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Ultrashort Pulse Decomposition in a Two-Turn Meander
Line with Radio Absorbing Material

Georgiy Y. Kim, Alexander V. Nosov

Abstract — This paper presents practical realization of a two-
turn meander microstrip line with reduced size. For the first
time, two approaches were applied for this purpose: the use of
radio absorbing material (RAM) and additional folding of each
meander line turn into non-core turns. It was revealed that the
sequences of arrival of decomposed pulses in structures with and
without RAM differ. In this regard, new conditions for
decomposition of ultrashort pulse (USP) were formulated. 1t was
revealed that folding of each turn of meander microstrip line into
minor turns leads to additional attenuation of the USP.
According to the experimental results, the attenuation of a USP
in such a structure was 15.3dB. The width and length of the
fabricated prototype were 46 mm and 57 mm. By contrast,
without using RAM and folding, the dimensions were 10 mm and
575 mm, and the attenuation of a USP was only 4.08 dB. The
analysis of the N-norms of the studied structure showed, that N1,
N2, N3, and N5 decreased by 5.75 times, 13.16 times, 1.04 times,
and 2.92 times, while N4 increased by 1.54 times. The structure
can be used in DC power circuits with voltages and currents up
to 530 V and 850 mA.

Keywords — Ultrashort pulse, Protective device, Meander line,
Radio absorbing material

I. INTRODUCTION

With the development of electronic devices, the operating
voltages are decreasing and the density of printed circuit
board (PCB) traces is increasing. These technological changes
increase the susceptibility of electronic devices to various
types of electromagnetic interference (EMI). It is known that
EMI can be a threat to modern electronic devices [1, 2]. Thus,
generators of powerful EMI can be used by intruders to
destabilize or completely disable critical infrastructure [3-6].
Ultrashort pulses (USPs) are a serious threat to electronic
devices [7]. There are many well-known traditional
techniques to protect devices against USPs, but they have
several disadvantages, namely low power and speed, as well
as limited resource [8]. Therefore, it is relevant to search for
new approaches and protective devices that do not have these
disadvantages. Engineers have developed multiple devices
based on printed structures for protection against EMI and
signal filtering in the frequency band [9-11]. One of the
promising approaches to protect electronic equipment is the
one based on the USP attenuation in the meander line (ML)
due to modal decomposition [12]. It seems promising because
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the implementation of such protection may not require an
additional protective device but can utilize the MLs already
available on the PCB. The principle of this approach is to
decompose the USP into a sequence of crosstalk pulses, odd
and even modes of smaller amplitudes in a meander
microstrip line (MSL), and then equalize their amplitudes.
This allows attenuating the USP amplitude by 7.6 dB in the
simplest case [12]. However, such attenuation is not sufficient
to protect electronic equipment from powerful USPs. To solve
this problem, a meander MSL of several turns connected in
series can be used. In such structures, the USP is first
decomposed into a sequence of pulses of smaller amplitudes
in the first turn, and then each of them - in the turn that
follows, etc. Thus, the use of a meander MSL of 2 turns
allowed increasing the attenuation up to 14.3 dB, of 3 turns up
to 18.2dB, of 4turns up to 26 dB, and of 5turns up to
30.4 dB [13, 14]. However, practical realization and further
use of such structures in modern electronic equipment is very
difficult. This is explained by the need to use lines with high
length and/or substrates with large dielectric constant. To
solve the problems described above, the following approaches
can be used: the use of radio absorbing material (RAM) and
additional folding of each ML turn into non-core turns. The
first approach allows achieving a large difference in the
decomposition mode delays (At) using available dielectric
substrates [15], while the second approach reduces the size of
the final protective device and additionally weakens the USP
due to the presence of oscillations at its output [16]. Note that
in the presence of RAM in the structure, the arrival sequence
of decomposition pulses at its output will change compared to
previous results from [13, 14]. This will require the
formulation of new conditions for the decomposition of the
USP for use in optimization. However, the use of these
approaches for structures of two or more turns has not been
previously considered. That's why it's relevant. It is advisable
to improve a simpler structure due to RAM and folding of
turns: a meander MSL of two turns. Thus, the goal of this
work is to improve the meander MSL with two turns by
folding and covering it with RAM.

