynamic analysis is im-
plemented by the finite integration method [25], which was used
in this article. It provides universal spatial discretization which
can be used to solve various kinds of problems. A feature of
the finite integration method is that the Maxwell’s equations are
considered in integral, and not in differential form, like in most
numerical methods. To solve these equations, the calculation
volume, boundary conditions, and material properties of the
device under study are defined. The structure under study was
divided into cells with a minimum size of 11.6 μm. In the
electrodynamic simulation, as a material for the conductors, we
used copper with electrical conductivity σ = 5.8·107 S/m.

Running the simulation which uses the two approaches, we
selected FR-4 fiberglass as a material of the dielectric substrate.
The values of relative permittivity εr and dielectric loss tangent
tanδ at a frequency of 1 MHz were 4.5 and 0.018, respectively.

The influence of the boundary conditions at the ends of the
passive conductor was simulated as follows: “short circuit (SC)–
open circuit (OC),” “OC –SC,” where the SC was set with a
resistance of 10−6 Ω, and the OC–109 Ω.

In the simulation, we used a digitized signal of an oscilloscope
C9-11 measured at a matched load (Fig. 1). The pulse is bell-
shaped with the following parameters: the amplitude (Umax) is
284 mV, the durations of the rising and falling edges by the
levels 0.1–0.9 are 0.32 and 0.22 ns, respectively. The total pulse
duration, by the level of 0.5, was 0.18 ns.

B. Modal Filter With a Passive Conductor in the Cutout of the
Reference Plane

The main idea of MF is to mitigate an interfering pulse due
to the difference in the mode delays of its transverse waves in
a multiconductor line. When the pulse propagates in a segment
of a line with an inhomogeneous dielectric filling consisting of
N conductors (apart from the reference), it can undergo modal
distortions until it finally decomposes into N pulses of lower
amplitude due to the difference in the specific mode delays in the
line. For the complete decomposition of the pulse, the following
condition must be met:

tΣ < lmin |τi+1 − τi| , i = 1, . . . , N − 1 (5)

Fig. 2. Cross-section (a) and connection diagram (b) of the MF where the
conductors: R—reference, А—active, P—passive.

where tΣ is the total pulse duration at level 0, l is the length of
the segment, and τi˜is the linear delay of the ith mode of the
segment.

The MF under study is an MSL with two cutouts in the ground
plane, between which a passive conductor is formed. Fig. 2(a)
shows the cross-section of the MF, where εr is the relative
permittivity of the substrate, w1, w2, and w3 are the widths of the
conductors, t is the thickness of the conductors, h is the thickness
of the substrate, and s is the separation of the conductors. As the
substrate material, we selected FR-4.

The connection diagram of the MF is shown in Fig. 2(b).
The active conductor is connected to a pulse signal source
represented on the circuit as an ideal e.m.f. source E and internal
resistance R1. At the other end, the active conductor is connected
to the load R4. The resistance values R1, R2, R4, and R5 are as-
sumed to be the same and equal to 50 Ω, and for interconnecting
the two side (reference) conductors—R3 = R6 = 1 Ω.

C. MF Layouts

The layouts were made with typical parameters of two-layer
foil fiberglass: t = 35 μm, h = 0.18 mm, l = 300 mm. A com-
putational experiment in the time domain has been performed
in [19], [20]. With w1 = w2 = w3 = 1 mm and s = 0.5 mm,
when the coupling between the active and passive conductors is
weak, it is possible to decrease the amplitude of the USP by about
2.54 times (with resistances at the ends of the passive conductor
of 50 Ω) and 4.54 times (with SC–OC at the ends of the passive
conductor). And with w1 = w2 = 3.5 mm, w3 = 0.5 mm,
and s = 3 mm, when the coupling is strong, the attenuation
can be achieved by about five times (with R = 50 Ω) and
10 times (with SC–OC). Meanwhile, experimental confirmation
of the possibility of such attenuation is of particular interest.
Therefore, for conducting a full-scale experiment, MF models
with weak and strong couplings between conductors were made.
The strengthening of coupling, in this case, is achieved by
increasing the width of the active and passive conductors and
the distance to the reference conductors. To further simplify the
notation, we will refer to the configuration with w1 = w2 =
w3 = 1 mm, s = 0.5 mm as MF1, and to the configuration
with w1 = w2 = 3.5 mm, w3 = 0.5 mm, s = 3 mm as MF2.
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Fig. 3. Photomasks of the MF1 layout: top (a) and bottom (b) layers; photos
of the MF1 layout: top (c) and bottom (d) layers.

