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Abstract— The processing of a pulse signal by a passive
device is considered. A detailed analysis of the ultra-
wideband (UWB) pulse propagation in two turns of meander
microstrip line (MSL) connected in cascade is performed. The
possibility of the UWB pulse decomposition in a meander MSL
into a sequence of nine main pulses with 5.2 times attenuation
is demonstrated. The conditions for such decomposition are
determined and presented. A detailed description of each of the
decomposition pulses at the end of the line under investigation
is performed.

Index Terms—ultrashort pulse, meander line, protecting
device, pulse train, even and odd mode

I. INTRODUCTION

In modern science and technology, signal processing
hardware based on numerical methods (digital signal
processing) have become widespread in computer systems
for analyzing, processing and generating pulse and harmonic
signals. However, traditional hardware for analog signal
processing based on active components, have relatively low
speed, and often reliability, due to semiconductor
components in their packaging [1]. Such components are
highly susceptible to radiation, aging and have a limited
operation cycle. Together with active signal processing
devices, designers use passive devices, for example, the
ones based on the printed circuit board strip transmission
lines that are free from the most listed above disadvantages.

There are many studies of various devices based on strip
lines for EMI protection and for signals filtering in the
frequency domain [2-7]. There have been proposed a
number of devices based on printed conductors, providing
attenuation of ultra-wideband (UWB) pulses which are
dangerous for sensitive REE. The possibility of attenuation
is based on modal distortions of an UWB pulse by means of
its decomposition into a sequence of pulses of smaller
amplitude, which is less dangerous for sensitive REE
circuits. Thus, an approach to attenuation is proposed, which
is based on modal distortions of the signal in simple printed
structures: meander delay lines [8, 9]. Basis of the approach
is the UWB pulses decomposition into three main pulses in
one turn of meander microstrip line (MSL). Decomposition
is achieved by selecting line parameters that provide a
number of simple conditions. Field tests of a device based
on this approach were carried out, and the possibility of EE
protecting against UWB pulses by the turn of meander MSL
was experimentally proved [8]. The UWB pulse
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decomposition at the end of meander line with broad-side
coupling of two turns connected in cascade was also studied
[9], but such investigation was not carried out for the
meander MSL. Meanwhile, the possibility of decomposing
an UWB pulse into a sequence of pulses after its
propagating along the two turns may be used for signal
processing, (for example, for generating a pulse train), and
the meander lines can be used as passive devices for such
processing. Then the aim of this paper is to investigate the
possibility of UWB pulse decomposition in two turns of
meander MSL connected in cascade.

II. INITIAL DATA

The schematic diagram of two turns of meander MSL
connected in cascade (Fig. 1) is the same as in [9]. R1 and
R2 are taken equal to the geometric means of the
characteristic impedance of the first and second turn modes
respectively. As an excitation, we used a pulse with
following  parameters from [9]: E=1V, =100 ps,
t=t=50 ps, where E — e.m.f. source, #; t., tr— the flat top,
rise and fall time durations. Turns of meander MSL have the
same cross section, which is shown in Fig. 2.

It is known that the UWB pulse can be decomposed in a
turn of a meander MSL into a sequence of cross-talk, odd
and even modes pulses with a pulse-by-time separation of
equal values [8]. The condition for such decomposition is

Timax =2 Tmin (1
where Tpax and T, are the maximum and minimum values
of per-unit-length delays of the line modes. Essentially, the
condition (1) allows you to increase the duration of the
UWB pulse decomposed in a meander MSL to a value equal
to the product of the minimum of the per-unit-length delays

and the line length.
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Fig. 1. Schematic diagram of a line under investigations
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Fig. 2. Cross section of one turn of a meander MSL
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In order to complete UWB pulse decomposition in a line
under investigation, first, it is necessary to decompose it in
the first turn into crosstalk, odd and even modes pulses.
Then it is necessary to decompose each of these pulses in
the second turn into three similar pulses. Since a big number
of reflections complicates the UWB pulse propagation in
two turns, it is advisable to provide the condition (1) only in
the first turn. This will exclude the superposition of the main
decomposition pulses and reflected pulses and will
minimize the UWB pulse amplitude.

