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ABSTRACT

A quasistatic approach was used to consider the occurrence of additional pulses (APs) in the modal filter (MF) realized on a double-sided printed circuit board, as well
as in the three structures obtained from it by removing one reference conductor. It is shown that, for all investigated MFs, the AP delays are determined by a linear
combination of per-unit-length mode delays multiplied by the line length. It was found that there are no APs between the pulses of modes with one pass along the
line, while they appear with three or more passes. It is revealed that in each of the considered MF structures (except the one without upper-right reference conductor),
the APs have greater amplitudes of mode pulses with a triple pass. It was demonstrated that the removal of the reference conductors affects the number, polarity, and

amplitude of the APs.
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I. INTRODUCTION

Ensuring electromagnetic compatibility is relevant because the scope of modern electronic
equipment is constantly growing. In real operating conditions, the quality of electronic equip-
ment operation is frequently reduced under the influence of electromagnetic interference (EMI).
Nanosecond and subnanosecond pulses, called ultrashort pulses (USPs), are especially danger-
ous [1-3]. A USP is dangerous because of its large amplitude, high penetration ability, and large
energy [4]. Reduced USP amplitude and energy distribution pose a lower danger to equipment
compared to the original interfering signal. Therefore, the problem of protecting equipment
against electromagnetic interference (EMI) is urgent.

Among the wealth of protective devices, there are three most widely-used types: discharge,
semiconductor, and vacuum [5,6]. However, they all have some disadvantages. The main disad-
vantage of gas-discharge protectors is the low speed of operation. Semiconductor protection
devices have two significant disadvantages. Firstly, in any combination of the integrated pro-
tective diodes, the failure of one leads to an uneven distribution of the absorbed power of the
other diodes. This leads to an avalanche of destruction of the entire protective device. Second,
the disadvantage inherent to all types of semiconductor limiters is large inter-electrode capaci-
tance that limits their use in high-frequency circuits. The disadvantages of vacuum-protective
devices include band-limitedness, resonator heating, and the difficulty in maintaining secondary
emission at a high current density. In addition, widespread protective devices such as EMI filters
are not able to properly protect against USPs [3,5,7,8]. Thus, despite the variety of methods and
means of protection from the effects of powerful EMI, the problem of effective protection has
not yet been solved.

A relatively new method of protection from EMI is the decomposition of large-amplitude pulse
into a series of lower-amplitude pulses. This is achieved through the "beneficial” use of mutual
couplings in transmission lines with non-homogeneous dielectric filling. This method is used in
modal filters (MF) and can be realized both in power supply circuits and in data transmission
systems [9-11].
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II. PROBLEM STATEMENT

In [12], the occurrence of additional pulses is shown in the exam-
ple of the structures with modal redundancy, reflection-symmetric
meander lines, MFs with a passive conductor in the cut of the ref-
erence plane, and meander delay lines with a broad-side coupling.
Thanks to these pulses, it is possible to further distribute the energy
of a dangerous USP over time, and, in some cases, to minimize the
maximums of the mode pulse amplitudes. Since USP attenuation is
estimated precisely by the maximum of the pulse amplitudes at the
MF output, this point is significant.

It is shown that the delays of the APs can coincide both with each
other and with the main pulses, resulting in an increase in the total
amplitude. The delays of such pulses are determined by various lin-
ear combinations of the per-unit-length delays of the line modes.
The presence of APs has been experimentally proven. Therefore, the
study of APs in the MF and the identification of their possible combi-
nations are highly relevant.

In [13], the effect of removing one or two reference conductors in
the MF on a double-sided PCB was considered in order to reduce
the mass. However, a detailed study of this work showed the pres-
ence of APs. Therefore, it is useful to investigate them in more detail.
The purpose of this work is to study the APs, and their combinations
in the MF implemented on a double-sided printed circuit board
and in the structures obtained from it by removing one reference
conductor.

11l. SIMULATION APPROACH

While formulating the problem and taking into account the avail-
able data and the accuracy requirements, it is necessary to deter-
mine which approach will be used: circuit analysis, quasistatic, or
electrodynamic approaches. In their frameworks, one could dis-
tinguish heuristic, analytical, numerical, and combined methods.
The circuit analysis approach is based on Kirchhoff’s laws and the
simulation is performed using circuit diagrams. The electrodynamic
approach based on the solution of Maxwell's equations is universal
and allows solving the problems with arbitrary geometry. However,
when using this approach, the computational resource require-
ments can be extremely high. An intermediate position is occupied
by a quasistatic approach based on the fact that the transverse
dimensions of the system are much smaller than the wavelength
of signals propagating in it. This allows us to consider the presence
of only the main TEM waves without considering the waves of the
higher type. The field distributions are calculated from electrostatic
and magnetostatic problems requiring the Poisson-Laplace equa-
tion to be solved. This approach has become widespread in simu-
lating transmission lines by using telegraph equations and their
derivatives.

