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Abstract – The paper considers decomposition of an ultrashort 

pulse in a turn of a meander microstrip line with two passive 
conductors into a sequence of pulses of lower amplitude. Two 
circuit diagrams were discussed, differing in the location of the 
connection of half turns. Various boundary conditions (open 
circuit, short circuit and 50 Ω) of the ends of passive conductors 
were investigated and the optimal ones were selected according 
to the criterion of the minimum amplitude at the end of the line. 
The analysis of the influence of the geometric parameters of the 
line on the amplitude of the output signal was carried out. We 
found the optimal parameters of the structures, which ensure the 
decomposition of the ultrashort pulse and the minimization of its 
amplitude. Based on the simulation results, we obtained the 
attenuation of an ultrashort pulse (relative to half of the e.m.f.) in 
the first structure of 6.4 times, and in the second – of 10.6 times. 
In addition, we determined the delays of each pulse and 
formulated the conditions the fulfilment of which allows for the 
decomposition of an ultrashort pulse into 11 pulses of lower 
amplitude. 

Keywords – Ultrashort pulse, Odd mode, Even mode, 
Additional pulse, Pulse decomposition, Protective device. 

I. INTRODUCTION 

The problem of electronic equipment (EE) protection is 
relevant today. The influence of natural and intentional 
electromagnetic interference (EMI) is dangerous for critical 
EE without any adequate protection [1]. The big concern 
today is the possibility of using EMI generators for terrorist 
purposes for disrupting or disabling (electromagnetic 
terrorism) important objects of modern society, for example, 
objects of the fuel and energy complex [2]. A number of such 
cases are known and reported in different countries of the 
world [3]. The most dangerous are ultrashort pulses (USP) of 
the nanosecond and subnanosecond ranges because of the 
high power and short rise time [4]. 

There are many approaches to protection against USPs [5–
7]. Each of them has its own drawbacks, the main ones of 
which can be low power and speed, as well as limited-service 
life [5]. For example, the efficiency of filters based on lumped 
elements can be reduced by the appearance of parasitic 
capacitance of the inductor at high frequencies and a high 
probability of penetration of ultra-wideband signals or 

disturbances at resonant frequencies [6]. Capacitors are 
susceptible to electrical breakdown: being exposed to a strong 
electric field the dielectric between the plates loses its 
isolation properties and begins to conduct the current [7]. 
Therefore, the search for new alternative protection devices is 
relevant. For example, devices protecting against USPs and 
based on printed lines and signal filtering in the frequency 
band are widely studied [8–13]. Noteworthy is the approach to 
the EE protection against USPs proposed by the authors and 
based on USP attenuation in meander lines due to modal 
decomposition [14]. One of its advantages is that to provide 
USP protection, it is not necessary to have a protection device 
as such: meander lines which are already available on the 
PCB can be used instead. The essence of the approach is to 
decompose the USP into a sequence of pulses of lower 
amplitudes, for example, in a meander microstrip line (MSL) 
into crosstalk, odd and even mode pulses; the USP attenuation 
can be reach 2.4 times. However, such USP attenuation is not 
sufficient and, in this regard, it is necessary to improve this 
approach. An increase of attenuation can be achieved with an 
increase of the number of decomposition pulses, for example, 
by adding additional passive conductors and introducing 
asymmetry into the cross-section of the line, as it has been 
done in a related works [15,16]. This will significantly 
increase the USP attenuation. The purpose of this work is to 
investigate these possibilities. 

