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Abstract—Decomposition of an ultrawideband (UWB) pulse into
a sequence of pulses with lower amplitudes in a turn of a meander
microstrip line has been experimentally proved to be an effective
method of protection against UWB pulses for electronic equipment. It has been shown that the output signal of the line can be
minimized by means of equalization of amplitudes of the first three
pulses. It has been achieved due to optimization of coupling between half-turns of the line. The obtained attenuation of a pulse
with full-width-at-half-maximum of 40 ps is 6.3 times. Combination of experimental and simulation methods is used to obtain the
results in time and frequency domains.
Index Terms—Delay lines, protection, time domain analysis.

I. INTRODUCTION
OWADAYS, to ensure reliable operation of communication systems, it is urgent to protect electronic devices from
intentional electromagnetic interference (IEMI) of nanosecond
and subnanosecond pulses. Such ultrawideband (UWB) pulses
are able to penetrate into electronic equipment bypassing electromagnetic shields and can cause malfunction of electric circuits. For example, a group of Chechen fighters used a UWB
pulses generator to block the radio communication of Russian
troops; in 2012, one of the largest British banks was blackmailed
by terrorists who threatened to break the security system and
bank computers via high power electromagnetic pulses [1]. The
above-mentioned examples are just a few of many other disclosures, and their number has been increasing lately. Therefore,
a number of outstanding projects such as Protection of Critical
Infrastructures against High Power Microwave Threads, Strategies for The impRovement of critical infrastrUCTUre Resilience
to Electromagnetic attackS, and SECurity of Railways against
Electromagnetic aTtacks are aimed at protection of strategically
important infrastructure (power stations, railways, communication systems, computer networks, etc.) against IEMI.
Traditional protection devices do not protect properly from
strong UWB pulses [2]. Thus, new methods of protection should
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be developed and new protection devices should be created. Meander lines are used for filtration of a signal in a frequency band
[3], all-pass characteristics of a meander line turn are presented
in the classic paper [4]. The electronic equipment can be protected against UWB pulses by means of meander lines as in such
case we do not have to add additional components to a printed
circuit, and we can also use traditional elements of a printed
circuit board, i.e., meander delay lines [5]–[8]. In comparison
to existing widely used protective devices, this approach does
not require additional components and devices integrated into
the printed circuit, and allows usage of traditional protective elements of printed circuits – meander delay lines. Meander lines
are radiation resistant and can work for a very long time since
they do not contain either semiconductor (in contrast to various
filters) or degrading elements (in comparison to the lightning
arrester with a limited number of operations). Besides, meander
lines in contrast to components lack the parasitic inductance
of the leads, and it is inexpensive to design the meander lines
and use them. These advantages of meander lines against traditional protective devices prove the urgency of the research dedicated to the implementation of meander lines for the protection
against UWB pulses. Sometimes UWB pulses can penetrate into
the equipment bypassing electromagnetic shields. The pulses
produce electromagnetic field inside the equipment and introduce interference at all lines of the equipment. In such cases,
the protective method described above can be used outside the
equipment in the form of an intermediate structure between the
equipment and outside cables in order to exclude the influence
of UWB pulses.
The common disadvantage of investigations of meander lines
described in [5]–[8] is that they are based on simulation only,
moreover, simulation of perfect structures, but not the simulation
of interconnections of real circuit boards, in which losses and
dispersion may have significant influence on the results. Another
disadvantage is that only perfect excitations are used during
simulation, but not real ones. Thus, if we want to prove that it
is possible to decompose a UWB pulse in the turn of a meander
line and that it is possible to minimize the amplitude of a UWB
pulse by means of the equalization of amplitudes of the first
three pulses, then it is essential to carry out simulation with a
real excitation and consider losses in conductors and dielectrics
as well as to compare the results with results of a full-scale
experiment.
The aim of this paper is to prove experimentally that distortions in the turn of a meander microstrip line can be used to
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protect electronic equipment against UWB pulses. It requires
optimization of the cross section of the line in order to minimize reflections in the measuring channel that occur during a
full-scale experiment. It is necessary to produce a printed circuit
with a set of models of meander lines and to evaluate deviations
of real parameters’ values from their preliminary optimization
values. The next step is a full-scale experiment and, finally,
the comparison of results of the experiment with results of the
simulation of waveforms at the end of a meander line turn.
II. BACKGROUND
A series of experiments has already been carried out to
demonstrate the possibility of protection against UWB pulses
by means of the meander line [5]–[8]. Let us briefly describe
these research results.
The physical principle of the proposed protection is based
on the phenomenon of the UWB pulse decomposition into a
sequence of pulses with lower amplitudes which is achieved by
means of the optimal choice of parameters of the line. For the
first time, this method was investigated on the example of a turn
of an asymmetrical meander line in the air [5]. Detailed analysis
of pulse distortions proved that it was possible to decrease the
amplitude of a UWB pulse by means of its decomposition into
two pulses (crosstalk and the basic signal) of lower amplitudes.
To do the above described we should provide some conditions.
First of all, the influence of the near-end crosstalk on a waveform shall be excluded; delay in a line shall be longer than the
sum of the front (tr ), flat top (td ), and fall (tf ) of the pulse
signal [9]
2 · τ · l ≥ tr + t d + t f