To decompose the pulse sequence in the second turn, one
must provide such delays of theirs in the second turn that
will allow each of them to decompose into three pulses:
crosstalk, odd and even modes. Also, it is necessary to
consider their crosstalk from the output of the first turn
(node ¥73) to the output of the second turn (node V'5) whose
delay at the end of the line is determined by the delay only
in the first turn, since they are induced at the moment of
pulse propagation in the second turn. At the end of meander
MSL of two turns, there will also be a number of reflections
from the junctions between the half-turns (nodes 72 and
V4), turns (node ¥3) and the line ends (nodes V1 and V5)
which can overlap the main signal. Numerous simulation
results obtained in the range of parameters have shown that
to prevent partial overlapping it is necessary to provide the
inequality in the second turn

Tmax >3 Tin, )
that will help to minimize the UWB pulse amplitude at the
end of the line.

III. PARAMETERS OF THE LINES

The simulation was performed using TALGAT system
[10], which implements the calculation of transmission line
parameter matrices with the method of moments and time
response with the node-potential method [11]. Also, we note
that the method of moments is widely used and proved itself
to be good for simulation of meander delay lines [12—13].

According to condition (1), we performed the search for
the optimal parameters of the first turn, which provide UWB
pulse decomposition and minimization of its amplitude due
to the optimal coupling between the first turn conductors. As
a result of the search, we obtained the following cross-
section parameters of the first turn: the width (w;) and
thickness of the copper foil (#;) were 100 pm and 160 um,
respectively; the dielectric substrate thickness (/#1) was
200 pm; the distance between conductors (si;) was
19.78 um; the relative permittivity of the substrate (¢,1) was
480. The calculated matrices C and L of the first turn were:

6.76 -3.15 347 2.89
C= nF/m, L= uH/m.
-3.15 6.76 2.89 3.47

The condition (2) in the second turn is ensured by the
following parameters of the cross-section: w,=400 um,
£=600 pm, /=200 um, 5,=20.2592 pm, ¢€2=120. The
calculated matrices C and L of the second turn were:

3.58 -1.06 1.63 1.45
C= nF/m, L= puH/m.
-1.06  3.58 1.45 1.63
By means of the C and L matrices, we obtained the per-
unit-length delays of first and second turns modes [14]:
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T1=47.88 ns/m, Te2=27.88 ns/m, T01=23.94 ns/m,
1,2=9.29 ns/m. After pre-simulation of the time response, we
determined preliminary values of the turn lengths to prevent
the overlapping of the decomposition pulses: the length (/1)
of the first turn is 45 mm, and of the second one (/) is
25 mm.

IV. TIME RESPONSE

Fig. 3 shows the signal waveform at the end of the first

turn (¥3) when condition (1) was fulfilled.
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Fig. 3. Waveform at node ¥3 when condition (1) was fulfilled

From Fig. 3 we can see that the signal at the first turn end
is presented as a sequence: cross-talk (P1), odd (P2) and
even (P3) modes. It is also seen that the delay of the even
mode pulse is twice (1.1/1=47.87 ns/m-45 mm=2.154 ns) as
big as the delay of the odd mode pulse (these values are
noted in the diagram). The amplitude of the signal at node
V3 is 196 mV. The diagram in Fig. 3 also contains pulses
(between P1 and P2, and between P2 and P3 pulses) caused
by the reflections. As an example, we consider details of the
M1, M2 and M3 pulses caused by the reflections. In fact, M1
(odd mode) and M3 (even mode) are the results of the
decomposition in the second turn of the crosstalk pulse
reflected from the end of the line, which came to the end of
the second turn (node V5) from node V1, while the pulse
M2, as a result of reflection from the junction between turns,
is actually the M1 pulse which twice passed through the
second turn. Therefore, the delays of M1, M2, M3 pulses can
be defined as 6Hn=tn 2L=0.464 ns, tHn="T,245=0.929 ns,
tm3=Te2'21,=1.394 ns. Fig. 4 shows the voltage waveform of
the signal at the end of the meander MSL of two turns when
conditions (1) and (2) are fulfilled in the first and second
turns respectively.
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Fig. 4. Waveform at node /'S when conditions (1) and (2) are fulfielled in
the first and second turns respectively