II. INITIAL DATA FOR SIMULATION 

Fig. 1 shows the cross-section of the line under 
investigation with two additional passive conductors and 2 
circuit diagrams of the line. In the first diagram, the turn is 
located between the passive conductors (Fig. 1b), and in the 
second – on one side of them (Fig. 1c). In such a structure 
there are 4 modes, each of which propagates with its own per-
unit-length delay (τ1, τ2, τ3, τ4). Thus, with the optimal 
parameters of the cross-section, at the output (nodes V6 for 
circuit diagram 1 and V4 for circuit diagram 2) the USP can 
be decomposed into 5 pulses: crosstalk pulse and 4 line mode 
pulses. However, with an asymmetry of the cross-section, the 
number of pulses increases due to the appearance of additional 
pulses, the number of which is determined by the number of 
linear combinations of the mode pulse delays, similar to [15]. 
Taking this into account, at the end of the turn of the meander 
MSL with two passive conductors, 11 main decomposition 
pulses of lower amplitude will be observed. Then it is possible 
to formulate the conditions for USP decomposition in the line 
under investigation into a sequence of 11 pulses. However, 
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first we analyze the influence of the boundary conditions on 
the maximum USP amplitude at the end of the line (Umax), as 
well as the influence of geometric parameters of the line at 
Umax and the delays of each pulses. 
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Fig. 1. Cross-section (a), circuit diagrams 1 (b) and 2 (c) of the 
meander MSL with two passive conductors. 

III. SIMULATION RESULTS 

For simulation, as an excitation pulse we chose a 
trapezoidal pulse with an e.m.f. of 1 V, the duration of the flat 
top of 100 ps and the rise and fall times of 50 ps each. The 
internal resistances of the generator and the receiver are taken 
equal to 50 Ω (R2, R3 for circuit 1 and R1, R2 for circuit 2), 
and the boundary conditions for passive conductors (R1, R5, 
R4, R6 for circuit 1 and R3–R6 for circuit 2) will be chosen 
further from Table 1, where O means open circuit, and S – 
short circuit. 
 

TABLE 1 
SETS OF BOUNDARY CONDITIONS (N) OF PASSIVE CONDUCTORS 

FOR CIRCUIT DIAGRAMS 1 AND 2 
 

Circuit 1 Circuit 2 1 2 3 4 5 6 7 
R1 R3 O O S S S O 50 Ω 
R5 R4 O S O S S O 50 Ω 
R4 R5 O O S S O S 50 Ω 
R6 R6 O S O S O S 50 Ω 

First, the influence of the boundary conditions from 
Table 1 on the maximum amplitude at the end of the line was 
evaluated. For this, the structure under investigation was 
simulated with the following parameters: w=300 μm, 
t=18 μm, s1=s2=50 μm, s3=100 μm, h=300 μm, εr=10, l=1 m. 
These parameters were obtained by heuristic search according 
to the criterion of USP decomposition into 11 main pulses 
(each pulse of the sequence arrives after the previous one 
ends). Simulation was performed in the TALGAT software 
[17, 18]. Table 2 summarizes Umax values at the end of each 
circuit (at node V4 for circuit 1 and at node V6 for circuit 2) 
under the boundary conditions from Table 1. 

TABLE 2 
MAXIMUM USP AMPLITUDES AT THE OUTPUT OF THE CIRCUIT 

DIAGRAMS 1 (UMAX1) AND 2 (UMAX2) UNDER THE BOUNDARY 
 

N 1 2 3 4 5 6 7 
Umax1, V 0.182 0.191 0.118 0.201 0.136 0.119 0.109 
Umax2, V 0.199 0.206 0.105 0.149 0.222 0.178 0.146 

From Table 2 it can be seen that Umax in circuit 1 has a 
maximum value of 0.201 V for the 4th set of resistances, and 
the minimum is 0.109 V for set 7, and in circuit 2 – 0.222 V 
and 0.105 V for sets 5 and 3, respectively. Thus, for further 
simulation, we selected the sets of resistances that provide the 
minimum amplitude at the end of the line: 
R1=R5=R4=R6=50 Ω (N=7) for circuit 1; R3=R5=S, 
R4=R6=O (N=3) for circuit 2. 