(1)

where l is length of a halve-turn, τ = τe = τo [per-unit-length
delays of even (τe ) and odd (τo ) modes of a signal are always
equal if it is propagating in a homogeneous dielectric].
Second, the edge coupling between conductors of a line shall
be strong, as its optimization helps to minimize the amplitude
of the output signal because pulse amplitudes of the crosstalk
and a basic signal become closer. During the investigation, the
maximum attenuation of a UWB pulse was 1.6 times.
Fig. 1 clearly shows changes in waveforms that occur as
the above-mentioned conditions are fulfilled. The figure shows
UWB pulses at the input and output of a meander line when the
first and the second conditions are fulfilled. The duration of the
input UWB pulse [see Fig. 1(a)] equals to 2·τ ·l in order to meet
the condition (1). We can see from Fig. 1(b) that if the condition
(1) is fulfilled, the pulse of the main signal comes after the
near end crosstalk, and the crosstalk does not influence the main
signal. The stronger edge coupling between conductors obtained
by means of the optimal separation of conductors leads to the
equalization of amplitudes of the first and the second pulses of a
signal (the amplitude of the first pulse is increased, the amplitude
of the second pulse is decreased) at the output of the line [see
Fig. 1(с)]. To decompose and equalize pulses, both the first and
the second conditions should be under control, as optimization
of the gap between signal conductors leads to changes in the
per-unit-length delay. It may lead to the overlap of the crosstalk

Fig. 1. Waveforms of UWB pulses at the input (a) and output of a meander
line with the first (b) and the second (c) conditions fulfilled.

and the main signal; thus, the amplitude of the output signal
may be increased.
Similar analysis of a meander line turn of a microstrip line was
carried out in [6]. As long as a microstrip has an inhomogeneous
dielectric filling, τe does not equal τo . Therefore, to exclude the
near end crosstalk, one should rewrite (1) as
2 · τm in · l ≥ tr + td + tf

(2)

where τm in – the minimum value of per-unit-length delays of
even and odd modes of the line.
It has been revealed in [5] that one should additionally decompose the basic signal into pulses of even and odd modes in
order to minimize amplitudes of the result of the UWB pulse
decomposition. The condition is
2 · |τe − τo | · l ≥ tr + td + tf .

(3)

The UWB pulse at the end of the line will be decomposed
into three pulses (crosstalk pulse and pulses of even and odd
modes) and, if the coupling between the conductors is optimal,
their amplitudes will be minimal and equal. The maximum attenuation of the UWB pulse amplitude was 2.5 times during the
investigation.
We extended the described research by the simulation of
the meander line with a broadside coupling. This simulation
accounts for losses in conductors and dielectrics as there are
losses in interconnections of real printed circuits. These losses
significantly influence distortion of the output signal [8]. The
simulation has proved that if we take into account losses, the
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Fig. 3.

Cross section of the meander microstrip line.

Fig. 4.

Circuit diagram of the meander microstrip line.

Segmentation of cross section boundaries.

