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ABSTRACT

Modal reservation (MR) allows both increasing the circuit reliability and implementing the effect of modal filtering. The paper presents the study of a printed circuit
board (PCB) with MR with the reference conductor in the form of side polygons. The structure is analyzed by quasi-static simulation, and the minimization of the
maximum ultra-wideband pulse amplitudes at the far end of the structure after failures is first estimated. Using the heuristic search, the parameters for the PCB
structure before and after failures are obtained. It is shown that, before failures, the maximum amplitude (U,.,,) does not significantly change under the condition of
matching and at fixed values of loads. However, after failures, the U, ,, changes. For this structure, with increasing delay differences between pulses, U, after failure

max

3 increased. It is shown that with obtained values of the geometric parameters, amplitudes of decomposition pulses change differently before and after failures.

A prototype of the PCB was designed based on this study.
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I. INTRODUCTION

To create reliable radioelectronic devices (REDs), it is necessary to pay close attention to func-
tional safety and electromagnetic compatibility [1]. Unfortunately, REDs are prone to malfunc-
tions, errors in operation, and even damage when exposed to electromagnetic interference. For
example, ultra-wideband (UWB) pulses are especially dangerous for REDs because of their high
penetration due to the short duration of exposure, high power, and wide spectrum [2], [3]. To
protect against electromagnetic interference, there are various devices implemented on printed
circuit boards (PCBs) [4], [5]. Reservation is a cardinal technique for improving reliability. Cold
reservation is used in systems where high downtime is not as critical, but a high level of reliability
is required.

Modal reservation (MR) is an approach to the layout and routing of reserving electrical intercon-
nections, in which a strong electromagnetic coupling is formed between the reserved and reserv-
ing circuits [6]. This approach enables protecting electrical circuits from UWB pulse by means
of modal distortions [7]. There are single and multiple (double, triple) MR solutions. Studies of
structures with multiple MR have shown that, because of the difference in coupling between
conductors, the order of switching is important [8], for instance, in the event of a failure simu-
lated by either a short circuit (SC) or an open circuit (OC) at one of the ends of the reserved circuit.
After switching to the reserving circuit, the maximum voltage of the decomposition pulses at the
output changes. In the example for a microstrip line of four conductors, where conductor 1 is
reserved, and conductors 2, 3, and 4 are reserving; if conductor 1 (active) fails, one of the reserv-
ing conductors can replace it and become active. However, the geometrical parameters of the
cross-section can be such that the choice of the first conductor 3, and not 2 or 4, will allow for
a greater attenuation at the output of the device [9]. Therefore, correct and efficient switching
between conductors is advisable.

In this paper, we study a structure with a triple MR with the reference conductor in the form of
side polygons [10]. Previously, its parametric optimization before failures was carried out accord-
ing to the amplitude and time criteria [11]. However, the study did not take into account the fact

338


mailto:medart20@rambler.ru
http://orcid.org/0000-0003-4718-1024
http://orcid.org/0000-0002-1192-4853

Electrica 2023; 23(2): 338-344
Medvedev and Gazizov. Electromagnetic Compatibility

that the amplitude characteristics may change after failures. The pur-
pose of the paper is to study the possibility of minimizing the maxi-
mum amplitude of the pulses at the output of the structure with a
triple MR after failures and designing a PCB prototype based on this
study. The novelty of this study lies in the fact that, in contrast to [10]
and [11], the structures with MR are, for the first time, optimized tak-
ing into account failures.

Il. STATEMENT OF THE PROBLEM

The TALGAT software [12] was used for the simulation. First, we cre-
ated the cross-section of a PCB with an MR shown Fig. 1. Its param-
eters are the following: w is the width of the signal conductors,
w, is the width of the reference conductors, s is the distance between
the signal conductors, t is the thickness of the signal conductors, h
is the thickness of the dielectric, d is the distance from the signal
conductor to the reference one, and ¢, is the relative permittivity of
the substrate. The initial set of cross-sectional parameters is as fol-
lows: s=150 pm; w=700 pm; w,=2000 pm; t=18 um; h=600 pum;
d=800 pm, and ¢,=9.8.