From Fig. 4 we can see that the UWB pulse at the end of
line under investigation is presented by three sequences of
pulses (S1, S2, S3) of smaller amplitude, not exceeding the
94 mV. Sequence S1 is the result of the crosstalk
pulse (induced from node V1 to node F/3) decomposition
into odd (P2) and even (P3) mode pulses in the second turn.
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Sequence S2 is the decomposition of odd mode pulse from
the first turn (P2 in Fig. 3) into the odd (P2) and even (P3)
mode pulses in the second turn, and S3 is the decomposition
of even mode pulse from the first turn (P3 in Fig. 3) into the
odd (P2) and even (P3) mode pulses in the second turn.
Pulses P1, P4 u P7 are crosstalk pulses at node V5 from
crosstalk pulse (first induced from node V1 to node V3 and
then to node F5), as well as from odd and even modes
pulses of the first turn (P2 and P3 in Fig. 3) respectively.
Also, from Fig.4 one can see many pulses of smaller
amplitude (compared to the main pulses of the three
sequences) caused by reflections. As a result, the amplitude
attenuation of the UWB pulse at the end of the line of is
5.2 times.

To completely understand the process of pulse
decomposition in two turns of meander MSL connected in
cascade, Table I summarizes the delays of each of the main
pulses (P1-P9) of three sequences (S1-S3) at the end of the
line (Fig. 4), where ¢.(we use indexes ¢ for crosstalk, e for
even and o for odd modes) is the first pulse delay, #, is the
second pulse delay, #.is the third pulse delay, f.is the
fourth pulse delay, ¢, is the fifth pulse delay, #. is the sixth
pulse delay, . is the seventh pulse delay, ., is the eighth
pulse delay, . is the ninth pulse delay (where indexes co is
an odd mode from crosstalk in node V3, ce is an even mode
from crosstalk in node V3, oc is crosstalk in node V5 from
an odd mode pulse from the first turn, oo is an odd mode
from odd mode pulse of the first turn, oe is an even mode
from an odd mode pulse of the first turn, ec is a crosstalk
pulse in node V5 from an even mode from the first turn,
eo is an odd mode from an even mode pulse of the first turn,
ee is an even mode from an even mode pulse of the first
turn). Whereas the first sequence is a result of the crosstalk
pulse decomposition into the crosstalk pulse and the odd and
even mode pulses only in the second turn, the delay of the
first pulse is defined as 7~=0ns, second pulse delay is
teo=To2' 21> (Where 1,7 is per-unit-length delay of odd mode of
the second turn, a /; is length of the second turn), and the
third is f.=Te2:2l> (Where 1.2 is per-unit-length delay of the
even mode of the second turn). The second pulse sequence
is a result of the decomposition of the odd mode pulse from
the first turn (P2 in Fig. 3) into the crosstalk pulse and the
odd and even mode pulses in the second turn, so the delay of
the fourth pulse is defined as #,=T,1-2/; (where 1, is per-
unit-length delay of the odd mode of the first turn, /; is
length of the first turn), and the fifth pulse delay is
too=To1201+7,2205, and the sixth is #,,=T,12/1t1.22/>. The third
sequence of pulses is the result of the decomposition of the
even mode pulse from the first turn (P3 in Fig. 3) in the
second turn, then the delay of the seventh pulse is defined as
te=Te12l1 (Where T, is per-unit-length delay of even mode
of the first turn), and the eighth pulse delay is
teo=Te121111,021>, and the ninth 1S t..=T12/1+T2210.
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TABLE L DELAYS (NS) OF EACH OF THE MAIN PULSES OF 3
SEQUENCES AT THE END OF THE LINE UNDER INVESTIGATION