UWB pulse amplitude can be additionally attenuated. The paper
also states that due to losses, in addition to the attenuation of
the UWB pulse amplitude, the optimal value of the gap between
conductors increases which is advantageous for the practical
implementation of meander lines.
III. PRELIMINARY SIMULATION AND PREPARATION
OF EXPERIMENT
Before the simulation and full-scale experiment can be performed, we should carry out preliminary optimization of parameters of the cross section of the line [10]. In order to minimize
reflections in the measuring circuit, the geometric mean of the
characteristic impedance of even (Ze ) and odd (Zo ) modes of
the line is set to be 50 Ω. Below we describe in detail the method
for computation of matrix parameters and give the results of the
optimization of the meander line turn for the experiment.
A. Research Methods
As long as the meander line turn is a coupled short-circuit
transmission line, any traditional approach to the transmission
line simulation can be used for the simulation of the signal
propagation in a turn of a meander line. Before that we should
compute matrixes of per-unit-length coefficients of electromagnetic and electrostatic inductions of the line segment (matrixes L
and С). Quasistatic approach based on the method of moments
is the simplest and the most effective method of calculation.
Fig. 2 shows the cross section of coupled lines with an infinite
ground plane. First, we need to carry out the segmentation (separation into elementary segments – subintervals) of structure
boundaries.
Every nth subinterval can be described by the following parameters: xn – X-coordinate of the center of subinterval n; yn
– Y-coordinate of the center of subinterval n; dn – length of
subinterval n; εn – dielectric permittivity near the nth subin−
terval conductor-dielectric; and ε+
n and εn – dielectric permittivities at the positive and negative sides of the nth subinterval
dielectric–dielectric relatively to X or Y axis. These parameters
are used to compute elements of the square and dense matrix S.
Solution of linear systems with matrix S for every NCOND rightside vectors (based on the total number of signal conductors in
the structure) gives the distribution of the charge at boundaries
of the structure, from which coefficients of the matrix C are calculated. Matrix L can be calculated as a product of the dielectric

permittivity of the vacuum ε0 , magnetic permittivity of the vacuum μ0 , and matrix that is inverse to the matrix C computed
using the same approach but with the relative dielectric permittivity of every dielectric equal to the inverse value of its relative
magnetic permittivity. Paper [11] describes in details models for
computation of matrices L and C. Losses are taken into account
in a more detailed simulation. In addition to matrices L and C,
matrices of per-unit-length conductance G (losses in dielectric)
and resistance R (losses in conductors) are computed. Then we
construct an equivalent scheme of the line, assign all matrices
of per-unit-length parameters to it, and define the length of the
line as well as the input excitation in time domain. Response
to the excitation is computed in frequency domain using the
modified node potential method based on solution of telegraph
equations and the time response is obtained by means of the
inverse fast Fourier transformation. The described simulations
were carried out in the TALGAT software which allows solution
of a wide range of electromagnetic compatibility problems [12]
and is used for simulations represented in this paper.
B. Optimization of Parameters of the Line Cross Section
A standard material, foiled fiberglass FR-4 without protecting soldering mask, was chosen as a material for the printed
circuit board. Thickness of the core for the printed circuit is
hC = 2000 μm, thickness of the foil is t = 35 μm, the dielectric permittivity of the substrate is 5.4. Cross section of every
model of the meander line corresponds to a coupled microstrip
line without coverings (see Fig. 3). As some parameters of the
cross section of the line have typical values, only two parameters were optimized – the width of the signal conductor w and
the gap between signal conductors s. After the optimization, we
determined the width of the conductor as w = 2500 μm, the
gap between conductors of the first model as s = 250 μm. For
all following models, the gap was being successively reduced
down to 100 μm in increments of 50 μm in order to strengthen
the coupling between signal conductors and to evaluate the possibility of equalization of amplitudes of the first three pulses.
Fig. 4 shows the schematic of connections of the line from
Fig. 1 consisting of two parallel conductors with the length l
interconnected at one end. One of the conductors is connected
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TABLE I
PARAMETERS OF THE MANUFACTURED MODELS OF MEANDER DELAY LINES
s, μm
300
250
200
150

Fig. 5.

