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ABSTRACT This paper presents a novel technique for improving modal filter (MF) performance by
using an electromagnetic absorber which shows a significant improvement in attenuation of ultra-wideband
interference. The authors analyzed the effect of the absorber on the MF performance in suppressing
conducted and radiated interferences (in the near and far fields). As an excitation, the authors used an
ultra-wideband pulse of 155 ps (at 0.5 level) and then employed N-norms to estimate and characterize the
decomposed pulses. It was experimentally demonstrated that the value of Nj decreased by a factor of 4.31,
N; — by a factor of 6.52, N5 — by a factor of 1.87. In terms of radiated interference in the near field, the
improvement in attenuation of each norm achieved at least 2.81 times. The analysis of the characteristics in
the far field showed that the use of the electromagnetic absorber allows reducing the transmission coefficient

on average by 2.25 times at a distance of 1 m.

INDEX TERMS Electromagnetic compatibility and interference, modal filter, ultra-wideband pulse, elec-

tromagnetic absorbers, microwave measurement, TEM-cells.

I. INTRODUCTION

Powerful ultra-wideband (UWB) pulses of the nanosecond
and sub-nanosecond ranges can penetrate and damage vari-
ous radioelectronic devices (REDs). Engineers consider con-
ducted interference, induced interference in a system, and
radiated interference between systems. To ensure electromag-
netic compatibility (EMC) of electronic systems, an elec-
tromagnetic interference must be controlled and limited.
In comparison with the well-known traditional and construc-
tive techniques that protect circuits against UWB pulses, the
recently proposed approach, called modal filtering [1], pro-
vides sufficient performance, high power dissipation, small
dimensions, and ease in manufacturing. Modal filtering is
based on modal distortion of a signal that can occur in a mul-
ticonductor transmission line with inhomogeneous dielec-
tric filling thanks to the difference in mode delays [2].
Fig. 1 shows the cross-section and connection diagram of

The associate editor coordinating the review of this manuscript and
approving it for publication was Mehmet Alper Uslu.

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

a two-conductor modal filter (MF) to be considered in this
study. If the pulse duration is less than the minimum modulus
of the difference in mode delays, the interference pulse is
decomposed into a sequence of pulses of smaller amplitudes,
and their number equals the number of modes.

The main disadvantage of such an MF is a relatively small
attenuation of UWB pulses. There are various modifications
of MFs that have greater attenuation coefficients [3], [4].
In such structures, the performance could be improved by
using additional solutions. For example, quarter-wave res-
onators, filters with variable wave impedance, or materials
with high relative permittivity can be used. However, widely
used approaches have several disadvantages (extensive area
and mass, small attenuation improvement, high cost, etc.).
Therefore, the search and investigation of new techniques
to improve the MF performance are relevant, because they
can allow expanding the field of application and efficiency of
modal-filter-based devices.

In this study, the authors propose a new technique for
improving the MF performance. The proposed technique
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involves the design of printed circuit boards, in particular, the
methods of their assembling. The technical outcome is the
reduction of dangerous UWB interference through the com-
bined use of the MF and electromagnetic absorbing material
to protect REDs, especially the critical ones.

Usually, such material is widely used to suppress electro-
magnetic waves [5], [6], [7], [8], [9]. This absorber is used
in both civil and military communications devices, aircraft,
electronic equipment, etc. [10]. The operating range of the
commonly used devices with absorber lies in the high fre-
quency range. This does not allow to consider them as devices
to protect power and signal circuits from UWB interference.
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FIGURE 1. (a) Cross-section and (b) connection diagram of the MF.

Significant dielectric and magnetic losses of the electro-
magnetic absorber, as well as its high values of relative
permittivity and permeability, can considerably increase the
attenuation of the UWB pulse. Thus, this work is aimed to
investigate a new technique that improves the MF perfor-
mance by using an electromagnetic absorber.

In order to do this, it is necessary to perform a prelim-
inary simulation without taking into account losses and to
estimate the effect of the absorber thickness on the MF
characteristics. After that, it is necessary to manufacture a
prototype of the MF without an absorber and with it, and
to carry out measurements in frequency and time domains.
To verify the measurement results, it is necessary to per-
form electrodynamic simulation. Then, it is necessary to
feature and analyze the responses to the UWB interfer-
ence pulse and evaluate the absorber influence on the MF
characteristics.