I1. INITIAL DATA

This study investigates a two-turn meander MSL connected
in series. In such a structure, when the cross-section
parameters are optimal, the USP is initially decomposed into
three pulses in the first turn, and then each of them is
decomposed into three more pulses in the second turn. The
connection diagram of the structure is shown in Fig. 1.
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Fig. 2. Cross-section, which is the same for each turn

For further simulation, excitation is assumed to be a USP
with 1V e.m.f. and duration of fronts and flat top of 0.2 ns
each. Its voltage waveform is presented in Fig. 3.
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Fig. 3. Excitation signal waveform

To simplify further manufacturing and mounting of SMA
connectors, the width of the conductors was chosen to be
w=1 mm. The thickness of the metallized layer and the
substrate were chosen from standard values provided by PCB
manufacturers, i.e., t=35um and hg=2 mm. FR-4 material
with g,4=4.6 and tg6=0.017 was chosen for the PCB substrate.
In order to obtain a large At, we chose the microwave energy
absorber ZIPSIL 410 RPM-L with g,=20.1 and tg6=0.06 as
the top layer. Its thickness was set to h,=1000 um to ensure
the maximum At according to [15]. A heuristic optimization
of the parameter s was performed using the criterion of
matching the structure with the 50 Q path. As a result, was
found s=335 pm, at which (Z.Z,)° of each turn is equal to
49.8 Q. These parameters will be referred to as the initial
parameters, and the structure in Fig. 1 as Structure 1.

Il. SIMULATION RESULTS

Matrices C and L calculated in the TALGAT system [17]
were the same for each turn of Structure 1:

0.25 -0.17 0.52 0.25
C= nF/m, L= pHn/m.
-0.17 0.25 0.25 0.52

Calculated per-unit-length delays of even and odd modes
were the same for each turn: t.=8.01 ns/m and t,=10.61 ns/m.
It is worth noting that in the absence of a covering layer in
Structure 1, t,<te, but its At is small, so it is necessary to use a
dielectric substrate with a large ¢, or a large length of its
segments. As mentioned above, the sequence of pulse arrivals
in Structure 1 will change compared to the results of [13].
Taking this into account, new conditions for the complete
decomposition of USP in such a structure were formulated:

where 7,1, and o3, are the per-unit-length delays of the even
and odd modes of the first and second turns, and |, and |, are
the lengths of their half-turns.

The lengths of the turns for which the conditions (1)—(6) are
almost fulfilled were found: 1;=150 mm and 1,=250 mm. The
delays of the main decomposition pulses at the output of the
considered structure were calculated using the formula
from [18] and are as follows: P1=0 ns, P2=2.4 ns, P3=3.2 ns,
P4=4 ns, P5=5.3 ns, P6=6.4ns, P7=7.2 ns, P8=7.7 ns, and
P9=8.5ns. In this case, each of the pulses will not arrive
earlier than the previous ones, except for P8 because
condition (6) is fulfilled incompletely. However, taking into
account the USP duration, it will overlap insignificantly with
the decay of P7 and will not lead to a significant increase in
the resulting amplitude. This overlap can be seen in more
detail from the voltage waveform in Fig. 4. In this respect, it
makes no sense to increase |, or decrease |, in order to fully
satisfy conditions (1)—(6).
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Fig. 4. Voltage waveforms at the output of Structure 1 with (—-) and
without (—) losses

Figure 4 shows the voltage waveforms at the output of
Structure 1 calculated using the TALGAT system. These
waveforms were calculated without and with losses in
conductors and dielectric and illustrate the decomposition of a
USP into nine pulses. It is clear that the USP in Structure 1 is
decomposed into nine basic pulses as in the MSL without
RAM [18]. In this case, P1 is crosstalk at node V5 (P,,) from
the crosstalk pulse induced from node V1 to node V3 (Py,) and
then to node V5. P2 is P,, from the even mode of the first
turn (Pe1), P3is Py, of the odd mode of the first turn (Py,),
P4 is the even mode of the second turn (Pgy) of P,q, P5 is the
odd mode of the second turn (Py,) of Py, P6is Pg, of Py,
P7is Pg, of Py, P8is Py, of Py, and P9 is Py, of Py The
delays of the main pulses correspond to those calculated
above. It can also be seen that the rise of P8 is superimposed
on the fall of P7, but this does not lead to an increase in the
resulting amplitude. This happened because condition (6) was
fulfilled incompletely. The maximum attenuation of
USP (relative to E/2) at the output of Structure 1 with losses
was 16.3 dB, and without losses it was 13.1 dB.
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Figure 5 shows the voltage waveform at the output of a
one-turn meander MSL with the initial parameters for
comparison.
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Fig. 5. Voltage waveforms at the output one ML turn with losses

It is clear that the USP is decomposed into three pulses, and
its attenuation was 7.9 dB (less than in structure 1 by more
than 2 times).