Fig. 4. Photomasks of the MF2 layout: top (a) and bottom (b) layers; photos
of the MF2 layout: top (c) and bottom (d) layers.

Next, we performed the tracing of the PCB layouts for MF1
and MF2 configurations. The lengths of the MFs were 300 mm,
and the dimensions of the printed circuit boards were 125 mm, so
the MFs were made in the form of a meander. To reduce the effect
of the turns on each other, we chose an increased distance of 5w
between them. The layout tracing of MF1 and MF2 is shown in
Figs. 3(a), (b) and 4(a), (b). To install SMA connectors, contact
pads (CP) are provided with dimensions: 8 × 8 mm for MF1
and 8 × 12 for MF2. In each CP, there are five metallized holes
with a diameter of 1.2 mm designed to connect conductors on
different layers of a PCB. For matching, resistors of standard
size 1206 with a resistance of 50 Ω are used. To mount resistors,
CPs of 1.7 × 1.25 mm are installed on the ends of the passive
conductors (they are the same for two MFs). The manufactured
layouts of MF1 and MF2 are shown in Figs. 3(c), (d) and 4(c),
(d).

D. Experimental Study

After manufacturing the MF, geometric parameters were
checked. The widths of the printed conductors were verified
using a magnifying glass with a measuring ruler [Fig. 5(a)],
and the thicknesses of the dielectric substrate and conductors
were measured using a mechanical micrometer [Fig. 5(b)]. The
real values of geometric parameters were obtained, the average
values of which for MF1 were h = 0.18 mm, t = 0.033 μm,
w1 = w2 = w3 = 1 mm; and for MF2: h = 0.18 mm, t =
0.033 μm, w1 = w2 = 3.5 mm, and w3 = 0.5 mm.

To conduct the experimental study in the time domain, we
used a setup whose structural diagram is shown in Fig. 6. For

Fig. 5. Magnifying glass with a measuring ruler (a) and a mechanical microm-
eter (b).

Fig. 6. Experimental setup diagram for the time domain.

Fig. 7. Coaxial adapters used in the experiment.

the required accuracy of signal registration, the horizontal and
vertical paths of the measuring system were calibrated. The
measurement accuracy of instantaneous values of pulse signals
in amplitude is ±3%, and time intervals at a given sweep (scan)
are ±2%.

To connect the MF models with a pulse shaper and a sampling
converter, we employed coaxial adapters shown in Fig. 7, namely
3 (PK2-18-01R-03R), 4 (PK2-18-11R-03R), 5 (HYR-1111),
and 6 (HYR-1112). When conducting the frequency analysis,
adapters 1 (PK2-40-14R-05) and 2 (PK2-50-05-05) were used.
The total delay time of the four coaxial transitions (3, 4, 5, and 6)
was 230 ps, and the total level of insertion losses did not exceed
1 dB in the frequency range up to 20 GHz.

When conducting experimental studies in the frequency do-
main, we used a setup whose structural diagram is shown in
Fig. 8. The experimental study of the frequency characteristics
of the MF was carried out using a P2M-40 transmission and re-
flection coefficient magnitude meter. Before the measurements,
the calibration of channel A (reflection coefficient) and chan-
nel B (transmission coefficient) was performed using standard
measures. The limiting value of the measurement error was no
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Fig. 8. Experimental setup diagram for the frequency domain.

Fig. 9. Voltage waveforms at the output of MF1 obtained for R2 = R5 = 50 Ω
(а), OC–SC (b), and SC–OC (c).

more than 1.5 dB in the entire frequency range. Because of the
SMA connectors used, the frequency range is limited to 3.5 GHz.

III. RESULTS OF EXPERIMENTAL STUDIES IN

THE TIME DOMAIN

Figs. 9 and 10 show the results of field and computational
experiments in the time domain for MF1 and MF2, respectively.

