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ABSTRACT

The article presents the results of a study of a modal filter (MF) based on a microstrip line (MSL) with two side conductors grounded at both ends. For the first time, 
the quasi-static simulation and measurements of the filter are conducted with two devices, and the results are compared. Frequency dependences of |S11| and |S21| 
are measured and calculated in the range from 0 to 10 GHz. At the MF output, the time response to an ultrashort pulse (USP) was analyzed. It was experimentally 
proved that the performed quasi-static simulation was correct. The simulation and measurement results showed remarkable consistency. The proposed MF provides 
the protection of electrical circuits from USP by decomposing it into two pulses with the amplitudes that are more than three times smaller. This confirms that such 
MF obtained simply by adding to a MSL two passive conductors grounded at both ends can be used to create simple and cheap protection, for example, of critical 
radioelectronics against powerful intentional USP created by electromagnetic weapons.
Index Terms—Modal filter, microstrip line, protective device, time response, ultrashort pulse
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I. INTRODUCTION

The widespread introduction of radioelectronic equipment (REE) in all areas of life leads to an 
aggravation of the problem of ensuring electromagnetic compatibility. The problem is caused 
by an increase in the power of devices, the cutoff frequency of useful signals, and the package 
density of printed circuit boards. All these factors lead to an increase in the REE susceptibility to 
electromagnetic influences of various nature. In addition to interference generated by useful sig-
nals, it is necessary to pay attention to intentional electromagnetic interference, especially ultra-
short pulses (USPs) [1–3]. Their influence can lead to various consequences, from deterioration 
in functioning to a complete failure of the system [4]. Therefore, an important task is to improve 
the interference protection of the REE. To do this, it is important to create new protective devices.

One such device is a modal filter (MF) based on the use of coupled transmission lines with modal 
decomposition [5]. In fact, there are various MFs based on microstrip lines (MSLs) [6–16] where 
the minimum and equal pulse voltages at the output have been obtained. In these MFs, the 
resistances at the ends of the passive conductor are equal to the geometric mean of the wave 
impedances of the modes or reduced to a short circuit at one end and open circuit on the other. 
Meanwhile, MFs in which equal pulse voltages are obtained when the passive conductor is short-
circuited at both ends are important, since the manufacture of such MFs is easier and cheaper. 
Moreover, such MFs have a structure (in the geometric model of cross-section) with considerably 
asymmetric placement of active and passive conductors relative to a reference conductor. For 
example, the authors from [17] proposed an MF based on MSL with conductors placed on top 
and grounded at both ends. However, placing the two conductors on the top makes the MF 
more complicated and expensive. Meanwhile, for simpler fabrication, they are better placed on 
the sides of the MSL signal conductor, although this may slightly degrade the MF characteris-
tics (Fig. 1). Therefore, it is relevant to investigate such an MF. Making its prototype requires the 
designing, which includes the following steps: building a geometric model of the cross-section 
with the search for optimal parameters of the line [width (w) and thickness (t) of conductors, the 
distance between them (s), the thickness of the substrate (h), and its relative permittivity (εr)]; 
building a schematic circuit with setting boundary conditions at the ends of conductors, line 
length, and input excitation; simulation of a response to a given excitation; and creating a pho-
tomask for a printed circuit board (PCB), making a real prototype. The purpose of the work is to 
present the results of such work.
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II. BACKGROUND OF THE STUDY

Any MF can be simulated using electrodynamic and quasi-static 
approaches. Electrodynamic numerical methods, being universal, 
allow solving problems with rather complex geometry. However, the 
requirements for computer speed and memory may be excessively 
high, and, therefore, the task solution will be impossible. Quasi-static 
methods are much more efficient in calculations, provide acceptable 
accuracy, allow a physical understanding of the problem, and make 
it possible to determine per-unit-length parameters and response 
to a given impact. In the quasi-static approximation, the analysis of 
N-conductor structures is based on the calculation of square matri-
ces (of order N) of the per-unit-length electrostatic (C) and electro-
magnetic (L) induction coefficients by the numerical method of 
moments, which is presented in detail in [18]. If losses are supposed 
to be taken into account, two more matrices are used: conductivity 
(G) and resistance (R) [19]. These matrices are then used in solving 
the Heaviside telegraph equations to analyze signal integrity as well 
as to obtain time response and other parameters [20]. Therefore, to 
analyze the considered structure, it is relevant to use quasi-static 
models instead of electrodynamic ones.

For the MF under study, we used quasi-static simulation in the 
TALGAT system [21] and prototype measurements with two devices. 
The cross-section of the MF has the following parameters: t = 70 μm, 

w = 0.45 mm, w1 = 0.2 mm, h = 0.5 mm, d = 1 mm, s = 0.45 mm, εr = 4, 
and tgδ = 0.03, as shown in Fig. 1. Values of parameters h, t, εr, and 
tgδ were taken according to low-cost foiled fiberglass material from 
which the MF prototype was made. The value of the parameter d takes 
into account the length of dielectric boundary. Parameters s, w, and w1 
were optimized by a heuristic search to decompose the exciting pulse 
into two pulses at the MF output and align their voltage magnitudes.

Fig. 2 shows MF photomasks of the top and bottom layers for mak-
ing a prototype with dimensions of 100 × 100 mm2. To reduce the 
length, the MF is bent into a meander with a distance between half-
turns of 10 mm.

