Russian Technological Journal. 2025;13(3):92-102 ISSN 2500-316X (Online)

Modern radio engineering and telecommunication systems

COBpeMeHHbIe PaaANOTEXHUYECCKHE H TCJICKOMMYHUKAIIMOHHBIEC CUCTEMbI

UDC 621.372.8
https://doi.org,/10.32362/2500-316X-2025- 13-3-92-102 D)y |
EDN OEBXOF

RESEARCH ARTICLE

Development of a microwave low-pass filter
based on a microstrip line projection model

Alexey D. Yarlykov @,
Oleg A. Demin

MIREA - Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: yarlykov@mirea.ru

e Submitted: 18.09.2024  Revised: 03.02.2025 ¢ Accepted: 24.03.2025

Abstract

Objectives. Sections of microstrip lines having finite length are widely used to develop integrated circuits and
microwave devices for various purposes, such as power dividers, directional couplers, attenuators, and filters.
In particular, low-pass filters in the microwave range are comprised of a cascade connection of regular sections
of microstrip lines having various geometric parameters. However, modern approaches to calculating microwave
filters using commercial software require large computational and time-consuming resources, especially when
carrying out electrodynamic analysis of microstrip lines. The work set out to develop an algorithm and a method
for calculating filters using a projection approach to the electrodynamic analysis of microstrip lines that reduces
the time required to calculate characteristics of microwave filters while maintaining high accuracy of the obtained
results.

Methods. The proposed projection approach to the electrodynamic analysis of amicrostrip line can be used to rapidly
and accurately calculate the main electrodynamic parameters of retardation coefficient and wave impedance across
a wide range of changes in the geometrical parameters of the line, as well as its dielectric constant and frequency.
Results. Formulas obtained on the basis of analytical expressions for calculating the electrodynamic parameters
of a microstrip line are used to describe the nature of changes in the elements of the scattering matrix of multistage
low-pass filters in a given frequency band. A developed computer program was used to calculate the values of the
elements of the low-pass filter scattering matrix across a wide range of substrate dielectric constant and frequency
parameters. The obtained results were compared with the characteristics of filters calculated using commercial
software.

Conclusions. The proposed approach to calculating the electrodynamic parameters of microstrip lines and
consequent elements of the scattering matrix of multistage low-pass filters can significantly reduce the calculation
time while achieving a sufficiently high accuracy of the obtained results to significantly reduce labor costs when
calculating microwave filters in engineering practice.
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Peslome

Llenu. OTpeskn MUKPOMOSIOCKOBBIX JIMHNIA KOHEYHOM OJIMHBI NMPUMEHSIIOTCA 4719 pa3paboTKy MHTErpasibHbIX CXeM
1 YCTPOMCTB CBEPXBbLICOKMX HacTOT (CBY) pasnnyHoro HazHaveHus, Takux Kak AeUTENN MOLLHOCTH, HanpaBfiEHHbIE
OTBETBUTENU, aTTEHIOATOPBI U PUNBLTPbLI, UMEIOLLMX, B OONLLUMHCTBE CIlyYa€eB, C/IOXHYIO TOMONOrMYECKYHO CTPYKTY-
py. B yactHoCTU, GUnbTPbI HUXKHNUX YacToT (PHY) CBY-amanazoHa npeacTaBnstoT coboi CTyrneH4yaToe CoeauHeHne
PErynspHbix 0TPE3KOB MUKPOMOMIOCKOBbIX IMHWUI C Pa3nn4HbIM1 reoMeTpuieckumMmmn napametTpamm. OgHako coBpe-
MEHHbIE NnoaxoAabl K pacyeTy dunbTpoB CBY npu nomMoLm KOMMEPHYECKUX NporpamMm TpebyoT 60bLINX BbIYUCIN-
TeJNIbHbIX 1 BDEMEHHbIX 3aTpaT, CBA3aHHbIX, B 4aCTHOCTHU, C NPEAJI0XEHHBbIMU NOAX0AAMU K 3/IEKTPOANHAMUYECKOMY
aHanM3y MUKPOMOIOCKOBLIX IMHUIA. Llenblo ctatbn sBnsetcs pa3paboTka anroputMa 1 MeToauku pacyeta Gunb-
TPOB C UCMOJIb30BAHNEM MPOEKUMOHHOI0 NoAxoaa K 371eKTPOAMHAMNYECKOMY aHaNN3y MUKPOMOJIOCKOBbIX JIMHNM,
NMO3BOJIAIOLLMX COKPATUTb BPEMS pacyeTa xapakTepucTnk punbtpos CBY npu coxpaHeHnn BbICOKOM TOYHOCTU MO-
JIy4EHHbIX PE3Y/IbTaTOB.