This paper consists of six sections. Section II analyzes
the UWB pulse propagation in the MF at different thick-
nesses of the electromagnetic absorber. Section III describes
in detail the MF structure, materials used, simulation meth-
ods and measurement techniques. Section IV shows the
results in frequency and time domains obtained for con-
ducted and radiated interferences. A comparison that demon-
strates the advantages of the proposed technique is given
in Section V. Finally, the conclusions are presented in
Section VI.
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Il. UWB PULSE PROPAGATION IN THE MF WITH
VARIOUS ABSORBER THICKN ESSES

This Section presents the analysis of UWB pulse propaga-
tion in the two-conductor MF with different electromagnetic
absorber thickness. Fig. 2 shows the cross-section of the
MF with the electromagnetic absorber. In the cross-section,
h is the height of the substrate, /; is the thickness of the
absorber, w is the width of conductors, s is the spacing, 7 is
the conductor thickness.

ELECTROMAGNETIC ABSORBER
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s

FIGURE 2. Cross-section of the MFs with the electromagnetic absorber.
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FIGURE 3. TD waveforms on Port 2 obtained during TL analysis for the
MF with absorber thicknesses of 0.05 mm (...), 0.75 mm (—), and
2 mm (—), as well as the MF without absorber (---).

There are two modes propagating in the investigated MF:
common mode (CM) and differential mode (DM). In the pres-
ence of the absorber, the delays of both modes increase, espe-
cially for the differential mode. Since the efficiency of the
modal decomposition directly depends on the per-unit-length
delays, it is necessary to analyze the influence of the absorber
thickness on the UWB pulse propagation. For this purpose,
we used transmission lines (TL) analysis for MF without
absorber and for MF with absorber. The thickness was varied
from 0.05 to 2 mm with a step of 0.05 mm. The MF and the
absorber parameters are given in Section III. A trapezoidal
signal was used as an exciting UWB pulse with the rise time
of 50 ps, and the e.m.f. of 1 V. To easily determine the arrival
time of each pulse, the TL analysis was performed without
considering losses. Fig. 3 shows the decomposed pulses on
Port 2 for the MF with various absorber thicknesses. The
relationship between per-unit-length-delays and the absorber
thicknesses is shown in Fig. 4.
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FIGURE 4. Relationship between per-unit-length-delays and the absorber
thicknesses.

We can see that the input UWB pulse was decomposed
into two pulses of lower amplitudes, and the presence of the
absorber significantly increases the per-unit-length delays.
Interesting, at first the differential mode was faster than the
common mode; however, after adding the absorber the ratio
changed. Note that, the thickness of the absorber must be
chosen carefully, because, at small /2;, modal decomposi-
tion is missing. The figures illustrate that the relationship
between the per-unit-length delays and the absorber thick-
nesses is not linear. Therefore, it is necessary to choose the
optimal A, which provides a large difference of the per-
unit-length delays. Fig. 5 depicts the relative deviation in
the difference of per-unit-length delays. We can see that at
h1 = 0.75 mm the relative deviation does not exceed 0.1%.
Therefore, this value is used in constructing and measuring
the prototype.
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FIGURE 5. Relative deviation of the per-unit-length delay difference.

Ill. STRUCTURE, MATERIALS, SIMULATION METHODS,
AND MEASUREMENT TECHNIQUES

A. STRUCTURE AND MATERIALS

We used ZIPSIL 601 RAM-01 as an electromagnetic
absorber. The absorber material is a thin, flexible, elastic,
silicone (or fluorosilicon) sheet base, filled with magnetic
nano/micro particles of a special shape. In general, it can
effectively absorb electromagnetic wave in a frequency range
from 100 MHz to 50 GHz. The Eccosorb GDS, BSR, MFS,
and CHO-MUTE 9005 absorbers are the closest analogues
of such material. At the same time, they have lower insertion
losses at high frequencies than ZIPSIL 601 RAM-01.
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Fig 3 shows the frequency dependencies of this material
parameters up to 6 GHz. Therefore, this absorbing mate-
rial is widely used to eliminate the parasitic feedbacks in
microwave devices; increase the decoupling and noise reduc-
tion in microwave microstrip filters; and improve the noise
immunity of radar and other microwave devices. As can be
seen from Fig. 6, the MF is covered with a thin layer of
this material. The RO4350B laminate was used as a substrate
material. The device under study consists of two conductors
with strong electromagnetic coupling between them. The
input of conductor 1 is connected to the UWB pulse source
(see Fig. 1). Since the MF is designed to operate in a 50 €2
path, the resistance of the source Ry, load R, and resistors R
connected to conductor 2 are equal to 50 .
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FIGURE 6. Frequency dependences of absorber parameters.