S1 (P1-P3) S2 (P4-P6) S3 (P7-P9)
tc tco tce toc too toe tec teo tee
0 046 139]2.15 261 354| 43 477 5.69

Based on the above considerations, it follows that in order
to completely decompose the signal, that came from the first
turn into the second turn, it is necessary for the delay of
each of the main pulses of the three sequences (with the
exception of P1) in the line to be more than the delay of the
previous pulse summed with the duration of the UWB pulse,
otherwise the pulses will overlap each other. This can be
provided by the following set of conditions:

teo 2 1y, 3)
tee > tco+t27 (4)
too = toctty, )
toe > tootts, (6)
teo > tec+tz, (7)
tee 2 teotty, ()

where t5 is the sum of rise, fall and top times of the source.

If we know how to determine the delays of each of the
main pulses of the sequences (Z., fco, ..., te), then after
simple algebraic transformations, the conditions (3), (5) and
(7) will take the following similar form

2hTyn > ty, )
and conditions (4), (6) and (8) will have the following
similar form
2D|ter — To2| = 15 (10)
Then, to prevent the main signal from overlapping the
crosstalk pulse in each pulse sequence (S1-S3) in Fig. 4, it is
enough to provide condition (9), and for the decomposition
of the main signal into pulses of odd and even modes —
condition (10). After substituting the values in condition (9)
we obtain 0.46ns>0.2ns, and in condition (10) -
0.93 ns>0.2 ns. Thus, conditions (9) and (10) are fulfilled
with a margin.

It is important to note, that P3 can overlap P4, and P6 can
overlap P7, for example, when the UWB pulse has a longer
duration or when the second turn has a longer length. To
avoid this, it is necessary to additionally provide the
conditions

toc > Lecty, (11)
toe > toetty. (12)

After simple algebraic transformations, the condition (11)

takes the following form

2hto1 —2bt > 1y, (13)
and condition (12) takes the following form
2[1(Tel _T()]) - 212T62 Z tz (14)

After substituting the values in conditions (13) we obtain
0.76 ns>0.2 ns, and in condition (14) — 0.76 ns>0.2 ns.

Thus, conditions (13) and (14) are performed with a
margin. But, it is important to note that the calculated values
of the left-hand sides of (13) and (14) are the same. It is due
to the fact that the condition (1) in the first turn is fulfilled,
with the maximum of even and odd mode per-unit-length
delays of the first turn being equal to a doubled minimum of
the even and odd mode per-unit-length delays of the first
turn.
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To confirm the conditions (9), (10), (13) and (14), it is
worth considering the case when the conditions are not
fulfilled. Let us consider the case, when the condition (9) is
not performed, for example, by decreasing /. Fig. 5 shows
the waveforms at the end of the considered line with the
length of the second turn of 10 and 5 mm, and 45 mm for
the first turn.

Fig. 5. Waveforms at node V5 for ;=10 (a), 5 (6) mm

From the waveforms in Fig. 5 it can be seen that when the
length of the second turn decreases to 10 mm, the rises of
the odd mode pulses (P2, P5, P8 in Fig. 5a) begin to overlap
the crosstalk pulses (P1, P4, P7 in Fig. 5a). In this case, the
signal amplitude at node V5 for ,=10 mm does not exceed
94 mV either, since it is still determined by the P3 pulse
amplitude. However, for 5h=5mm (Fig.5b), the signal
amplitude at node V5 already is 171 mV. So, for =10 mm
the condition (9) is not fulfilled (0.18 ns<0.2 ns), the same is
also true for =5 mm (0.093 ns< 0.2 ns).