The quasistatic approach is implemented in the TALGAT software,
validated in [14]. The system is based on mathematical models
based on the method of moments, where almost all calculations are
reduced to matrix operations. One of the features of the software
is the ability to set a large number of parameters to allow for vari-
ous research. For example, one can simulate coaxial, microstrip, strip,
coplanar transmission lines, etc. In the quasistatic approach, the
electrical characteristics of multiconductor transmission lines are

described by matrices of the per-unit-length parameters—R (Q/m),
L (H/m), C(F/m), and G (S/m).

In [14], the simulation results obtained with different methods are
compared (Green'’s function method (GFM), method of moments
(MoM), and variational method (VM)). It is shown that the results
of MoM implemented in the TALGAT software are in good agree-
ment with other numerical methods. For two coupled strips on a
substrate, the values of matrices L and C obtained in the TALGAT
software and given in [15] are compared. Cases in which the side
dielectric walls become closer to the side edges of the strips, and
similar cases without side dielectric walls, are considered. Maximum
errors are 1.4% for diagonal and 8.1% for off-diagonal values. Then,
the same three strips of various positions in a two-layer dielec-
tric medium are considered [16]. The comparison of the results
obtained with TALGAT and those obtained using the integral equa-
tion method showed a maximum error of 8.8% for C entries and
0.8% for L entries.

The calculation of the capacitive matrices is carried out on the basis
of solving a system of linear algebraic equations (SLAE). Analytical
expressions for the elements of the SLAE matrix and the order of
their calculation are described in [10], and are not given here.

The theoretical bases and algorithms for calculating quasistatic
responses along each conductor of each multiconductor trans-
mission line (MCTL) section interconnected to the total network
were developed earlier and presented in [17]. The same algorithm
is applicable for calculating simpler structures, for example, those
considered in this work. Finally, there exist indicative and commonly
available examples comparing the TALGAT software results with the
measurement and electrodynamics analysis results, which are omit-
ted here [11,18-21].

IV. SIMULATION RESULTS

Fig. 1-6 shows the cross-sections and connection diagram of the MFs
under investigation. The simulation was performed with t=70 pm, h
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Fig. 1. MF cross-section with the conductors: R - reference, A —
active, P — passive.
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Fig. 2. MF connection diagram with all reference conductors.
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Fig. 3. Cross-section of the MF without upper-left reference
conductor.
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Fig. 4. Cross-section of the MF without upper and lower-left
reference conductors.
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Fig. 5. Cross-section of the MF without upper-right reference
conductor.
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Fig. 6. MF connection diagram with reference conductors.

=0.5mm,w=1mm,s=0.3mm,R1=R2=R3=R4=50Q, and the MF
length (/) of 7 m.The greater length was chosen to eliminate the situ-
ation where APs overlap and complicate the process of determining
their delays and calculating their possible combinations. The MF was
excited with a single pulse with an amplitude of 2V and a total dura-
tion of 150 ps. In the simulation process, the losses in dielectrics and
conductors were not taken into account.

For accurate results, the matrix simulation should consider cross-
section segmentation of the boundaries between conductors and
dielectrics. For example, the sparse segmentation leads to inaccu-
rate results. Therefore, a preliminary simulation was carried out with

an increase in segmentation. It was taken uniform at all boundar-
ies, but was controlled by the number of segments (n) at conductor
edges (from 1 to 7). Its effect on mode delays and pulse amplitude
at the MF output was estimated. The absence of significant changes
in the results showed their convergence. The case was simulated
when the MF had all the reference conductors.

Fig. 7 shows an example of the calculated time responses for dif-
ferent values of n. The per-unit-length delays and pulse amplitudes
of the modes for all n are given in Table I. It can be seen that the
small n value affects not only the per-unit-length delays but also
the amplitude of the pulses. Thus, the maximum deviation of mode
delays is observed for mode 2 (t,), and amplitudes for mode 3 (U,).
Therefore, the errors for these two parameters are given. The devia-
tion of 7, is 1.5% forn=1and n=3,0.19% for n=3 and n =5, and
0.11% for n=5 and n = 7. The deviation of pulse amplitudes is 2.4%
forn=1and n=3,2.1% forn=3 and n=5, and 0% for n=5 and
n =7. It can be seen that when segmentation increases, the error
becomes smaller. This is also confirmed by Fig. 7, which illustrates
that at n =5 and n = 7, the pulses overlap. This proves the conver-
gence of the results. To save time, in further simulation, n is taken
to be 5.