B. MF LAYOUT

The MF layout was made using the standard manufactur-
ing process for double-sided printed circuit boards (PCB).
To decompose the UWB interference in the structure, we used
the following parameters: t = 18 um, h = 250 um,
w = 500 um, s = 150 pum, Ay = 0.75 mm. The length /
of the MF was 1140 mm. To study the MF in the TEM-
cell, the dimensions of the PCB were 98 x 98 mm. Both
sides of the PCB were plated with immersion gold to ensure
high conductivity and good oxidation resistance. The layer
of the electromagnetic absorber was glued to the MF using
a liquid absorber with the same characteristics. Fig. 7 shows
the manufactured MFs.

To fulfil the decomposition condition with the given MF
dimensions, the distances between the adjacent turns were
made equal to 3.5 mm. At such distances, the electromagnetic
coupling between the turns is low. The coaxial-to-microstrip
transitions (Micran PKM2-40) were used to connect the con-
ductor 1 to the measuring equipment. The insertion losses of
the transitions did not exceed 0.6 dB in the frequency range
from O to 40 GHz. To reduce reflections from the structure,
SMD resistors (size 0805) were connected to conductor 2.

C. MEASUREMENT TECHNIQUES

Fig. 8 shows the experimental setup used to analyze the
frequency characteristics of the MFs. The MF under investi-
gation was located inside the TEM-cell [11] to exclude the
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FIGURE 7. PCB layout: top sides for the MFs (a) without and (b) with
absorber, and (c) bottom side for both structures.

radiated interference from the outside. The TEM-cell with
the MF was connected to the 2-port vector network analyzer
(VNA) using high-frequency cables. The Panorama P4226
(Micran) with an operating frequency range from 10 MHz to
26.5 GHz was used as the VNA. The measuring equipment
was calibrated in the operating frequency range of the TEM-
cell from 10 MHz to 5.2 GHz. To consider the orientation
of the electromagnetic field in the TEM-cell, the PCB was
rotated in 90 degree increments. We analyzed the worst char-
acteristics for the MFs with and without the absorber.

) )

FIGURE 8. Measurement setup to analyze the MFs in the frequency
domain: (a) general view, (b) setup for analyzing TEM-cell, (c) conducted
and (d) radiated characteristics.

To analyze the responses in the time domain, we used
Advanced Design System where the obtained S-parameters
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were imported (Fig. 9). A Gaussian pulse with a total duration
of 680 ps and an e.m.f. amplitude of 1 V was excited as
a UWB interference. This excitation was selected because
the majority of its spectrum (about 96%) is in the frequency
range under consideration. Such UWB interference is in full
accordance with the description from the EMC standard [12].
Fig. 10 shows the time domain (TD) waveform of the UWB
pulse and its voltage spectral density S.

New RED’s have various complex types and constructions.
In some cases, the distance between small-size subsystems in
one system case may be larger than the wavelength of the
emitted radiation if the system is operating at high frequen-
cies. Since an MF is a protection device used to ensure EMC
of the final product, its frequency characteristics should be
evaluated in the far field.
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Hoy=—  swre M

FIGURE 9. Circuit for simulating conducted and radiated emissions in the
ADS.
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FIGURE 10. (a) The e.m.f. waveform of the UWB pulse interference and its
(b) voltage spectral density.

To study the features of the MF with the absorber in the far
field, an experiment shown in Fig. 11 was carried out. The
coaxial-to-microstrip transitions were used to connect Port 1
to the measuring equipment (PLANAR C1220
0.1 MHz-20 GHz). Port 2 was connected to a 50 €2 load. The
VNA was connected to the ZIPSIL ARB-133 horn antenna.
The antenna is designed to solve a wide range of technical
problems related to measuring RF and microwave electro-
magnetic waves in a wide frequency range. The antenna
has a wide operating frequency range from 1 to 33 GHz,
a high gain up to 18 dB, a low VSWR value, and a low
level of the rear lobes of the radiation pattern. First, the
system was calibrated in the presence of the MF without
the absorber. Then, the absorber was placed on the MF, and
the transmission coefficient of the system was obtained. This
gave the attenuation of the transmission coefficient when
using the absorber. The antenna was located at 1 m distance
above the MF at 0° vertically.
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FIGURE 11. Measurement setup to analyze radiated characteristics of the
MF in the far field.