Then, we calculated the matrices of per-unit-length coefficients of
C and L inductances. Losses at this stage of the study were not taken
into account; therefore, matrices R (for losses in conductors) and
G (for losses in dielectrics) were assumed to be zero.

The cross-section has a reserved (C1) and three reserving (C2, C3,
and C4) conductors, made in such a way that there is a strong elec-
tromagnetic coupling between them. The reference conductor is
made in the form of lateral polygons on the left and right, intercon-
nected by vias along the entire length of the structure. This way, the
distance between the centers of adjacent vias (along conductors) is
2 mm. This structure is symmetrical, so the wave impedance for each
conductor will be the same.

Next, we constructed an equivalent circuit for simulating a line with
alength/=0.3 m, loads (R1-R8 equal to 50 Q). The excitation is in the
form of a UWB pulse with an Electromotive force (EMF) amplitude of
2V and a total duration of 150 ps.

Finally, the output voltage waveform was calculated in the range of
given parameters according to the diagram in Fig. 2. In this diagram,
R1, R3, R5, and R7 are the near-end resistances for one of the four
conductors which is the active one. That is, if C1 is an active conduc-
tor, then R1 is the given near-end resistance, and R3, R5, and R7 are
functioning as the near-end loads. Resistances R2, R4, R6, and R8 are
loads at the far end of the structure. For the variant before failures,
these resistances are matching the structure. In case of successive
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Fig. 1. Cross-section of a structure with MR, where C1-C4 are
conductors and R is a resistance conductor. MR, modal reservation.
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Fig. 2. Schematic of a structure with MR, where SD is a switching
device.

failures (SC or OC) of each reserved circuit, it is assumed that the
switching device transfers the functions of the reserved circuit to the
reserving one. In simulation, the resistor values for the active con-
ductor were chosen to be 50 Q, and for the passive conductors, they
were 50 Q, 1 MQ (0C), and 1 pQ (SC) for various failure options [13].

Figure 3 shows a simplified diagram for choosing the active conduc-
tor after successive failures for symmetrical structures [14]. In such
structures, it is possible to change the boundary conditions at the
ends of the passive conductors rather than changing the active con-
ductor. The total number of considered options for combinations of
boundary conditions after failures was 62: 6, 24, and 32 options for
cases after failures 1, 2, and 3, respectively.
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Fig. 3. Simplified diagram for choosing the active conductor.
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11l. SIMULATION RESULTS

Here, the optimization of the structure to failures was carried out
by heuristic search, first by maximizing intervals and matching, and
then by equalizing amplitudes and matching. Heuristic search opti-
mization makes it possible to consider in detail the behavior of struc-
ture characteristics when changing parameters. In addition, because
of the simplicity of the structure, it is not advisable to consider the
structure with other optimization algorithms. Optimization accord-
ing to the matching criterion allows the signal to be transmitted
without distortion in the time domain. Optimization according to
the maximum amplitude (U,,,) minimization criterion makes it pos-
sible to increase the noise immunity of the structure. Optimization
by the criterion of maximizing the intervals allows you to increase
the duration of the noise pulse, which will be completely decom-
posed in this structure. However, achieving all three optimization
criteria simultaneously is hard. Therefore, only some of them are
used here. Matching was carried out for half the EMF for the voltage
amplitude at the input of the structure. During optimization, the val-
ues of w varied in the range of 400-2000 um, s in the range of 100-
800 um, t in the range of 18-130 pum, h in the range of 200-900 pm,
and din the range of 300-2000 um. The optimized parameters of the
cross-section are presented in Table I.

To analyze the time responses of the structure before and after fail-
ures, we used a UWB pulse excitation with a total duration of 0.15 ns
and an EMF amplitude of 2 V. Then, the UWB pulse was excited to the
near end of the reserved conductor (node 2 in Fig. 2). The voltage
waveforms at the far end of the reserved conductor (node 6) were
analyzed before and after failure. Figure 4 shows the pulse wave-
forms at the structure output before failures with the parameter sets
before and after optimization from Table . For the optimized param-
eter set 1, the delays are 1.51, 1.87,2.28, and 2.7 ns, and for set 2, they
are 1.85,2.03, 2.25, and 2.51 ns for pulses 1, 2, 3, and 4, respectively.
The minimum delay difference is 0.36 and 0.18 ns for sets 1 and 2,
respectively. It can be seen that before failures, U, is approximately

TABLE I. SETS OF OPTIMIZED PARAMETERS FOR AMPLITUDE
EQUALIZATION AND MATCHING (1) AND INTERVAL MAXIMIZATION AND
MATCHING (2)

Parameter Set w, pm S, pm d, pm h, pm t, um
1 850 250 1800 600 130
2 800 600 500 1000 130

d, distance from the signal conductor to the reference one; h, thickness of the
dielectric; s, distance between the signal conductors; t, thickness of the signal
conductors; w, width of the signal conductors.