Figs. 9 and 10 show that the USP decomposes into two pulses
of smaller amplitudes (τ2 and τ3). This is explained by the fact
that two modes arrive with a difference of about 20 ps; therefore,
they overlap. In the experiment, a smaller difference in mode
delays is observed. This is because the real εr of prototypes
under study is less than the value expected in the simulation.
The amplitude of the pulses decreases with an increase in the
coupling between the conductors and a change in the boundary
conditions (OC–SC, SC–OC). The voltage values of the first two
pulses during the simulation and the experiment are summarized

Fig. 10. Voltage waveforms at output of MF2 obtained for R2 = R5 = 50 Ω
(а), OC–SC (b), and SC–OC (c).

TABLE I
AMPLITUDES AND DIFFERENCES OF PER-UNIT-LENGTH DELAYS OF THE FIRST

TWO PULSES AT THE OUTPUT OF MF1 OBTAINED WITH VARIOUS

TYPES OF ANALYSIS

TABLE II
AMPLITUDES AND DIFFERENCES OF PER-UNIT-LENGTH DELAYS OF THE FIRST

TWO PULSES AT THE OUTPUT OF MF2 OBTAINED WITH VARIOUS

TYPES OF ANALYSIS

in Tables I and II. They show that the greatest input exposure
attenuation is achieved in MF2 for the SC–OC configuration.
The ratio of maximum output voltage to input voltage was
14.2 for quasistatic, 21.84 for electrodynamic, and 15.7 for the
experiment. However, from Table II, we can see that MF1 also
shows good attenuation.

MF2 demonstrated a large difference in mode delays, as a
result of which there is no superposition of pulses. The complete
decomposition of a USP can be achieved by increasing the MF
length or by choosing a dielectric material with a large εr value,

Authorized licensed use limited to: Alexander Zabolotsky. Downloaded on April 16,2021 at 05:29:52 UTC from IEEE Xplore.  Restrictions apply. 



440 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 63, NO. 2, APRIL 2021

TABLE III
AMPLITUDES OF ADDITIONAL PULSES AT THE OUTPUT OF MF1 OBTAINED

WITH VARIOUS TYPES OF ANALYSIS

TABLE IV
AMPLITUDES OF ADDITIONAL PULSES AT THE OUTPUT OF MF2 OBTAINED

WITH VARIOUS TYPES OF ANALYSIS

TABLE V
PER-UNIT-LENGTH MODE DELAYS

TABLE VI
ARRIVAL TIME FOR PULSES OF THREE MAIN MODES

TABLE VII
ARRIVAL TIME FOR ADDITIONAL PULSES (NS)

as well as by performing parametric optimization according to
the corresponding time criteria.

Detailed analysis of Figs. 9 and 10 showed the presence of
additional pulses (designated as 1 and 2), which appear when
the boundary conditions at the ends of the passive conductor
change. As can be seen from Fig. 9(b),(c), the amplitude of the
additional pulse 1 is rather large, and 2—small. The analysis
of Fig. 10(b),(c) also showed the presence of two additional
pulses, but with lower amplitudes. Tables III and IV show the
voltage of the additional pulses according to the results of both
the simulations and the experiment.

Despite the fact that the shapes of the additional pulses are
in good agreement, it is difficult to estimate the exact time of
their arrival due to their partial overlap caused by dispersion. To
accurately track the dependence of the appearance of additional
pulses, the per-unit-length delays, and the arrival times of the
three main modes were calculated using quasistatic simulations.
The results are shown in Tables V and VI. The resulting com-
binations and the time of arrival of additional pulses are given
in Table VII. According to the results, we can conclude that the
delays of additional pulses are determined by the per-unit-length
combination of the linear delays of the line modes multiplied by
the line length. The appearance of additional pulses in these

Fig. 11. Frequency dependences of |S21 | for MF1 obtained for R2 = R5 =
50 Ω (a) and R2 = 10−6 Ω and R5 = 109 Ω (b).

configurations is caused by the asymmetry of the cross-sections
relative to the reference conductor and the asymmetry of the
boundary conditions. This leads to the arrival of waves with
different propagation velocities in opposite directions. In the
50-50 configuration, due to better alignment, the additional
pulses are not so well pronounced.