Printed circuit board with models of meander delay lines.

to a pulse source, which is presented by the electromotive force
source E and the internal resistance R1. Another conductor is
connected to a receiving unit, which is shown as R2. During the
simulation, R1 and R2 are equal to 50 Ω.
Next, we should choose l that fulfills the condition (3) for
the decomposition of a UWB pulse into pulses of even and
odd modes. Since the full-scale experiment will be carried out
by means of an oscilloscope С9-11 (50 Ω internal impedance,
17.8 GHz bandwidth), the duration of a pulse provided by generator is known to equal to about 100 ps. Using (3) we can compute
the minimum length of the half-turn of the line l which is necessary for the decomposition of a UWB pulse into a sequence
of pulses. Values of τe = 6.63 ns/ m and τo = 5.80 ns/ m are
calculated by the method of moments for the half-turn with
s = 250 μm and used to calculate l. The minimum l that fulfills
the condition (3) is 60.3 mm. As the full-scale experiment is
being carried out with real UWB pulses and a real printed circuit, we should take into account that the UWB pulse in the real
interconnection may be incompletely decomposed into pulses
of even and odd modes because of dispersion, losses, and some
other factors. Note that amplitudes of pulses in the output of the
line are greatly dependent on the duration of UWB pulses as the
increase of the signal front (which is typical for real interconnections) is stronger for a shorter duration than for a longer one.
To exclude the factors described above, l was set to 90 mm.
Using the results of the preliminary optimization, a printed
circuit board with models of meander delay lines has been produced from the two-sided fiberglass FR-4 (see Fig. 5). The
length of each half-turn is 90 mm, connections are (2w + s).
After the circuit board had been manufactured, we used a
measuring magnifier in form of a loupe with a ruler (division value 0.1 mm) and a micrometer (division value 0.01 mm)
to measure its real geometric parameters: w = 2450 μm, s =
300, 250, 200, 150 μm, t = 45 μm, hC = 2000 μm. According to the measured
√ data, we computed τe and τo , Δτ =
τe − τo , Ze , Zo , (Ze Zo ) which are given in Table I.
It is clear from Table I that the per-unit-length delay of even
mode is unchanged for all models of meander lines, and the
per-unit-length delay of odd mode is decreasing simultaneously

τ e , ns/m

τ o , ns/m

Δ τ !, ns/m

Z e, Ω

Z o, Ω

6.720
6.719
6.719
6.718

5.944
5.922
5.894
5.853

0.776
0.797
0.824
0.865

33.636
32.342
30.820
28.953

72.974
73.384
72.805
74.237

√

(Z e Z o ), Ω
49.544
48.717
47.694
46.362

Fig. 6.

Schematic figure of the experimental setup.

Fig. 7.

Oscilloscope record of a signal at the output of the generator.

with s which causes increase of Δτ . It is also worth noting that
the
√ decrease of s leads to a slight (down to 3 Ω) decrease of
(Ze Zo ) which may cause changes of pulse amplitudes in the
full-scale experiment.
C. Experimental Setup
The experimental setup was based on the stroboscopic oscilloscope С9-11 comprising of the signal analyzer, indicator,
generator, stroboscope. and pulse shaper (see Fig. 6). A 20 dB
attenuator was connected to the stroboscope input to protect it.
The meander delay line was connected to the pulse shaper and
the attenuator through sub-miniature version A (SMA) connectors.
Each experiment has been performed in the following order.
First, the UWB pulse from the pulse shaper propagated to the
input connector, then directly (without meander delay line) to
the output connector and, at last, to the attenuator and the stroboscope input to measure the signal waveform. Afterward, the
meander delay line was connected between the input and output
connectors and the resulting signal waveform was measured.
IV. RESULTS OF EXPERIMENT AND SIMULATION
A. Results of the Experiment
During the experiment, a signal of 40 ps at half of the maximum level (527 mV) was supplied from the output of the generator to the input of the combined oscilloscope С9-11. Fig. 7
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TABLE II
EXPERIMENTAL DEPENDENCIES OF THE AMPLITUDES OF THE FIRST THREE
PULSES AND THE DIFFERENCE BETWEEN THEIR PEAKS AT THE OUTPUT OF A
MEANDER LINE TURN FROM s
s, μm

300

250

200

150

V 1 , mV
V 2 , mV
V 3 , mV
Δ τ 2 1 , ps
Δ τ 3 2 , ps

67.1
93.8
87
1016
160

71.1
89.9
83
1016
160

74
86
81.5
1012
164

79
84
81
1012
172

TABLE III
SIMULATION DEPENDENCIES OF THE AMPLITUDES OF THE FIRST THREE
PULSES AND THE DIFFERENCE BETWEEN THEIR PEAKS AT THE OUTPUT OF A
MEANDER LINE TURN FROM s
s, μm
V 1 , mV
V 2 , mV
V 3 , mV
Δ τ 2 1 , ps
Δ τ 3 2 , ps