MeToabl. [1pennoxeH NPOEKLMOHHbIN NOAX0A, K MPOBELEHUIO 3/IEKTPOAMHAMMYECKOrO aHaIn3a MMKPOMNOJI0CKOBOW
JIHWMX, NMO3BOJSIOLWNIA BGbICTPO U C BICOKOM TOYHOCTbLIO NMPOBOAMUTL PACHET €€ OCHOBHbIX 3IEKTPOAMHAMUYECKMX
napameTpoB — KO3 bduumeHTa 3amMmeSIeHNs 1 BOJIHOBOIO COMNPOTUBIIEHUS B LUMPOKOM Anana3oHe N3MEHEHUS reo-
METPUYECKNX NapamMeTPOB JINHUN, ee OU3NIEKTPUYECKON NMPOHMLAEMOCTU U HaCTOThI.

PesynbTaTtbl. Ha 6a3e aHanMTUYeCKMX BbIpAXEHWI A1t pacyeTa 9/1eKTPoAMHAMUYECKUX NapaMeTpPoOB MUKPOMOOo-
CKOBOW JINHUW NONyYeHbl GOPMYyIibl A1 ONMMCaHNA XapakTepa U3MEHEHNN 3N1IEMEHTOB MaTPULLbl pACCEAHUA MHOIO-
kackagHbix PHY B 3apgaHHOM nonoce 4acToT. Pa3paboTaHa KOMMbIOTEPHAs NporpamMmMa, No3BoJISioLas PacCHUTbI-
BaTb 3HAYEHUS 3N1IEMEHTOB MaTpuLpl paccesHus OHY B LWMPOKOM Aranas3oHe ANSIeKTPUYECKON NPOHNLAEMOCTM
MOAJIOXKW M HacTOThl. [TpOBEAEHO CpaBHEHME NOJTYYEHHbIX Pe3Y/ibTaToB C XapakTepucTukamm GuibTPoB, paccym-
TaHHbIX MPY NOMOLLM KOMMEPHYECKNX NPOrpamMm.

BbiBoAabl. [peasoxXeHHbI NOAX0A K pacHETY 31eKTPOANHAMNYECKNX NapaMeTPOB MUKPOMOSIOCKOBBIX JIMHUIA U, Kak
CrefcTBuEe, 3N1EMEHTOB MaTpULbl paccesHus MHOrokackaaHbix @HY no3BonsieT 3HauYMTENbHO COKPaTUTh BPEMS
pacyeToB Mpu AOCTUXEHUN A0CTATO4HO BbICOKOM TOYHOCTU MOJIY4YEHHbLIX PE3Y/IbTAaTOB, YTO 3HAYUTENIBHO CHUXaeT
TpyZo3aTpatbl Npy NPoekTnpoBaHnn Gunbtpo CBY B MHXEHEPHON NpakTuKe.
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Ana uutupoBaHua: HApnbikoB AL., Oemunn O.A. PaspaboTka CBEPXBbICOKOYACTOTHOrO GUibTPa HMXKXHUX 4acToT
Ha OCHOBE MPOEKLUMOHHOM MOAENM MUKPOMONOCKOBOWM nuHun. Russian Technological Journal. 2025;13(3):92-102.
https://doi.org/10.32362/2500-316X-2025-13-3-92-102, https://www.elibrary.ru/OEBXOF

npoapaquocn: cbuuaucosoﬁ AedaTesibHOCTuU: ABTOpr He NnMetoT d)l/lHaHCOBOI;I 3anMHTEepPeCcoBaHHOCTW B nNpeacTaB/ieH-

HbIX MaTepunanax nam MmetTogax.