D. SIMULATION METHODS

The finite difference time domain (FDTD) method imple-
mented in the EMPro software was used for simulating the
MEF. This method solves the Maxwell equations in the time
domain and fully describes the MFs under investigation. As a
result, complex and frequency-dependent electrical parame-
ters of the structure were obtained. During the simulation,
we took into account the dielectric and absorber losses,
as well as the finite conductivity of the conductors [13].

To analyze the MF characteristics in the near-field, we sim-
ulated the regular part of the TEM-cell, which was used
in the measurements. The simulation was performed in the
frequency range from 10 MHz to 5.2 GHz. The geometri-
cal and electrical parameters of the TEM-cell are presented
in [11]. The MF under study was located in the upper part of
the case at a distance of 15 mm from the central conductor.
In this simulation, the perfect electrical conductor was used
as a material of the outer boundaries for all directions. The
RO4350B laminate with relative dielectric permittivity (&,)
of 3.66 and tangent of loss angle (tgé) of 0.0037 was used
as a dielectric substrate (the parameters are presented for the
frequency of 10 GHz). The conductive layers were made of
copper with a conductivity of 5.96-107 S/m.

To analyze the MF in the far field using the FDTD method,
we used a broadband pulse with a signal amplitude of 1 V.
All terminations were loaded with 50 € resistances. The
MF was simulated using a mesh with basic cell size equal
to the 1/60 of the wavelength of the maximum frequency
(from 3 to 6 GHz) until convergence. The electric field
strength was calculated at a distance of 1 m, and the far
field geometry sensor was built using spherical coordinate
system when angles 6 and ¢ were changed in general, from
0° to 180° in 1° increments.

E. UWB PULSE CHARACTERIZATION

The UWB pulse is dangerous for electronic equipment for
many reasons. For example, its large amplitude can lead to
electrical breakdown, fast rise time — to spark formation,
average effective voltage value — to component burnout, etc.
We used the N-norms [14] which were applied by the authors
in similar studies to comprehensively evaluate the hazards
of input and decomposed pulses [15], and to compare the
suppression efficiency of the absorber. Table 1 shows the
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TABLE 1. N-norms descriptions and applications.

Norm Name Equation Application
Circuit upset /
N, I(’zlils(o‘llag; |U (t )| electric breakdown / arc-
Y e over effects
N Peak derivative du (t) Component
2 (absolute) dt arcing / circuit upset
max
Peak pul p Dielectric
o |t @ i
0 max denotes E field)
N, Rectified general ]E| U( t)| dt Equipment
¢ pulse o damage
Square root » 2 )2
. Component
Ns of Fhe action I |U(t)| dt bumont
integral 0

*U(r) is the TD waveform of the UWB pulse (Port1 for
input  excitation, Port2  for decomposed  pulses, Port3
for induced voltages in the near field).

names, formulas, and descriptions of each norm, reproduced
from [16], [17].

IV. MEASUREMENT AND SIMULATION RESULTS

A. STRUCTURE AND MATERIALS

As the MF can act as a low pass filter, it is important to
investigate the influence of using the absorber on the basic
conducted characteristics of MF which are the signal decom-
position and the cut-off (f.) and resonance (f.) frequencies
of the transmission coefficient. To do this, the MF with the
absorber and without it was simulated in the frequency and
time domains. The obtained results were compared to the
measured ones as the setup ¢ from Fig. 8. The compared
frequency dependent |S,;| and TD waveforms on Port 2 are
presented in Fig. 12.

Table 2 summarizes the obtained characteristics, and
Table 3 shows the calculated N-norms for the decomposed
pulses (input excitation was obtained without MF on the
ideal load). The use of the absorber significantly increased
the insertion loss in the stopband. Thus, bandwidth fre-
quency f. decreased from 335 to 60 MHz (obtained for mea-
surements). The shift of f, by 660 MHz is caused by the
increased per-unit-length delays of the modes because of the
absorber.