Fig. 8. Oscilloscope records of the signal at the output of models of meander
lines for s = 300 (a), 250 (b), 200 (c), 150 (d) μm.

shows an oscilloscope record of a signal at the output of the
generator.
Models of the lines were successively inserted between the
output of the generator and the input of the oscilloscope. Fig. 8
shows the oscilloscope records of a signal at the output of each
model. Oscilloscope records show that the signal at the end of all
lines is a sequence of three basic pulses, where the first pulse is
a crosstalk at the near end, the second and the third are pulses of
even and odd modes. Obtained oscilloscope records contain the
results we have expected. To obtain numerical coincidence of the
experiment and simulation results, we will use the real excitation (for example, by means of the digitization of an oscilloscope
record of a signal at the output of the generator) and account for
losses and dispersion existing in the line. The maximum attenuation of the UWB pulse amplitude is 6.3 times. Note that the signal at the output of the line has additional delay of 550 ps which
can be explained by additional adapters and line outputs on the
printed circuit necessary for its connection to the measuring
channel. Summary results are given in Table II, where V1, V2,

300

250

200

150

102.5
201.8
201.3
1015
120.4

107.87
201.3
201.8
1007
126.4

114.7
199.8
202.3
1003
129.1

122.6
198.4
202.7
992
138.2

V3 – amplitudes of the first, the second, and the third pulses,
τ2 − τ1 –the delay difference of the second and the first pulses,
and τ3 − τ2 – the third and the second pulses. These values
were measured by oscilloscope markers placed at the points of
the maximum impulse voltage.
According to Table II, the decrease of s leads to the increase
of the amplitude of the first pulse (crosstalk) and the decrease
of the amplitude of the second and the third pulses (even and
odd modes). This fact proves that it is possible to minimize amplitudes of a signal at the end of a meander line turn by means
of the equalization of the first three pulses. We observe a successive approximation to the optimum choice: the amplitude of
the output signal was reduced from 93.8 mV down to 84 mV,
and the amplitude of the first pulse was reduced only 5 mV. Δτ
increased when the coupling between the conductors strengthened as the gap was reduced, i.e., the signal was decomposed
into modes. Thus, the experiment proved the possibility of the
decomposition of UWB pulses in the meander microstrip line
turn and the possibility of the equalization of amplitudes of
the first three pulses at the output of the line, obtained by the
optimization of the coupling between signal conductors.
B. Results of the Simulation
In order to compare the results of the full-scale experiment
with the results of the simulation, we carried out simulation of
the waveform at the end of a turn of a meander line, with excitation taken from Fig. 7 and took into account losses in the
conductors and dielectric. Obtained waveforms at the end of
models of a meander line are given in Fig. 9, Table III depicts
summary results. Matrices of the per-unit-length resistance (R)
and conductivity (G) were computed to account for losses. Entries of the matrix R were calculated accounting to the skin
effect, but without consideration of the proximity effect. Entries
of the matrix G were computed by means of the well-known
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Fig. 10. Calculated (–) and measured (- -) frequency dependences of |S 2 1 |
for meander line turn with s = 300 μm.

of the first pulse derived during the simulation is 1.5 times
higher than the amplitude derived during the experiment, while
amplitudes of the second and the third pulses are 2.1–2.5 times
higher. It also proves stronger impact of losses in the real line
than in the simulation. In quasistatic simulation, the radiated
losses which may influence the coincidence of experiment and
simulation results are not taken into account.
C. Discussion

Fig. 9. Waveforms at the output of models of meander lines for s = 300
(a), 250 (b), 200 (c), 150 (d) μm.

model of the frequency dependence of relative dielectric permittivity and dielectric loss tangent of the material FR-4 [13].
Matrixes R and G at frequency of 1 GHz are equal to




3.49 0
10.48 −3.93
R=
Ω/m, G =
mSm/m.
0 3.49
−3.93 10.48
Comparative analysis of Figs. 8 and 9 and Tables II and III
shows that the results of the simulation and full-scale experiment
have a proper time matching: delay differences of the pulse
propagation of the first and the second pulses almost match,
experimental values are 1.2–1.3 times higher than simulation
ones. At the same time, amplitudes of the signal at the output of
meander lines are different. This observation can be explained
by the influence of inhomogeneities in connectors and half-turns
joint, which were not taken into account in the simulation, the
insufficient accuracy of measurements of real parameters of the
printed circuit could cause mismatch as well. The amplitude