ABTOpPbI 3a5BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Today, the vast majority of microwave devices
and modules are structurally based on microstrip
transmission lines (MTL). This is due to their small
mass and size parameters, as well as the ease of
transition to their topology from elements offering
concentrated  parameters during low-frequency
prototyping of microwave devices [1]. For example,
the simplest microwave low-pass filter (LPF) topology
comprises a cascade of regular sections of finite-length
MTLs having different strip conductor widths [2]. The
geometricparametersofthe MTL, aswell asthe dielectric
constant and frequency of its substrate, determine
the value of the main electrodynamic parameters of
the line, namely the retardation coefficient and wave
impedance, which play a key role in calculating the
characteristics of microwave filters [3]. However,
contemporary approaches to their calculation using
a number of commercially available software products
imply rather high computational and time costs both in
the calculation of the basic electrodynamic parameters
of MTLs [4] and in the design of microwave filters
in general [5]. Considering this, the task of applying
the MTL projection model detailed in [6] is relevant.
In this model, an open MTL is simulated as a shield
over a wide range of geometrical parameters, as well as
substrate permittivity and frequency. Furthermore, [7]
defines the minimum shield size that allows an
open MTL to be modelled with a given accuracy,
while [8] presents methods to improve the efficiency
of the proposed MTL model. This paper describes the
application of the MTL model proposed in [9] to the
calculation of the LPF microwave scattering matrix.
The presented model demonstrates high accuracy of
results along with a significant reduction in the time
requirement.

1. DESIGN METHODOLOGY
FOR MICROWAVE LPFS

The basic methodology of microwave filter design is
given in [10-12]. According to the classical approach, the
first stage of microwave filter design is the calculation of

its low-frequency prototype on concentrated elements.
It starts with the determination of the number of sections
(links) in the calculated filter. This number is determined
based on the required type of filter approximation and
the amount of barrier band attenuation. In this way, for
the Butterworth filter, the number of sections can be
determined by the following formula:

1g(10[L(w)/10] _1)

1
21g(w/oco) W
and for the Chebyshev filter:
12
arch{(10L4(©)10] _1) /(10L07/1]
R s

arch (oo/ Oco )
where L() is the value of attenuation at frequency ® in
the cut-off band; wc is the filter cut-off frequency;
G is the pulse amplitude (Throb) in the passband (in
decibels).

Having determined the number of links in the
filter, its equivalent low-frequency circuit can be
constructed in which each filter section is represented
as a concentrated element (inductance or capacitance)
according to Table 5.2 from [12]. The circuit shown
in Fig. 1 is an example of such an equivalent circuit for
a five-link LPF.

9o gu
. TV L YV L,
L ]
do —— 9, o —e Js

Fig. 1. Equivalent circuit of the low-pass prototype
of the five-section LPF. g; stands for normalized
parameters of the equivalent circuit

The normalized parameters of the equivalent circuit
(g-parameters) are determined by the type of filter
approximation and the total number of sections N. For
the Butterworth filter, the g-parameters are determined
by the following formulae:
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and for the Chebyshev filter by

gO :1’
2a
81 :_13
v
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b 18k
1 at uneven N,
ENt1 =

cth? (B/4) ateven N,
B=In[cth(Gy/17.37)],

\v=sh(%],

a, =sin {M} ,
2N

k
b, =2 +sin? “_J.
=Y (N

Once the g-parameters have been calculated, they
should be denormalized to determine the absolute
values of the capacitances C; and inductances L, in
the equivalent circuit, as well as the generator and load
resistances R,, thus determining the wave impedance of
the supply line. Denormalization is carried out according
to the following rule:

R
ok L= SR ()
LD®Cco Oco

Ry =Ry pgy> Cp =

where R,y is the load resistance equal to the wave
impedance of the supply line.

Having calculated the parameters of the equivalent
circuit, a transition to the topology of the filter on
distributed elements should be carried out according
to Table 5.3 from [10]. An example of the topology of
a five-section LPF on MTL is shown in Fig. 2. As can be
seen from the figure, this consists of a linear strip
conductor with a varying strip width /¥ along its length.
The section /; of the MTL has a large wave impedance
with respect to the wave impedance Z of the supply line,
while the section /, has a smaller wave impedance.