The time characteristics show that the input UWB pulse is
decomposed into two pulses of smaller amplitudes. Applica-
tion of the absorber made it possible to significantly reduce
the amplitude of the decomposed pulses and increase the per-
unit-length delays. As a result, the MF with an absorber can
decompose the UWB pulse of longer duration.

Table 3 shows that the MF attenuates the UWB pulse.
Application of the absorber allows for the significant increase
in the total attenuation. It was experimentally demonstrated
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FIGURE 12. (a) Frequency dependent |S,;| and (b) TD waveforms on
Port 2 obtained during measurements (—) and simulation (e«<) of the MF
without the absorber and measurements (—) and simulation (- . .) of the
MF with the absorber.

TABLE 2. MF characteristics on Port 2.

fe. MHz f» MHz U;, mV U,, mV
MF without absorber 135 900 106 125
(Measurement)
MF w1.thout a}bsorber 125 995 13 120
(Simulation)
MF with absorber
(Measurement) 60 240 27 29
MF VYlth ab.sorber 75 250 3 .
(Simulation)

that the value of N| decreased by a factor of 4.31, N, — by a
factor of 6.52, N5 — by a factor of 1.87. It can be seen that the
MF with the absorber strongly attenuates the input impact: N
by 17.2 times, N> by 70 times, N5 by 4.6 times. As a result of
the complex influence on the UWB pulse, the probability of
occurrence of various types of failures decreases.

TABLE 3. Calculated N-norms of the decomposed pulses on Port 2.

Nl Nz N3 N4 NS

Input 05  461-10° 820" 8210 539-10°
Excitation

MF without absorber 155 (43109 65102 66:10" 2.19-10°
(Measurement)

MF without absorber) 9 53.109 57.101 5810 2.12:10°
(Simulation)

ME with absorber | 059 §59.107 6410 6510 1.17-10%
(Measurement)

MF with absorber | 036 671,107 63101 62:10" 1.08-10%
(Simulation)
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FIGURE 13. (a) Frequency dependent |S3,| and (b) TD waveforms on
Port 3 obtained during measurements (—) and simulation (s«<) of the MF
without the absorber and measurements (—) and simulation (- ..) of the
MF with the absorber.

B. RADIATED EMISSIONS

The MF has an advantage since it may be manufactured with
small dimensions and low mass which expanding the scope
of its application especially in PCB designing. Therefore, it is
important to investigate its radiated characteristics which is
equally significant as the conducted ones. Thus, to estimate
the level of the radiated emissions from the MF with the
absorber and without it, the MF was modeled in the frequency
and time domains. The results obtained in the near field were
compared to those measured as the setup d from Fig. 8, and
the results obtained in the far field were compared to mea-
sured as in Fig. 11 ones. Fig. 13 shows frequency dependent
|S31] and TD waveforms on Port 3 obtained during mea-
surements and simulation. Table 4 summarizes the obtained
characteristics, and Table 5 shows the calculated N -norms for
induced voltage waveforms.

The frequency characteristics show that the use of the
absorber allowed reducing the average value of |S31|. Thus,
the attenuation of 10.54 dB was achieved in measurements,
and 9.84 dB in the simulation. At the same time the attenua-
tion of the maximum value of |S31| was obtained at 10.89 dB
during the measurements, and 8.29 dB during the simula-
tion. In terms of time characteristics, we can see that the
maximum amplitude Ungax decreased by 2.58 times, and the
minimum Upj, decreased by 2.9 times. From the point of
view of N-norms, we can see that the use of the absorber
allowed a significant reduction of each of the norms. The
smallest attenuation was 2.81 times for N4 obtained during
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TABLE 4. MF characteristics on Port 3.

TABLE 6. The attenuation of the transmission coefficient in the far field.

|S31]aver, B |S51|maxs AB Umax, MV Upin, mV Simulation Measurement
MEF without absorber Minimum 20.96 dB 23.16 dB
-42.55 -22.12 2.87 -3.19
(Measurement) Maximum 0.65 dB 2.55dB
MF :gitg?ltlx;tailgrslt))rber 4151 2451 286 3.04 R Averaége . 9.28 dB 8.70 dB
1 verage absolute _ o) _ o/ *
Mll;“/lwnh absorl:t)er 53.00 3301 111 115 deviation (X=Xl XX [)% = £29 %
( casuremen ) "X, is the first comparable value, X, is the second comparable value.
MF with absorber
. . -51.35 -32.8 0.95 -1.1
(Simulation)

TABLE 5. Calculated N-norms of the decomposed pulses on Port 2.