Relying on the results of the real experiment and quasisatic
simulation, we can note the positive effect of the proposed approach. Devices can be protected against UWB pulses by the
simplest elements of printed circuits – meander lines that decompose UWB pulses into a sequence of pulses. In practice,
it is hard to implement this approach for protection of every
circuit of a printed circuit assembly. It is easier to implement
devices based on meander lines in the most critical and sensitive circuits. As the second option, the proposed approach can
be used together with traditional shielding (closure of protected
devices in shielded blocks and enclosures). In this case, protective devices based on meander lines with the optimal parameters
can be used as intermediate devices between external lines and
shielded enclosures; therefore, these devices will provide additional protection against UWB pulses penetrating into blocks
via supply circuits.
In general, there are various wanted signals for which various distortions are acceptable. To clarify this issue a frequency
response can be useful. We have calculated and measured the
frequency dependence of |S21 | up to 10 GHz for each of the
considered meander line turns. For example, the frequency dependence of |S21 | for meander line turn with s = 0.3 mm is
shown in Fig. 10. One can see that passband of the device is
about 1 GHz, warranting the low distortions of wanted signals
in this band. Increased discrepancy at higher frequencies can be
explained by factors (discontinuities, radiation, and others) not
properly considered in simulation.
In practice, the duration and the rise time of a UWB pulse can
vary in a wide range of values. Therefore, one turn of a meander
line cannot protect against any UWB pulse, but meander line
turns can be cascaded to additionally attenuate shorter pulses.
The duration of UWB pulses has a very wide range as it does
not have a lower range limit and its upper range is limited only
by the condition (3). We describe below how to increase the
upper range.
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significant mismatch in pulse amplitudes and explained the reasons for the mismatch. Additionally, calculated and measured
frequency dependences are presented. At last, we formulated a
condition which provides for pulses successively coming to the
end of the line: first, the crosstalk pulse, then pulses of even and
odd modes, while each pulse comes to the end of the line right
after the previous one.
Fig. 11. First three pulses at the end of the turn of a meander line under the
condition (5).

By means of the optimization of parameters of the cross section of a meander line, we can obtain the optimum decomposition of a UWB pulse when the second and the third pulses come
to the end of the line right after the crosstalk pulse. The condition
for such decomposition can be obtained through conditions (2)
and (3). Since their right parts are equal, we equalize left parts
and replace |τe − τo |·with τm ax − τm in (τm ax – the maximum
value of per-unit-length delays of even and odd modes of the
line) and get
2 · (τm ax –τm in ) · l = 2 · τm in · l.

(4)

After transformation (4) yields
τm ax = 2 · τm in .

(5)

If the condition (5) is fulfilled due to the optimization of the
cross section of the line, three pulses will successively come
to the end of the line (see Fig. 11): first, the crosstalk pulse,
then pulses of even and odd modes, and each pulse will come
to the end of the line right after the previous one. The fulfilled
condition (5) increases the duration of a UWB pulse that should
be decomposed. The first three pulses will be spread out over a
period of time equal to the doubled product of the length of the
line and the minimum value of the per-unit-length delay of even
and odd modes.
V. CONCLUSION
The paper experimentally proves that the decomposition of
a UWB pulse into a sequence of pulses with lower amplitudes
in the turn of a meander delay line is an effective method of
protection against UWB pulses for electronic equipment. It has
been shown that a pulse at the output of a line can be minimized
due to the equalization of amplitudes of the first three pulses by
means of the optimization of the coupling between half-turns of
a line. For this purpose, we optimized parameters of the cross
section of models of meander lines, made a printed circuit, and
measured its geometric parameters obtained after the printed
circuit had been manufactured. A full-scale experiment showed
that the maximum attenuation of a UWB pulse amplitude is
6.3 times. We have also carried out the simulation of the experiment (a waveform of a real UWB pulse obtained from the output
of a generator during the experiment was taken as excitation,
measured parameters of cross section of every line were also
taken into account) and compared the obtained results with the
results of a full-scale experiment. The comparison proved that
the results show a good convergence in propagation delays of the
signal components at the output of the line, but we observed a
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