8
and 1, <@ (kco _om-10 J, then
8 Oco
section /; has an inductive impedance and /, has
a capacitive impedance, where A, is the wavelength
corresponding to the cut-off frequency. Therefore,

A
If [ <—<9
8

the above conditions should be checked when selecting the
wave impedance and calculating the length of the sections.

ly

_lj
-

Fig. 2. Topology of a five-section microwave LPF
on an MTL. W,, W, are the widths of the strip conductors

In order to ensure a single-wave mode in the line (no
transverse resonance), the width of the strip conductor
should not exceed K&.

To ensure a jump in resistance at the transition from
inductive to capacitive element and vice versa, the ratio
of wave impedances for these elements should not be
less than 3 times. The width of the strip conductors, the
dielectric permittivity of the substrate, and its height are
determined on the basis of the required wave impedances
and taking into account the conditions described above.

Once the wave impedances and the widths of the
strip conductors have been selected, the lengths of all
the line segments in the filter should be determined. The
length of the segment that implements the inductance is
determined by the following formula:

-108 Ocol
[, = &arcsin o 6)
®co Ve Z

while the length of the segment that implements the
capacitance is given by

.108
lc= 3:10 arcsin(mCOCZC), 7

e e

where ¢ is the dielectric permittivity of the substrate;
L and C are the inductance and capacitance values
calculated at the low-frequency prototyping stage,
respectively; and Z; and Z . are the wave resistances of
the inductive and capacitive MTL segments, respectively.

The final stage in the design of the filter topology
is the correction of the lengths of its capacitive and
inductive line segments, taking into account the influence
of terminal capacitances and inductances. Their values
are subtracted from the initial values of inductance and
capacitance for each section of the filter. Taking into
account the obtained values, the corrected length of the
line segments is calculated again using Egs. (6) and (7).

The most labor-intensive part of the whole design
process consists in the determination of the geometrical
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parameters of the strip conductor segments based on
the required ratio of the line wave impedances, which
can be determined using special graphs, for example,
in [13]. However, it should be noted that all elements
of the matrix are frequency-dependent functions when
calculating the scattering matrix of the microwave filter.
This requires the calculation of wave impedances and
propagation constants of MTL segments as dispersion
properties, which leads to significant computation time
when modeling filters using commercial software.

2. PROJECTION APPROACH
FOR THE CALCULATION OF MTL
ELECTRODYNAMIC PARAMETERS

The projection approach considered in [14] for
reducing the computational and time costs represents the
surface current density on the strip conductor as a system
of basic functions in the form of Chebyshev polynomials
that take into account the field characteristics at the
edges of the strip conductor. By decomposing the
longitudinal component of the surface current density
by the Chebyshev basis of only one basis function,
the dispersion equation used to determine the MTL
retardation coefficient n;, can be obtained as follows:

i{ 12 (ngGE +a? GM)}Jg(ma)sinz(mB)=O, (8)

m=1]_ Xm

-1
where GE = (Sctg(koﬁmlh) + ictg[koﬁmz (b- h)]J ,
B ml m2
Gy = (BmICtg(kOBmlh) +B,0cte [koﬁmz(b - h)l) 1
the functions obtained by solving the electric (E) and
magnetic (M) eigenwave problems, respectively; J(ma)
is the Bessel function; m is an integer that determines the
field structure in MTL; 4 is the substrate height;
Bt =vE—%m: By \ll—xfn;
p— TC m. p— Tc
o koa T
the wave number; /s the frequency; c is the speed of light in
avacuum; Wis the strip width; a, b are the shield dimensions;
and S is the distance from the strip edge to the shield wall.
The wave impedance Z;; is determined by the power
carried through the line cross section and the current in
the strip conductor, as follows:

Xz —a +G2?;

Z, = 2]:)0;:
0 2
<E| (e cai o) o i@ -p)|« o
m=1 Xm

x Lng (ma)sin2(mp),
m

where (G,,F;’M) is the derivative of function GEM with

respect to ng.