0
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Fig. 5. Voltage waveforms at the far end of the structure with the
initial (--) and optimized parameter sets 1 (-+-) and 2 (—) after failures.

the same for the original and two optimized sets of parameters and
is equal to 0.25V each.

Now, let us consider how the structure behaves after failures with
the parameters obtained after optimization performed before fail-
ures. Figure 5 shows the pulse waveforms at the structure output
after failures with parameter sets before and after optimization.
After failures, the cases of 50-SC on C2, OC-50 on C3, and SC-50 on
C4 (failure 3) are discussed, in which U, is the largest of the 32 con-
sidered options. U,,,, for parameter sets before optimization, after
optimization 1, and after optimization 2 are equal to 0.41, 0.448, and
0.355V, respectively. This suggests that the amplitude after failures
does not change uniformly.

A detailed description of the changes in responses after failures at
one of the ends of the active conductor is presented in detail in [10]
and omitted here. In what follows is their short clarification. After
failures, the amplitude of each of the four decomposition pulses
(Fig. 6) at the far end of the active conductor changes. In this case,
U,,., increases for each combination of OC, SC, and 50 Q (Fig. 7). At
the near end of the structure, a line mismatch will be observed, and
in some cases, the amplitude will decrease or increase. As for the far
end, the task is to find, after each failure, the switching option, in
which the largest of the considered U, will be the smallest of the
three.

For all parameter sets, switching option 3 is optimal, since U, is min-
imal for this option. Figures 6 and 7 show the relationship between
U,., at the optimal switching order for the structure with the initial
and optimized sets 1 and 2 and the failures at the far and near ends
of the structure. It can be seen that after failure 3 for set 2, U, is
minimal and equal to 0.355 V. This is 8.3% and 12% less than for the
initial set of parameters and optimized set 1, respectively. For Fig. 7,
the upper line indicates the maximum increase, and the lower line,
the maximum decrease in amplitude at the near end of the structure.
The smallest range of amplitude change at the near end of the struc-
ture is observed for set 2 and is 0.086 V. This is 55% and 67% less than

for the initial set of parameters and optimized set 1, respectively.

0
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(]
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Fig. 4. Voltage waveforms at the far end of the structure with the
initial (- -) and optimized parameter sets 1 (=) and 2 (—) before
failures.

Fig. 6. Relationship between the type of failure and U, ,, at the far
end of the structure with the optimal switching order for the
structure with the initial (- -) and optimized sets 1 (-+) and 2 (——).U

“~ max’
maximum amplitude.
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Fig. 7. Relationship between the type of failure and U. .., at the near

end of the structure with the optimal switching order for the
structure with the initial (- -) and optimized sets 1 () and 2 (—).U_.,,,
maximum amplitude.

Here, the structure was optimized after failures. In Table II, we pres-
ent the relationship between the geometrical parameters and the
voltages (U) of 1, 2, 3, and 4 pulses before and after failure 3, at
which U, is maximum (50-SC on C2, OC-50 on C3, and SC-50 on
C4). After failures, the amplitudes of decomposition pulses change,
since the energy in pulses is redistributed because of the reflections
from loads. However, the difference between the minimum and
maximum values in the parameter range varies for some modes.
So, for example, for mode 2, when the parameter w changes before

and after failures, this difference is 0 and 0.1V, which is 0% and 12%,
respectively. Such a difference is observed for almost all modes, but
it is less significant. Thus, the pulse amplitudes do not change uni-
formly before and after failures. It is logical to optimize the structure
after failures separately according to the amplitude criteria.