Then, we estimated the influence of the cross-section 
parameters of the turn on the maximum amplitude at the end 
of the meander MSL and the delay of each of the 
decomposition pulses. When simulating, all resistances (R1–
R6) for circuits 1 and 2 are taken equal to 50 Ω. The influence 
of s1, s2, s3, w, t and h variations on the delays of all pulses 
(P2–P11), except the first one, and Umax was analyzed at the 
ends of circuits 1 and 2. The values of the s1 and s2 parameters 
varied in the range of 60-100 μm with a step of 10 μm, s3 – 
110–150 μm with a step of 10 μm, w – 400-900 μm with a 
step of 100 μm, t – 20-60 μm with a step of 10 μm, and h – 
20-900 μm with a step 100 μm. The values of εr and l 
parameters were taken as initial. Fig. 2 shows the dependences 
of the P2–P11 pulse delays on s1, s2, s3, w, t and h coinciding 
for circuits 1 and 2. Fig. 3 and Fig. 4 – dependences of Umax at 
nodes V6 and V4 of circuits 1 and 2, respectively. 

From Fig. 2, it can be seen that with an increase of s1, s2, 
and s3 values, the delays of all P2–P11 pulses practically do 
not change. An increase of w leads to a monotonic increase of 
the delays of pulses P2–P6 and P9–P11, while delays of 
pulses P7 and P8 become closer and, with an increase of w 
from 700 to 900 μm, change places after intersection. An 
increase of t leads to a monotonic decrease of the delays of all 
P2–P11 pulses (with that, as the dependences move away 
from the horizontal axis, they change less significantly). With 
an increase of h, the delays of the P2–P11 pulses decrease; 
however, approaching to the horizontal axis, this decrease 
becomes insignificant. 

From Fig. 3 it can be seen that the value of Umax increases 
monotonically with an increase of s1 (by 26%). With an 
increase of s2, the Umax value first slightly decreases, but, 
starting from the value s2=70 μm, a monotonic increase (by 
21%) is observed. A similar character is observed for the 
dependences of Umax(s3) and Umax(t). As can be seen up to 
s3=130 μm, the value of Umax decreases by 5%, and then, with 
a further increase of s3, it increases by 9%. Then we can see, 
that to a value of t=40 μm, Umax decreases by 11%, and with a 
further increase of t, the value of Umax increases by 4%. A 
monotonic decrease is observed in the dependence of Umax(w), 
but in the dependence of Umax(h), quite the opposite, there is a 
monotonic increase. An increase of w leads to a decrease of 
Umax value by 16%, and an increase of h leads to an increase 
of Umax by 45%. 
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From Fig. 4 it can be seen that the value of Umax with a 
change of s1 first decreases by 5%, and, starting from the 
value s1=90 μm, increases by 3%. An increase of s2 leads to a 
monotonic increase of Umax(s2) dependence by 54%. An 
increase of s3 leads to a slight increase of Umax value by 1%. 
An increase of w first leads to a decrease of Umax by 6%, and, 
starting from the value w=600 μm, to an abrupt increase (at 
w=700 μm) by 41% and a subsequent decrease by 8%. An 
increase of t leads to a slight change in the values of Umax (by 
4%), and an increase of h leads to a monotonic increase of 
Umax by 35%. 

 

a b 

c d 

e f 
Fig. 2. Dependences of delay values of pulses P2 (–•–), P3 (▬), 

P4 (---), P5 (– –), P6 (- -), P7 (⋅⋅⋅⋅), P8 (- ⋅ -), P9 (– ⋅ ⋅ –), P10 
(▬•▬), P11 (––) on s1 (а), s2 (b), s3 (c), w (d), t (e) and h (f) of the 

meander MSL. 
 

Taking into account the analysis results, parameters that 
ensure the minimum amplitude of the output signal and the 
decomposition of the USP into 11 pulses at the end of the turn 
were obtained. For the line with circuit 1 with N=7, the 
following parameters were obtained: w=400 μm, t=18 μm, 
s1=110 μm, s2=s3=40 μm, h=300 μm, εr=25, l=1.2 m. For the 
line with circuit 2 with N=3, the following parameters were 
obtained: w=2000 μm, t=18 μm, s1=s2=50 μm, s3=105 μm, 
h=300 μm, εr=20, l=1.2 m. The voltage waveforms simulated 
for comparison in the TALGAT and ADS software at the end 
of circuits 1 and 2 with the optimal parameters are shown in 
Fig. 5. 