In [9], the problem of calculating the retardation
coefficient and the wave impedance of the shielded
MTL using Egs. (8) and (9) is considered. The slow
convergence of the series included in these expressions
results in a considerable time needed to calculate the
parameters to ensure the convergence of the series. Thus,
simple formulae for calculating the main electrodynamic
parameters of the line in the quasi-static approximation
are proposed along with the limits of their applicability.
After determining the dependence of retardation
coefficient and wave impedance on frequency based on
the obtained expressions, the following simple formulas
can be used for calculating dispersion characteristics of
shielded MTL:

n(f) = &,no(N, ZUf) = &2y, (10)

where Z(f) is the wave impedance calculated in
the “first approximation” at a given frequency f;
E,» € are coeflicients that depend on the width of the
strip conductor and are determined by the following
approximation formulae:

1, at W/h<2,
" 143.6-103 (W/h-2), at 2<W/h <10,

L, at W/h<2,
£ 1-8.725-103 (W/h-2), at 2<W[h <10.

an

Given the proposed formulae, the table shows
the values of the propagation constant and wave
impedance of MTL over a wide range of variations
of the strip conductor width, the dielectric constant
of the substrate, and the frequency. The first lines of
each cell show the values of the propagation constant
G = nk, and the wave impedance Z for a line with
a quartz substrate (& = 3.8). The second lines show the
values for a line with a polycore substrate (¢ = 9.6),
while the third lines show the values for a line with
an arsenide-gallium substrate (¢ = 13.3). Here,
the width of the strip conductor and the frequency
are normalized to the substrate height h to unify
the values of the electrodynamic parameters of
the line. These tables allow the design engineer
to determine the material and substrate height, as
well as the geometric parameters of the microwave
filter topology, on the basis of the specified cut-off
frequency. The numerical values of the propagation
constant and the retardation coefficient given for the
selected geometrical and physical parameters of the
filter are also necessary for the calculation of the
scattering matrix elements.
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Table. MTL propagation constant and wave impedance
fh, GHz - mm 0.1 1 3 5 7 10 15
0.19 1.93 5.79 9.67 13.57 19.45 29.38
G 0.29 2.90 8.72 14.60 20.55 29.63 45.15
0.34 3.37 10.16 17.04 24.03 34.72 53.13
Wih=0.1
163.70 163.71 163.85 164.16 164.67 165.81 168.81
Z 109.01 108.99 109.05 109.34 109.92 111.45 116.12
93.66 93.63 93.68 94.01 94.70 96.56 102.46
0.20 1.97 5.92 9.90 13.90 19.97 30.26
G 0.30 2.98 8.99 15.10 21.31 30.85 47.28
0.35 3.48 10.50 17.67 25.01 36.31 55.92
Wih=0.5
101.64 101.65 101.75 102.00 102.40 103.29 105.57