In order to reduce the size of the final device, we folded
each turn into non-main turns, also similar to [16]. This
approach allows reducing the length of the structure by
increasing its width. In addition, depending on the distance
between the non-core turns, oscillations appear at the output
of the structure, which can further increase the USP
attenuation. The optimization of the structure was carried out
heuristically based on the dimensional criterion. As a result,
each line in Fig. 1 was folded into five non-core half-turns.
The connection diagram of such a structure is shown in
Fig. 6 (for simplicity, this structure will be referred to as
Structure 2), where s is the distance between the main pair of
folded conductors and equals 335 pm, and s, is the distance
between the non-core half-turns.
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Fig. 6. Circuit diagram of the Structure 2

The value of s,, was chosen according to the simulation
results. The lengths of such folded turns were 1,=30 mm and
1,=50 mm.

Figure 7 shows the voltage waveforms at the output of
Structure 1 and Structure 2 at s,,=2200 pm, 7700 pm, and
13200 um to demonstrate the effect of oscillations on the
voltage waveforms as the coupling between non-core half-
turns increases.

Vaoltage (mV)
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Fig. 7. Voltage waveforms at the output of Structure 1 (—) and
Structure 2 with s,,=2200 um(—), 7700 pm(—), and 13200 pm(—)

It is clear that as the s, of Structure 2 increases, the
guantitative and qualitative agreement with the voltage
waveform at the output of Structure 1 improves. As the s,,
decreases, the voltage waveform is distorted, but the voltage

amplitude decreases. This can be caused by the superposition
of oscillations of different polarity resulting from coupling
between non-core half-turns, also similar to [16]. Table 1
summarizes the maximum amplitudes (V) and USP
attenuation values (Ey) at the output of Structure 2 at
Sy=2200 pm, 7700 pm, and 13200 um.

TABLE1
THE MAXIMUM OUTPUT AMPLITUDES AND ATTENUATION VALUES FOR
STRUCTURE 2

Sny: UM Vinax, MV Ea, dB
2200 70 17.1
7700 75 16.5
13200 74 16.6

It is clear from it that V.. increases by 7% when s,,
increases from 2200 um to 7700 pm, and decreases by 2%
when s, increases from 7700 pm to 13200 pm. Then,
Sw=2200 pm is optimal for further field tests.

IV. FIELD TESTS AND ANALYSIS

A prototype of Structure 2 with s,,=2200 pm was fabricated
for field tests. This prototype is shown in Fig. 8 without RAM
to demonstrate printed traces.
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Fig. 8. Fabricated prototype without RAM

57 mm

Its geometric parameters and substrate material are similar
to the original. The size of the PCB with Structure 2 in Fig. 8
is 46 mm x 57 mm. The length of the first line is 1;=21 mm,
and the length of the second line is 1,=36 mm. The difference
between lines length of the model in Fig. 6 and the
manufactured prototype can be explained by the presence of
the interconnects, the length of which was not taken into
account in the quasi-static simulation.

Experimental studies were performed by measuring S-
parameters of the prototype and then using them to calculate
the time response to a given excitation. They were measured
for the prototype without and with RAM. Liquid RAM was
added to fix the solid RAM to the prototype and to eliminate
air gaps between the radio absorbing layer and the board. In
addition, we performed electrodynamic simulation to validate
the results.

S-parameters were measured using a Micran P4M-18 vector
network analyzer with an operating frequency range from
10 MHz to 20 GHz. The manufactured prototype was
connected to its 2 ports via SMA connectors using high
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frequency cables. The measurement setup for analyzing the
frequency characteristics is shown in Fig. 9.

@) (b)

Fig. 9. Setup for measuring Structure 2: (a) without RAM,
(b) with RAM

Figure 10 shows the measured frequency dependence
of |Syy| of Structure 2 without and with RAM to demonstrate
the bandwidth and attenuation of interference pulses up to
10 GHz.
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Fig. 10. Measured frequency dependencies of |S,,| of Structure 2:
(a) without RAM (—), (b) with RAM (—)

It is clear that when applying RAM to Structure 2 in the
range up to 3.5 GHz, the attenuation increases (e.g., at 1 GHz
up to -44 dB), and in the range from 2 GHz to 10 GHz, the
number of resonances significantly decreases compared to
Structure 2 without RAM. In addition, the cut-off frequency is
also reduced. With RAM it is 0.07 GHz, and without RAM —
0.64 GHz.