The correct calculation of the time response depends on two
parameters: the time step or the number of counts (time dis-
cretes) to the front, and the number of counts for the pulse repeti-
tion period. When the time step is small, the Gibbs phenomenon
can be observed. To exclude it, the time step was set to 5 ps, which
is 10 counts to the front. A small number of counts can lead to
non-physical results in the form of distortions. In addition, you can
see that the other mode pulses arrived earlier rather than later in
time. This is confirmed by Fig. 8, which shows the waveform dis-
tortions at the MF output. Besides, in addition to the main mode
pulses, other pulses are observed (e.g., two pulses of negative
polarity are seen between t, and t,). Therefore, a preliminary sim-
ulation was performed with an increase in the number of counts
for a period from 12 to 20. Fig. 8-11 show the simulation results
at the MF output for different counts. The simulation results show
that as the number of counts increases, the distortions get fewer.
Thus, no distortions are observed at 18 counts (the Gibbs phe-
nomenon is also not observed). This allows us to conclude that
the results are correct. Therefore, further calculations were carried
out at 18 counts.

The influence of the reference conductors on the per-unit-length
mode delays and pulse amplitudes was described in [14]. Therefore,
only APs are analyzed here.

Fig. 12 shows the simulation results at the MF output with a single
pass of the mode pulses over the line, and Fig. 13 with a triple pass.
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Fig. 7. Voltage waveforms at the MF output forn=1(--), 3 (- -), 5 (—— —),and 7 (-).
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TABLE I. PER-UNIT-LENGTH MODE DELAYS (NS/M) AND PULSE AMPLITUDES (V) AT THE MF OUTPUT AT DIFFERENT VALUES OF N

N T, 1, T, T, T U, U, U, U,
1 4.28691 4.66806 5.69942 5.92805 6.46844 0228 0335 0.0047 0416
3 4.3484 4.74032 5.72099 5.93209 647563 0.230 0.327 0.0051 0426
5 4.35586 4.74943 5.72346 59318 6.47681 0.230 0320 0.0051 0428
7 4.35996 4.75497 5.72532 5.93229 647818 0.230 0.320 0.0051 0428
MF, modal filter.
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Fig. 8. \oltage waveforms at the MF output for 12 counts.
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Fig. 9. Voltage waveforms at the MF output for 14 counts.
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Fig. 10. Voltage waveforms at the MF output for 16 counts.
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Fig. 11. Voltage waveforms at the MF output for 18 counts.

Table Il shows the values of the per-unit-length delays and arrival
times of the modes. Thus, there are no APs between the 5 pulses
with one pass along the line, whereas, with a triple pass and fur-
ther, they appear. At the output of the MF between time moments
137, and 37, there are two Aps; between /31, and /37, there are
18; between /37, and /37, it is 4; and between /37, and /3, it is 5.

As can be seen from Table lll, the AP delays are determined by a
linear combination of per-unit-length delays multiplied by the line
length. Fig. 13 shows that the amplitude of some APs is greater
than the amplitude of the mode pulses with triple pass through
the line. Thus, for instance, AP 19 has a positive polarity and the
amplitude of 0.155 V, while the amplitude of the second mode
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Fig. 12. Voltage waveforms at the MF output with a single pass of the mode pulses over the line.
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Fig. 13. Voltage waveforms at the MF output with a triple pass of the mode pulses over the line.

TABLE Il. PER-UNIT-LENGTH MODE DELAYS (NS/M) AND MODE ARRIVAL TIMES (NS) FOR MF FROM FIG. 13.
T, T, T, T, T It, It, It, I, Ity 3z, 3z, B, 3z, B,
435 4.74 572 593 647 3047 33.21 40.05 41.51 4532 9141 99.63 120.15 124.54 135971

MF, modal filter.

(37,)is 0.105 V. The amplitude of AP 8 has negative polarity and the
amplitude of 0.118 V. Table Ill shows the resulting combinations
and the times of APs 1-29. As can be seen, the AP delays are deter-
mined by a linear combination of per-unit-length delays multiplied
by the line length.