VA 67.23 67.21 67.23 67.44 67.90 69.06 72.36
57.69 57.66 57.67 57.91 58.44 59.83 63.82
0.20 2.01 6.03 10.09 14.18 20.40 30.97
G 0.30 3.05 9.22 15.51 21.94 31.83 48.90
0.36 3.56 10.79 18.20 25.81 37.58 57.96
Wih=1
75.74 75.74 75.82 76.03 76.36 77.09 78.91
Z 49.82 49.80 49.80 49.97 50.35 51.31 53.82
42.70 42.67 42.66 42.86 4331 44.42 4731
0.20 2.03 6.12 10.24 14.41 20.74 31.51
G 0.31 3.11 9.41 15.85 22.44 32.59 50.09
0.36 3.63 11.02 18.63 26.44 38.53 59.40
Wih=1.5
61.45 61.45 61.52 61.69 61.98 62.61 64.13
VA 40.24 40.21 40.21 40.37 40.70 41.51 43.51
34.46 34.42 34.41 34.60 34.99 35.93 38.16
0.21 2.06 6.19 10.37 14.59 21.02 31.95
G 0.32 3.16 9.56 16.12 22.85 33.20 50.98
0.37 3.69 11.22 18.98 26.96 39.28 60.46
Wih=2
52.01 52.01 52.06 52.22 52.48 53.05 54.36
Z 33.93 33.91 33.91 34.07 34.40 35.15 36.89
29.03 29.00 28.99 29.17 29.54 30.36 32.16
0.21 2.09 6.31 10.57 14.88 21.45 32.61
G 0.32 3.23 9.80 16.55 23.47 34.08 52.22
0.38 3.79 11.52 19.51 27.73 40.35 61.89
Wih=73
40.06 40.05 40.10 40.23 40.46 40.93 41.97
Z 25.99 25.97 25.98 26.15 26.46 27.09 28.41
22.21 22.18 22.19 22.37 22.69 23.34 24.60
0.21 2.12 6.39 10.72 15.10 21.76 33.06
G 0.33 3.29 9.99 16.87 2391 34.69 53.01
0.38 3.85 11.75 19.90 28.26 41.06 62.78
Wih=4
32.71 32.71 32.75 32.87 33.08 33.49 34.35
VA 21.14 21.12 21.15 21.32 21.60 22.14 23.17
18.05 18.03 18.05 18.22 18.51 19.04 19.99
0.21 2.14 6.46 10.83 15.26 22.00 33.40
G 0.33 3.33 10.13 17.11 24.24 35.12 53.55
0.39 3.91 11.92 20.19 28.65 41.56 63.36
Wih=5
27.70 27.70 27.74 27.86 28.04 28.41 29.13
VA 17.85 17.84 17.88 18.05 18.30 18.75 19.56
15.24 15.21 15.24 15.42 15.67 16.12 16.87
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Table. Continued
fh, GHz - mm 0.1 1 3 5 7 10 15
0.22 2.16 6.51 10.93 15.39 22.18 33.64
G 0.34 3.37 10.24 17.30 24.49 35.44 53.94
0.39 3.95 12.06 20.42 28.95 41.92 63.78
Wih=6
24.06 24.05 24.09 24.21 24.38 24.71 25.33
VA 15.47 15.45 15.50 15.67 15.89 16.27 16.92
13.19 13.17 13.21 13.38 13.61 13.99 14.61
0.22 2.17 6.56 11.00 15.50 22.32 33.84
G 0.34 3.40 10.33 17.45 24.69 35.69 54.23
0.40 3.99 12.17 20.60 29.17 42.19 64.09
Wih="1
21.27 21.27 21.31 21.42 21.58 21.88 22.42
VA 13.65 13.64 13.70 13.85 14.05 14.36 14.90
11.64 11.62 11.67 11.83 12.04 12.37 12.91
0.22 2.19 6.60 11.06 15.59 22.44 33.99
G 0.34 3.42 10.41 17.57 24.84 35.88 54.45
0.40 4.02 12.27 20.74 29.35 42.40 64.32
Wih=8
19.08 19.08 19.12 19.23 19.38 19.65 20.13
VA 12.23 12.23 12.28 12.42 12.59 12.86 13.31
10.42 10.41 10.46 10.61 10.80 11.09 11.57
0.22 2.20 6.65 11.16 15.72 22.62 34.21
G 0.34 3.46 10.53 17.75 25.07 36.16 54.76
0.40 4.07 12.41 20.96 29.62 42.71 64.65
Wih =10
15.84 15.83 15.88 15.98 16.11 16.33 16.72
VA 10.12 10.12 10.18 10.30 10.43 10.63 10.98
8.63 8.61 8.68 8.81 8.97 9.21 9.60
A linear function can be used to approximate the S, and the coefficient of transmission from the first arm