 

a b 

c d 

e f 
Fig. 3. Dependences of Umax at the end of circuit diagram 1 on w (а), 

s1 (b), s2 (c), s3 (d), t (e) and h (f). 
 
 
 
 

 a  b 

 c  d 

 e  f 
Fig. 4. Dependences of Umax at the end of circuit diagram 2 on s1 (а), 

s2 (b), s3 (c), w (d), t (e) and h (f). 
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Fig. 5. Voltage waveform obtained in the TALGAT (
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4=14.8 ns/m, and for the second, they
=12.31 ns/m τ
-unit-length delays, the delays of each of the 

position pulses in the TALGAT
calculated. For the circuit 

P4=28.16 ns, 
P8=31.11 ns, 

ns, and for the line with circuit
P3=28.68 ns, 
P7=31.07 ns, 
=34.31 ns. Thus, when the known values are 

substituted into expressions (1)
with circuits 1 and 2 are fulfilled: the delay of each pulse is 
not less than the sum of the delays of the previous one and the 
total USP duration. 
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conditions that allow the decomposition of the USP into 11 
pulses in a meander MSL with passive conductors. First, it is 
necessary to formulate expressions that determine the delays 

omposition. Note that for the line with 
1 and 2, the obtained sets of optimal parameters are 

different; therefore, the sequence of decomposition pulses will 
pulses P7 and P

 1, the pulse delays are defined 
=2lτ2, tP5=lτ1
τ4, tP10=lτ3+lτ
11 pulses in the circuit

determined similarly; however, the pulses 
 and tP8=2lτ

expressions that determine the delays of each of the 10 
decomposition pulses (except for the first one, which arrives 
without delay and is induced), it is possible to ensure the USP 

position by fulfilling a number of conditions, similarly 
to the way it has been done in [15]. However, these conditions 
will be different for lines with circuits 1 and 2, since pulses 

8 have different arrival times. Then, the conditions for 
omposition of the USP in the circuit 1:

≥tUSP, 
1+tUSP, 

≥2lτ2+tUSP, 
2+tUSP, 
2lτ3+tUSP, 
3+tUSP 

is the length of a transmission line segment and 
time. The conditions for the USP 

decomposition in the line with circuit 2 are the same as (1)
(3), (4) and (6), while instead of (5) the following two 

2+lτ3+tUSP, 
+lτ4+tUSP. 

(6) for the circuit 1 and (1)
(8) for the line with the circuit 2 and with the previously 
found optimal parameters were checked. For this, we first 

length delays of the modes
of the line under investigation.

first parameter set they were τ1=11.12 ns/m, τ
ns/m, and for the second, they
ns/m τ3=13.22 ns/m, τ

length delays, the delays of each of the 
in the TALGAT

 1, they were
ns, tP5=28.62 ns,

 tP9=31.84 ns,
ns, and for the line with circuit

ns, tP4=29.54 ns, 
 tP8=31.72 ns,

ns. Thus, when the known values are 
–(8), the conditions for the line 

with circuits 1 and 2 are fulfilled: the delay of each pulse is 
not less than the sum of the delays of the previous one and the 

Microwave Review

practical implementation of these devices, it is necessary to 
pay special attention to the difference in pulses delays. 

he results obtained earlier, let us formulate the 
conditions that allow the decomposition of the USP into 11 
pulses in a meander MSL with passive conductors. First, it is 
necessary to formulate expressions that determine the delays 

omposition. Note that for the line with 
1 and 2, the obtained sets of optimal parameters are 

different; therefore, the sequence of decomposition pulses will 
P8 are swapped). 