Next we consider the case, when the condition (10) is not
fulfilled, for example, by decreasing ¢, value to 5 (for
L=25mm), then 0.12ns<0.2ns. Fig.6 shows the

waveforms at the end of the considered line for g,,=5.
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Fig. 6. Waveforms at node V5 for g,,=5

It can be seen from the waveforms in Fig. 6 that the main
pulses of the three sequences are not decomposed into
pulses of odd (P2, PS5, P8) and even (P3, P6, P9) modes.
Herewith, the amplitude of the signal at node V5 is 180 mV.

Finally, consider the case when conditions (13) and (14)
are not fulfilled, for example, by increasing /> to 35 mm and
increasing the UWB pulse duration to 0.3 ns. Signal
waveforms at the end of two turns of meander MSL
connected in cascade for /,=35 mm and UWB pulse duration
of 0.3 ns are shown in Fig 7.

From the waveforms in Fig. 7 it can be seen that the even
mode pulse of the first sequence (P3) overlaps the crosstalk
pulse of the second sequence (P4), and the even mode pulse
of the second sequence (P6) overlaps the crosstalk pulse of
the third sequence (P7). The signal amplitude at node V5 is
168 mV. As a result of substituting the values of the
variables in (13) and (14), we obtain for either condition
0.2 ns<0.3 ns.

019

0¥ = 52 53

-
0.14 H
i
i

009 -
i
i

0.04
i
i

-0.01 4

-0.06 -

Fig. 7. Waveforms at node V5 for /,=35 mm and the UWB pulse duration
of 0.3 ns

Concerning the validation of the obtained results, we note
the following. This paper is the first step in the study of two
turns of meander MSL connected in cascade as analog
devices for the division of one UWB pulse into a sequence
(pulse train). Therefore, the paper was not anticipated the
comparison of the obtained results with the results obtained
by the other numerical methods, by other software products
and experimentally. Meanwhile, the available groundwork
in the study of a meander MSL turn confirms the correctness
of the numerical method and software used for the
simulation of similar devices. Thus, a good agreement of the
time and frequency characteristics of a meander line turn
obtained from simulation and experiment has been shown
[8]. In addition, the consistent results of quasistatic and
electrodynamic simulation of meander MSL has been
presented [15].

V. CONCLUSIONS

In this paper, we demonstrated the feasibility of UWB
pulse decomposition into a sequence of pulses of smaller
amplitude in two turns of meander MSL connected in
cascade. Since the condition (1) in the first turn and (2) in
the second turn were fulfilled, we obtained the UWB pulse
amplitude attenuation of 5.2 times at the line end. We also
formulated a number of conditions that provide the
decomposition of each of the pulse sequence from the end of
the first turn in the second turn, and make it possible to
prevent the even mode pulses of each sequence from
overlapping the following sequence crosstalk pulse. It is
worth mentioning, that the optimal parameters that provide
required conditions are difficult to implement in practice.
However, it is possible to fulfill the corresponding
conditions in the first and second turns by choosing values
of other cross-section parameters. For example, this can be
executed through optimization with genetic algorithms that
provides the possibility to set the required range of
parameters to be optimized. Nevertheless, the presented
results allow us to confirm that when the corresponding
conditions are fulfilled in the first and second turns, it is
possible to minimize the UWB pulse amplitude in two turns
of the meander MSL connected in cascade by its
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decomposition into a crosstalk pulse and the odd and even
mode pulses first in the first turn, and then, similarly, each
of them in the second turn.

The considered phenomenon and the corresponding
structures can be used for noise protection in the form of
filtering devices based on meander lines. For example, this
phenomenon may be useful for sensitive REE testing, when
the testing is required for the effects of a series (pulse train)
of UWB pulses that sequentially arrive at the input of
devices. The implementation of such dividing devices is
seen as an intermediate part connected to the output of the
generator, before entering the test object.
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