Fig. 14 and 15 show the simulation results at the MF output
with the reference conductors removed. With the removal of
one reference conductor (upper or lower), the input pulse is
decomposedinto4mode pulses.TableVshowsthevaluesofthe per-
unit-length delays and arrival times of the modes for each of the
MFs. Table V shows the results for APs 1-16. Fig. 15 shows that the
polarity of APs 1 and 2 becomes negative. In the three MF con-
figurations, the number and resulting combinations of APs are
the same. The AP delays are determined by a linear combination
of the per-unit-length delays of the line multiplied by its length.
As can be seen from Fig. 15, the removal of the reference conduc-
tors influences not only the number of APs, but also their polarity
and amplitude. For example, if the MF has all conductors, there are
29 APs; but when a conductor is removed, there are 16 APs. At the
output of the MF between time moments /37, and /3t,, there are
two APs; between /37, and /37, their number is 11; and between
137, and /37, there are 3. In the MF with all reference conductors,

APs 1 and 2 have positive polarity and a small amplitude, but with
the removal of the conductor, they change the polarity to negative
and the amplitude becomes larger. As in the MF with all conduc-
tors, the removal of one reference conductor results in a greater
amplitude of additional pulses than the pulse amplitude with the
triple-mode pass. Therefore, for example, when the lower-left ref-
erence conductor is removed, AP 8 has the maximum amplitude,
which is 0.128 V, while the amplitude of the second pulse with a
triple pass along the line (3/t,) is 0.121 V. With the removal of the
upper-left reference conductor, all APs are less than triple-line pass
mode pulses. However, AP 8 and the second pulse with triple pass
have almost equal amplitudes of 0.086 V and 0.08 V, respectively.
When the upper-right reference conductor is removed, AP 15 has
maximum and negative polarity. Thus, the amplitude of the pulse
15 is 0.090 V, and the third mode with a triple pass (3/t,) has the
amplitude 0.055 V.

As can be seen from the results, each of the considered structures
(except MF without upper-right reference conductor) has APs of
amplitudes greater than the amplitude of a mode pulse with triple
pass. This is important because when optimizing each of the struc-
tures or changing the boundary conditions at the ends of the passive
conductor (short circuit (SC) - open circuit (OC) and OC - SC), the
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Fig. 15. Voltage waveforms at the output of MF without (~upper-left, —lower-left, and —upper-right) reference conductors with a triple pass of
the mode pulses along the line.

TABLE IV. PER-UNIT-LENGTH MODES DELAYS (NS/M) FOR MF FROM FIG. 3TO 5.

MF Without the Reference Conductor T, T, T, T,

Upper-right 4440 4816 5803 6.380
Upper-left 4.452 4.822 5.803 6.380
Lower-left 4450 4.821 5.803 6.380

MF, modal filter.

TABLE V. ARRIVAL TIME FOR APS (NS)

MF Without a Reference Conductor

No. Combination Upper-Left Lower-Left Upper-Right
1 127 +7,) 96.08 96.05 95.87
2 I(t,+27,) 98.67 98.65 98.50
3 127 +1,) 102.95 102.92 102.80
4 It +t,41,) 105.54 105.52 10543
5 127 +7,) 106.98 106.96 106.80
6 127,+1,) 108.13 108.16 108
7 It 47,41, 109.57 109.56 109.5
8 127+, 112.16 112.16 112.08
9 I(t,+27.) 11241 112.39 112.32
10 Iz, +27) 115 114.99 11495
1 It +t,+7,) 11645 11643 116.37
12 It 4,41, 119.03 119.03 118.99
13 127, +7,) 12048 12048 12041
14 127 ,+1,) 123.07 123.08 123.03
15 127,+1,) 12591 125.90 12591
16 127, +7,) 129.94 129.95 130

APs, additional pulses; MF, modal filter.
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amplitude of the main mode pulses will be less, due to which, a case
is possible when the amplitude of APs will be greater.

V. CONCLUSION

Thus, the article investigates the appearance of APs in the time
response of the MF implemented on a double-sided printed circuit
board, as well as the ones with a reference conductor removed. The
authors showed that APs appear in all of the presented MF struc-
tures. The delays of APs are determined by a linear combination of
the per-unit-length delays of the line multiplied by its length.

In future, it is relevant to study the APs for situations when the
boundary conditions at the ends of the passive conductor in all
of the proposed MF structures change. This is important because
in some MFs with the change of boundary conditions at the ends
of the passive conductor, the amplitude of the APs is greater
than the amplitude of the major modes. For example, this is observed
in the MF with a passive conductor in the cutout of the reference
plane.
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