N N, N; Ny Ns

Input 05  4.61-10° 82102 82102 5.39-10°
Excitation
MF without

absorber 32103 41-10°  46-1075 5.43-10"2 92:10°
(Measurement)
MF without

absorber 310° 19105 52-1075 4.98-10"2 88-10°
(Simulation)

MEF with absorber | g5 153 99,106 7.74-10"5 1.93-10"2 26.4-10°
(Measurement)

ME with absorber | 59 155 15,106 1151075 2.56-10"2 37.1-10°
(Simulation)

Frequency (GHz)
3 33 3.6 39 42 45 48 51 54 57 6

Transmission coefficient
attenuation (dB)

FIGURE 14. The measured (—) and calculated (««.) attenuation of the MF
transmission coefficient in the far field when using the absorber.

the measurements. As in the case of conducted interference,
we can conclude that the use of an absorber can reduce the
probabilities of failure.

Fig. 14 shows the calculated and the measured attenua-
tion of the transmission coefficient when using the absorber,
obtained in the far field at a distance of 1 m from the MF.
The results have a similar behavior in the studied frequency
range. Table 6 shows the obtained maximum, minimum, and
average attenuation value. The calculated average attenuation
value is about 9.3 dB and the measured one — 8.7 dB. Since
the transmission coefficient is attenuated, one can say that the
radiated emmision from the MF will be reduced.

V. COMPARATIVE ANALYSIS

To evaluate the efficiency of the proposed technique for
improving MF performance, we compared it with five
other methods. Table 7 presents their advantages and dis-
advantages. The proposed method of improving the MF
performance by adding an absorber layer according to the
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TABLE 7. Comparing various techniques for improving MF performance.

UWB  Differences of Dimensions
Technique |interference per-unit-length . Manufacturability
. and weight
suppression delays
Proposed . .o .
technique Significant ~ Significant  Average Difficult
Quarter-wave L .
resonators [4] Average Insignificant Large Difficult
Meander line -
tracing [18] Insignificant ~ Average Small Easy
Additional
pulses [3], Average Insignificant Average Easy
[19]
Additional
passive
conductors Average Average Small Average
[19]
Cascade
connection | Significant Insignificant ~ Small Average
[21]

total score of the selected criteria shows higher results than
others. The main disadvantage of techniques based on adding
quarter-wave resonators, introducing asymmetry in the cross
section for the appearance of additional pulses, and the
method of cascading the TLs is small difference between the
per-unit-length delays of modes. In addition, implementing
quarter-wave resonators requires more time to design, opti-
mize, and place them in the production stage of the MF.
The disadvantage of meander lines is small attenuation of
UWB interference. To reduce its amplitude at the output
of the meander line, a large line length is required, which
entails an increase in size and makes it difficult to integrate
into an actual device. Techniques based on the addition of
passive conductors and cascade connection also have this
disadvantage. However, their main advantages are ease of
manufacture and lower cost. The proposed technique also has
a disadvantage that is not the case with most other meth-
ods. The properties of absorbing material complicate the MF
implementation. However, with the appropriate design of an
MF with an absorber, it is possible to achieve significant
attenuation of the UWB interference without increasing PCB
size.

VI. CONCLUSION

The modified MF based on the proposed technique demon-
strated apparent advantages compared with classical MFs.
The authors presented the description and analysis results
with high-frequency measurements. It was experimentally
determined that by using the technique the value of N;
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decreased by a factor of 4.31, N> — by a factor of 6.52, N5
— by a factor of 1.87. In terms of radiated interference in
the near field, the improvement in attenuation of each norm
was at least 2.81 times. The analysis of the characteristics
in the far field showed that the use of the absorber allowed
reducing the transmission coefficient on average by 9 dB. The
obtained results demonstrate the possibility of using the elec-
tromagnetic absorbing material to enhance the performance
of the MF-based protection device. Moreover, the presence
of the absorber does not have a negative impact on the modal
distortion of the signal.
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