numerical values of the propagation constant and wave
impedance within two adjacent frequencies. This allows
sufficient accuracy in calculating the elements of the
scattering matrix.

3. CALCULATION OF SCATTERING MATRIX
ELEMENTS FOR MULTI-CASCADE LPF

According to [12], the most convenient approach
to calculating the scattering matrix of multi-cascade
microwave filters is the transition to the transmission
matrices calculated separately for each irregularity in the
filter, followed by their multiplication and the reverse
transition from the final transmission matrix to the
final scattering matrix. In more detail, we consider the
calculation of the scattering and transmission matrix for
the ith-step transition shown in Fig. 3.

It is assumed that the source resistance Z_ (f) = Z,(f)
and the load resistance Z; ,(f) = Z,(f) when the source is
connected to the left arm and the load to the right arm. In
this case, the coefficient of reflection from the first arm,

to the second arm, S, ,, are functions of the frequency

which are determined as follows:

Z,(N)=2(f) -
S, =22V )T AN ) oGy ()20 12
1(f) Zz(f)+Zl(f)e (12)
o1 () = 1=y, (/)P e (GG ) -
2B0ED ey,
Zy(f)+Z,(f)

Similar expressions can be obtained for the
reflection coefficient from the second arm, S,,, and
the transmission coefficient from the second arm to
the first arm, §|,, by substituting 1 for 2 and 2 for 1 in

expressions (12) and (13):

(14)
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(15)

Thus, the scattering matrix S; for the step transition
can be represented by:

(/)% (f)e—iGl(f)le
Zy(f)+2,(f)

€

Z,(1)+2(f)

B ENAGIAG IR RArs

Fig. 3. The MTL step transition topology.
Z,,Z, are the wave impedance of the MTL segment;
G;, G, are the propagation constants of this segment

22, (/)4 (f) (G (/) Gy (1))

Z(f)+Zy(f)

Z(f)=23(/) ic,(ryaty
2(f)+2,(f)

(16)

The transition from the scattering matrix S; to the transmission matrix T, is performed according to [12] by the

following rule:

Sn(f)

SZI f

CSu()Su () |
$51(f)

—
~—

(17)

After calculating the transmission matrix T, for each ith irregularity in the filter topology, the final LPF transmission
matrix T can be obtained by multiplying the transmission matrices of all its irregularities:

(18)

The transition from the transmission matrix T to the LPF scattering matrix S is performed according to [12] by

the following rule:

Iy (f)

()T, (f)
5, (f)

(19)
hy (f)

5, (f)

4. RESULTS OF NUMERICAL ANALYSIS

Based on the above algorithm, a software is
developed using the GNU Octave' programming
language to calculate the LPF characteristics
in a wide range of varying strip conductor
width (0.1 < W/h < 10), substrate permittivity (2 < € < 20)
and frequency (0.1 GHz < f'< 15 GHz). The structure
of the software includes the main body, in which

I https://octave.org/. Accessed March 20, 2025.

mathematical calculations are performed according to
the algorithm given in this paper, as well as a subroutine
for approximating the data from the table by frequency
and dielectric permittivity. Based on the results obtained
using the software, the LPF is calculated at different cut-
off frequencies (1, 5, and 10 GHz) and its characteristics
are compared with those obtained using commercial
software. The amplitude-frequency characteristics
of the corresponding filters (solid line is the filter
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calculation using the proposed approach; dashed line is
the filter calculation using commercial software) and the
absolute gain calculation error values (right) are shown
in Fig. 4. The time taken to calculate the transmittance
using the proposed approach is only a few seconds,
while calculating the transmittance using commercial
software takes several minutes.

By analyzing the obtained graphs, it can be
concluded that the absolute value of the transmission
coefficient error does not exceed 0.08 in the whole

1.0 =
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

2 3 4 5
f, GHz

6 7 8 9 10

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

10 15

f, GHz

(c)

investigated range. Simultaneously, for the LPF with
1 GHz cut-off frequency, the maximum value of the
absolute transmission coefficient error is observed in the
barrier band at a frequency of 7 GHz and is 0.072. For
the LPF having a cut-off frequency of 5 GHz, while the
maximum value of the absolute error of the transmission
coefficient at a frequency of 12 GHz is 0.04. For the
LPF with a cut-off frequency of 10 GHz, the maximum
value of the absolute error of the transmission coefficient
is 0.04.

0.07

0.06 ¢
0.05¢
0.04 +

ASy,

0.03 ¢
0.02+

0.01+

2 3 4 5 7

f, GHz

6 8 9 10

0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

ASy;

0.009
0.0087
0.0077
0.0067
0.0057
0.004¢
0.0037
0.0021
0.0017

AS,,

10 15

f, GHz

Fig. 4. LPF amplitude frequency response at the cut-off frequency:
(a) 1 GHz; (b) 5 GHz; (c) 10 GHz
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CONCLUSIONS

The present work presents a microstrip LPF
designed based on the MTL projection model along with
a calculation of its scattering matrix. The accuracy of the
obtained results is verified by comparing the transmission
coefficientofthe developed filter withamodel constructed
using modern computer-aided design systems. The
absolute error of the transmission coefficient in a wide

frequency band up to 15 GHz calculated based on the
comparison does not exceed 0.08 for different filter
cut-off frequencies. The use of the projection approach
allows a significant (tenfold) reduction of the calculation
time of the reflection and transmission coefficients for
each pair of microwave multipole arms, together with
a sufficiently high accuracy of the obtained results.
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