The simulation used the circuit diagram shown in Fig. 3A. There, 
the signal conductor is connected to a source of pulsed signals rep-
resented in the diagram by an ideal source of electromotive force 
(EMF) E and internal resistance R1. At the other end, the conductor is 
connected to the load R2. Circuit parameters are as follows: the line 
length (l) is 337 mm and the resistances (R1 = R2) are 50 Ohm (the 
example of the MF for operation in a standard 50-ohm path is con-
sidered). The source of input excitation for simulation and measure-
ments is a waveform of trapezoidal pulse with an EMF amplitude 
of 1 V and rise, flat top, and fall times of 40 ps (Fig. 3B). This form is 
often used to simulate useful digital signals as well as interfering 
USP. Moreover, its combinations can represent other influences.

The measurements of S parameters were performed using vector 
network analyzers (VNAs) ZVA 40 and P4226 (Fig. 4) connected to 
the prototype via SMA-50-0-1/111_NE connectors (upper bound fre-
quency 18 GHz) and measuring cables. Before the start of measure-
ments, a two-port calibration was performed.

Fig. 1. Cross section of the modal filter under investigation.

Fig. 2. (A) Top and (B) bottom layers of the modal filter photomask.

Fig. 3. (A) Schematic diagram and (B) the form of the input excitation of the modal filter.
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The MF was analyzed in the frequency range from 0 to 10 GHz. At the 
same time, fiberglass FR-4 was specified as the substrate material 
and copper as the material for the conductor. Then, the S-parameters 
were measured, and the time responses to the USP excitation were 
obtained in the advanced design system (ADS) (Fig. 5).

III. RESULTS

The set of cross-sectional parameters from Fig. 1 defines the L and C 
matrices, calculated in the TALGAT system:

L�
�

�

�
�
�
�

�

�

461 18 68 50 22 71
68 50 345 43 68 50
22 71 68 50 461 18

. . .
. . .
. . .

��
�
�
�

nH m/ ,

! �
� �

� �
� �

�

�

�
�
�
�

�

�

�
�
�

63 33 6 27 0 41
6 27 91 68 6 27
0 41 6 27 63 33

. . .

. . .
. . . ��

pF/m.

The square root of eigenvalues for product of matrices L and C 
determines the values of the per-unit-length delays of the modes 
propagating in the lines: τ1 = 5.140 ns/m, τ2 = 5.287 ns/m, and 
τ3 = 5.830 ns/m.

Fig. 6 represents the frequency dependences of |S11| and |S21| 
obtained from quasi-static simulation and measurements. It can be 
seen that the MF under study is a low-pass filter. The frequencies of 
|S21| minima in Fig. 6B are approximately defined by the difference 
of the per-unit-length delays and the line length as fk = k/[2l(τ3 – τ1)], 
where k = 1, 3, 5 …. For example, for k = 1, 3, we get f1 = 2.15 GHz and 
f2 = 6.45 GHz, which are close to the values of the minima in Fig. 6B.

(multiple minima are caused by multiple reflections of three modes 
propagating in the structure). The bandwidth (at the level of –3 dB) 
was 0.521 GHz for quasi-static simulation, 0.505 GHz for Р4226, and 
0.505 GHz for ZVA 40. The results are in good agreement with each 
other. The maximum deviations of the simulation and measurement 
results are observed at frequencies of 7.38 GHz for |S11| and 6.39 
GHz for |S21|. The differences can be explained by the fact that the 

Fig. 4. (A) ZVA 40 and (B) P4226 for measuring the frequency response of the modal filter (MF). VNA, vector network analyzer.

Fig. 5. Equivalent circuit for obtaining a time response in the advanced design system.
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frequency dependence of the permittivity and the influence of SMA 
connectors, as well as the measurement error, were not taken into 
account in the simulation.

Fig. 7 represents output voltage waveforms obtained from the 
quasi-static simulations in TALGAT and from measured frequency 
responses in the ADS. It can be seen that the USP is divided into two 
pulses with the amplitudes that are more than three times smaller 
(relative to a half of EMF amplitude). Due to the symmetry of the two 
side conductors, the pulse amplitude in the mode 2 is zero, and only 
pulses of modes 1 and 3 are left. In this case, the results are in fairly 
good agreement.

Table I shows the delays of pulse 1 and the amplitudes of pulses 1 
and 2. The results of ZVA 40 and quasi-static simulation are the best 
in terms of delays, with the deviations being 1.5%. In P4226 mea-
surements, the pulse amplitudes are aligned. The relative deviations 
of the measurement and simulation results in terms of amplitudes 

for pulse 1 are 7.5% for P4226 and 15% for ZVA 40, and for pulse 
2 it is 22% for both devices. Such deviations may be caused by the 
factors mentioned above as well as loose consideration of delays in 
branches, connectors, and junctions.

IV. CONCLUSION

This paper presents the results of a comprehensive analysis of an 
MF based on an MSL with two side conductors grounded at both 
ends. The frequency responses showed that the investigated MF is 
a low-pass filter. At the same time, in the time domain, the USP was 
divided into two pulses with more than three times smaller ampli-
tudes. The results of quasi-static simulation and measurements per-
formed with two VNAs were shown to be in good agreement with 
each other, thus confirming the correctness of the calculations. This 
confirms that such MFs that simple in design and fabrication with 
passive conductors grounded at both ends can be used to create 
simple and cheap protection devices against USP. An example is the 
implementation of such protection in PCBs of critical radioelectron-
ics against powerful intentional USP created by electromagnetic 
weapons.
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Fig. 6. (A) Frequency dependences of |S11| and (B) |S21| for the modal filter prototype obtained during simulation (—) and measurements with 
vector network analyzers Р4226 (—) and ZVA 40 (—).
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Fig. 7. Voltage waveforms at the output of the MF prototype, 
obtained by simulation (—) and measurements with vector network 
analyzers P4226 (—) and ZVA 40 (—).
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MF, modal filter.
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