Figure 11 shows the voltage waveforms at the output of
Structure 2 without and with RAM calculated from its
measured S-parameters and electrodynamic simulation.

Note that liqguid RAM has properties different to solid
RAM. Therefore, this was taken into account in the
electrodynamic simulation — ¢, and tgd of the layer with RAM
were assumed to be 8 and 0.1. Fig. 11 shows that simulation
and experimental results are in good agreement. Table 2
summarizes the V. and Eg: for all cases considered in
Fig. 11.

It is known that USPs are dangerous for electronic
devices [7]. For example, its large amplitude can lead to
electrical breakdown, fast rise time — to spark formation,
average effective voltage value — to component burnout, etc.
Therefore, we used N-norms [19, 20], which were used in
similar studies [21], to evaluate the probability of these
factors. The names, formulas and descriptions of each norm

are known from [22, 23]. The N- norms calculated in the 50 Q
tract without line and in Structure 2 with and without RAM
are given in Table 3.
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Fig. 11. Signal waveforms at the output of Structure 2 obtained by
experiment (—) and by electrodynamic simulation (—): (a) without
RAM, (b) with RAM

TABLE 2
THE MAXIMUM OUTPUT AMPLITUDES AND ATTENUATION VALUES

Case Without RAM With RAM
Vﬂx, mV Ea_n, dB Vﬂx, mV Eu, dB
Electrodynamic simulation 318 3.94 70 16.7
Experiment 316 3.98 90 15.2
TABLE 3
MEASURED N-NORMS
Case N1-10° N2:10° N3-10%° N4-10™ N5-10°

Without line 500 25 2 2 9.13
At the line output with RAM 87 0.19 1.92 3.09 313
At the line output without RAM 316 129 198 3.94 6.89

It is clear from it that in Structure 2 with RAM, N1, N2, N3,
and N5 decreased by 5.75 times, 13.16 times, 1.04 times, and
2.92 times, and N4 increased by 1.54 times. This reduced the
probability of electrical breakdown, arc discharge, dielectric
breakdown and component burnout. However, the probability
of equipment damage caused by the total energy of the pulse
was increased. Note that in Structure 2 without RAM the
results were slightly worse: N1, N2, N3, and N5 decreased by
1.58 times, 1.94 times, 1.01 times, and 1.32 times, and N4
increased by 1.97 times. Thus, the use of Structure 2 with
RAM for protection is more effective than without RAM.

This structure can be used in DC power circuits where
phase distortion is acceptable. For example, according to the
IPC-2221A standard [24], the line can be used in circuits with
voltages and currents up to 530 V and 850 mA. It can also be
used in circuits with higher voltages, but in that case
additional optimization of its parameters is required (increase
in minimum clearances and conductor area).

V. CONCLUSION

Practical realization of a two-turn meander MSL with
reduced size has been performed. For this purpose, two
approaches were applied: the use of RAM and additional
folding of each ML turn into non-core turns. It was found that
the sequence of arrival of decomposed pulses in the structure
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with RAM differs from the same structure without RAM. In
this regard, new conditions of USP decomposition were
formulated. It was also found that the folding of each turn of
the meander MSL into non-core turns leads to additional USP
attenuation. As a result of simulation, the USP attenuation was
16.3dB. According to the experimental results, the USP
attenuation was 15.3 dB. The size of the fabricated prototype
was 46 mm x 57 mm, while without using RAM and folding,
it is 10 mm x 575 mm. In addition, in such an unfolded
structure without RAM, the USP attenuation is only 4.08 dB.
The N-norm analysis of the structure showed that N1, N2, N3,
and N5 decreased by 5.75 times, 13.16 times, 1.04 times, and
2.92 times, while N4 increased by 1.54 times. Thus, when
using a manufactured prototype for USP protection, the
probabilities of electrical breakdown, arc fault, dielectric
breakdown, and component burnout can be reduced.
However, the probability of equipment damage caused by the
total pulse energy increases. Therefore, it is necessary to take
this into account when using proposed structure in electronic
devices where N4 is critical. The structure can be used in DC
power supply circuits with voltages and currents up to 530 V
and 850 mA.
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