Thus, the experimental results confirm the possibility for the
initial pulse to decompose at the end of the active conductor into a
sequence of pulses of lower amplitudes. It is shown that with the
increase of the coupling and changes in the boundary conditions,
it is possible to achieve a greater decrease of the USP level.
However, there appear additional pulses, the delays of which are
determined by a linear combination of the per-unit-length delays
of the line modes multiplied by the line length. The results of
field and computational experiments are in good agreement in
the waveform and arrival time. The deviation of the simulation
results from experimental results is caused by the fact that the
influence of coaxial microstrip and coaxial transitions, as well
as the difference in the electrical characteristics of the dielectric,
were not taken into account.

IV. RESULTS OF EXPERIMENTAL STUDIES

IN THE FREQUENCY DOMAIN

Figs. 11 and 12 show the results of the experiment and simu-
lation of the frequency dependence of |S21| for MF1 and MF2.
It should be noted that the devices under study are bidirectional;
therefore, the results are given only for options 50-50 Ω and
OC–SC.

According to the results of field and computational exper-
iments in the frequency domain, we can conclude that the
structures under study can be referred to as low-pass filters. The
cutoff frequencies (−3 dB) and resonant frequencies for them
are summarized in Table VIII.
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Fig. 12. Frequency dependences of |S21 | for MF2 obtained for R2 = R5 =
50 Ω (a) and R2 = 10−6 Ω and R5 = 109 Ω (b).

TABLE VIII
CUTOFF FREQUENCIES AND RESONANCE FREQUENCIES FOR MF1 AND MF2

The band-pass of MFs with the weak coupling is greater than
with the strong one. Changing the boundary conditions at the
ends of the passive conductor allows increasing the band-pass.
According to the results of the experimental study, the largest
band-pass is 89 MHz for MF1 with OC–SC. Table VIII shows
that in the configuration of the OC–SC, the frequencies of the
first and second resonances decrease. Thus, the results of field
and computational experiments are in good agreement. The
dissimilarity in the results originates from the different values of
electrical parameters of real prototypes and their mathematical
models. For example, the values of εr and tanδ may be different,
which shifts the diagrams by frequency. In addition, the influence
of coaxial microstrip and coaxial transitions, which introduce
frequency-dependent losses, was not taken into account in the
simulation. The difference between the results of quasistatic and
electrodynamic simulations, however, results from the limita-
tions of the approaches and methods used.

In terms of low-pass filtering, the configuration of SC–OC in
MF1 and MF2 is more preferable. The presence of pronounced
resonances in the mismatched configuration allows increasing
the insertion loss. It should be noted that MF1 and MF2 have
a sufficiently wide suppression band, which is relevant for
suppressing wideband conductive interference.

V. CONCLUSION

This article considers the protection of EE from the effects of
conducted noise of short duration by means of MF technology.
The experimental study was conducted in the time and frequency
domains. To confirm the results obtained, we performed sim-
ulation by two different approaches, in which the measured
parameters of the cross-sections of each MF were taken into
account, and then, the results of the simulations and experiment
were compared. As the excitation, we used a digitized waveform
of a real USP from the generator output.

It was experimentally proven that a USP could successfully
decompose in the MF with a passive conductor implemented in
the cutout of the reference plane. It is shown that an increase in
the coupling between the active and passive conductors, as well
as a change in the boundary conditions at the ends of the passive
conductor, allow for a greater attenuation of the USP. When
conducting a full-scale experiment, the maximum decrease of
the USP amplitude was achieved 15.5 times. The experiment also
showed the presence of additional pulses, which appear when
the boundary conditions at the ends of the passive conductor
change, and their delays are determined by a linear combination
of the per-unit-length delays of the line modes multiplied by the
line length. It was revealed that the configuration with weakly
coupled MFs has a larger band-pass. Changing the boundary
conditions at the ends of the passive conductor allows increasing
the band-pass. According to the results of the experimental study,
the largest band-pass is 89 MHz for the MF with weak coupling
at OC–SC. In the OC–SC configuration, the frequencies of the
first and second resonances are reduced for both devices. The
results of field and computational experiments in the time and
frequency domains are in good agreement. The deviation of the
simulation results from experimental results is caused by the fact
that the influence of coaxial microstrip and coaxial transitions,
as well as the difference in the electrical characteristics of the
dielectric, were not taken into account.

Research and development of interference suppression de-
vices based on MF, including MFs with a passive conductor in
the cutout of the reference plane, proved to be promising. The
results of this article will be useful in the design of such devices.
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