, the pulse delays are defined 
1+lτ3, tP6=lτ2+
τ4, tP11=2lτ4. The 

11 pulses in the circuit 2 are 
determined similarly; however, the pulses P7 and P8 are 

τ3. Knowing the 
expressions that determine the delays of each of the 10 
decomposition pulses (except for the first one, which arrives 
without delay and is induced), it is possible to ensure the USP 

position by fulfilling a number of conditions, similarly 
to the way it has been done in [15]. However, these conditions 
will be different for lines with circuits 1 and 2, since pulses 

8 have different arrival times. Then, the conditions for 
omposition of the USP in the circuit 1: 

is the length of a transmission line segment and tUSP
time. The conditions for the USP 

decomposition in the line with circuit 2 are the same as (1)
(3), (4) and (6), while instead of (5) the following two 

1 and (1)–(3), (4), (6)
2 and with the previously 

found optimal parameters were checked. For this, we first 
length delays of the modes in the 

of the line under investigation. For the 
ns/m, τ2=11.73 ns/m 

ns/m, and for the second, they were 
ns/m, τ4=14.29 ns/m. 

length delays, the delays of each of the 
in the TALGAT software were 

1, they were tP2=26.69
ns, tP6=29.35
ns, tP10=33.04

ns, and for the line with circuit 2 they were 
ns, tP5=29.80
ns, tP9=31.92

ns. Thus, when the known values are 
(8), the conditions for the line 

with circuits 1 and 2 are fulfilled: the delay of each pulse is 
not less than the sum of the delays of the previous one and the 
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necessary to formulate expressions that determine the delays 

omposition. Note that for the line with 
1 and 2, the obtained sets of optimal parameters are 

different; therefore, the sequence of decomposition pulses will 
8 are swapped). 

, the pulse delays are defined 
+lτ3, 

. The 
2 are 
8 are 

. Knowing the 
expressions that determine the delays of each of the 10 
decomposition pulses (except for the first one, which arrives 
without delay and is induced), it is possible to ensure the USP 

position by fulfilling a number of conditions, similarly 
to the way it has been done in [15]. However, these conditions 
will be different for lines with circuits 1 and 2, since pulses P7 

8 have different arrival times. Then, the conditions for 

(1)
(2)
(3)
(4)
(5)
(6)

USP is 
time. The conditions for the USP 

decomposition in the line with circuit 2 are the same as (1)–
(3), (4) and (6), while instead of (5) the following two 

(7)
(8)

(3), (4), (6)–
2 and with the previously 

found optimal parameters were checked. For this, we first 
in the 

For the 
ns/m 
were 

ns/m. 
length delays, the delays of each of the 

were 
=26.69 ns, 
=29.35 ns, 
=33.04 ns, 

2 they were 
=29.80 ns, 
=31.92 ns, 

ns. Thus, when the known values are 
(8), the conditions for the line 

with circuits 1 and 2 are fulfilled: the delay of each pulse is 
not less than the sum of the delays of the previous one and the 
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IV. CONCLUSION 
The paper considered the decomposition of a USP in a turn 

of a meander MSL with two passive conductors into a 
sequence of pulses of lower amplitude. Two circuit diagrams 
were considered. Various boundary conditions of the passive 
conductors were considered and the optimal parameters were 
obtained according to the criterion of the minimum amplitude 
at the output. Moreover, we analyzed the influence of the 
geometric parameters of the line under investigation on the 
delays of each decomposition pulse and USP amplitude at the 
end of the turn and formulated the conditions for USP 
decomposition. The optimal parameters of the investigated 
line were found, which ensure USP decomposition and the 
minimization of its amplitude. The attenuation of the USP 
(relative to half of the e.m.f.) for the optimal parameters in the 
first circuit was 6.4 times, and in the second – 10.6 times. 

It is important to note that the sets of optimal parameters 
obtained in this paper by heuristic search do not determine the 
global minimum value of the output signal amplitude. In 
addition, the decomposition conditions can change if the 
sequence of pulse arrivals changes. Therefore, to find the 
global minimum, it is advisable to use evolutionary methods, 
for example, genetic algorithms. This seems promising for 
further investigation. 
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