Optimization was carried out by heuristic search according to two
criteria: U_,, minimization and matching, in the same ranges as in
the previous section. The optimized parameters were the follow-
ing: s=700 pm; w=900 um; t=130 pm; h=600 pm; d=500 um,
and £,=9.8. Figures 8 and 9 show the relationship between the
optimized set after failure 3 and U,,,, at the optimal switching order
for the structure with optimized set 2 before failures (with the best
amplitude characteristics after failures). It can be seen that after fail-
ure 3 for the optimized set after failure 3, U,,,, is minimal and equal to
0.333 V.This is 3.2% less than for the optimized set 2.

The range of the amplitude changes at the near end of the struc-
ture for the optimized set after failure 3 is 0.066 V. This is 13% less
than for the optimized set 2 before failures. Thus, optimization of the
structure after failures in this case makes it possible to reduce U__ by

max

TABLE Il. RELATIONSHIP BETWEEN PULSE AMPLITUDES (U) 1 (—), 2 (=), 3 (- -), AND 4 (seee) BEFORE AND AFTER FAILURE 3 (50-SC ON C2, OC-50 ON (3, SC-50

ON C4) AND VARIOUS GEOMETRICAL PARAMETERS

Before Failures

After Failure 3
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OC, open circuit; SC, short circuit.
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before failures (- -) and an optimized set after the failure (—-) at the far
end of the structure.

11
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Fig. 9. Relationship between the type of failure and U, at the
optimal switching order for the structure with an optimized set 2
before failures (- -) and an optimized set after the failure (—) at the
near end of the structure.

13% compared to optimization before failures. This will increase the
probability of failure-free operation throughout the entire working
life cycle of the MR system. Therefore, optimization of structures with
MR after failures is more efficient than optimization before failures.

Finally, a prototype of a double-sided PCB with MR was developed.
The topology of the PCB layers is shown in Fig. 10. To manufacture
the layout, tracing was made using the positive method. The result-
ing PCB layers are shown in Fig. 11.

As the material of the dielectric substrate, we used aluminum oxide
AlLO, with a material purity of 98%. Such a material has the following
technical characteristics: the thermal conductivity of 30 W/mK, the
dielectric constant of 9.8 + 0.1, the dielectric loss tangent of 0.0003,
and the dielectric strength of 22 kV/mm. The prototype, excluding
connectors, had dimensions of 320 x 200 mm. Other dimensions are
given in Table Ill. Parameter sets 1 and 3 were optimized to maximize

Cu

ALO;

Cu € )

Fig. 10. Stack of a PCB prototype.

Fig. 11. Upper and lower layers of the PCB prototype.

0.39 1 Ul V TABLE Ill. GEOMETRICAL PARAMETERS OF THE PCB PROTOTYPE
max; —-— e - = —
0.34 1 Parameter Set w, pm s, pum d, pm h, pm t, pm
0.29 -
1 850 250 1800 600 130

0.24 T T T

0 1 2 3 failure 2 900 700 500
Fig. 8. Relationship between the type of failure and U, at the 3 950 150 1700
optimal switching order for the structure with an optimized set 2 4 1000 600 400

d, distance from the signal conductor to the reference one; h, thickness of the
dielectric; PCB, printed circuit board; s, distance between the signal conductors;
t, thickness of the signal conductors; w, width of the signal conductors.

spacing and provide matching, while sets 2 and 4 were optimized to
equalize amplitudes and provide matching.

To connect the measuring equipment and loads to the regular part
of the PCB, we used Sub multi assembly (SMA) connectors of the
0732511350 brand. Since the PCB topology does not allow them to
be connected directly (without violating the regularity of the PCB),
we used embranchments with a length of no more than 5 mm.

IV. CONCLUSION

The results of the quasi-static simulation of the two-sided PCB with
a triple MR have been presented. Using the heuristic search, the
PCB parameters before failures and after failures were obtained.
It is shown that, before failures, U,,, does not significantly change
under the matching condition and at fixed load values. However,
after failures, the maximum amplitude changes. For this structure,
with an increase in the intervals between pulses, U, after failure 3
increased. It is demonstrated that when the values of the geomet-
ric parameters change, the pulse voltages change differently before
and after failures. The PCB prototype has been developed based on
this study.
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