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1. INTRODUCTION

The development of radio communication and broadcasting systems is largely determined by the
efficiency of using radio frequency resources, the possibility of expanding working frequency bands and
simultaneously narrowing protective frequency bands between channels, as well as ensuring a wide range of
quality parameters of modern telecommunication services [1]. Frequency selection devices (filters) are the
most important component of the channel-forming and group equipment of wireless transmission systems and
largely determine the characteristics of the entire radio transmission system in general. At the same time, these
devices must have minimal losses in the bandwidth, the widest blocking band, and minimal weight and size
indicators [2, 3]. Taking into account the fact that the technical characteristics of radio technical devices depend
significantly on the parameters of the filters, the intensive development of new types of filters that work in
ultra-high frequency ranges is actively continued [4, 5].

When designing various microwave devices, transmission lines with constant wave impedance
(homogeneous lines HL), which have periodic amplitude-frequency characteristics, are widely used, which
causes the presence of parasitic channels for receiving filters and matching devices [6]. There is clearly a need
to develop more advanced filter structures suitable for integration with modern telecommunications equipment.
To alarge extent, you can get rid of this drawback when using NL by selecting the appropriate wave impedance,
the value of which depends on the current length. To design filter-matching devices for any purpose, you need
to know the matrix of the NL, considered as a four-pole. In this case, with a known NL matrix, any method of
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synthesizing filters or matching circuits can be used. Therefore, the main task when using NL as a filter element
is to determine the four-pole matrix of the transmission line [7].

In the general case, the problem of determining any four-pole matrix does not have a closed exact
solution, since the processes in NL are described by second-order differential equations, the solution of which
is expressed in quadratures only in some particular cases. As a result, the definition of exact final expressions
for the elements of matrices of four-poles based on the NL is possible for individual special cases, which does
not allow for realizing the potential of the NL.

The analysis of recent studies shows that today several groups of methods for the synthesis of
broadband filtering devices are used simultaneously.

Most often, in the synthesis of distributed filters and matching circuits, classical analytical methods
are used, which involve the construction of filters based on resonators interconnected by impedance or
conductivity inverters [8-10]. This method allows you to implement the frequency response with a minimum
number of resonators and is suitable mainly for the construction of filters with active constant loads. Thus, a
method of direct synthesis of coupled symmetrical resonator filters with source-load coupling was developed
[11]. If the active load depends on the frequency, then the construction of filters will be performed only in a
narrow range of frequencies (the relative bandwidth is units of percent). Also, the use of classical methods for
homogeneous lines has disadvantages related to the fact that it is impossible to obtain arbitrary transmission
characteristics [12], one must rely on time-consuming parametric studies to obtain the design parameters of the
device.

The use of the method of characteristic parameters in the construction of distributed filters is now
rarely used due to the complexity of calculating the characteristic impedances of filter elements built on the
basis of uniform lines with included concentrated non-homogeneities. The study of the influence of the
microwave devices' design parameters on the electrical characteristics of filter lines and matching lines should
take into account the deviation of the wave impedance from the nominal values.

Match the amplitude-frequency characteristics of the filters with the load, possible when using
elements of NL. This is done by selecting the appropriate impedance of the line, which improves the appearance
of the amplitude-frequency characteristics and allows you to avoid the parasitic receiving channels of filters
[13].

However, today a small number of NLs for which the solutions of telegraph equations are known are
described, which limits the elemental basis for the construction of microwave telecommunication systems and
prevents the development of devices with the necessary amplitude-frequency characteristics [13]. At present,
exact solutions of telegraph equations are known for lines that are most widely used in practice, with an
exponential change in wave impedance, with parabolic and hyperbolic wave impedance [14-16]. In the case of
other types of lines, numerical methods are used [17], the disadvantage of which is the partial character of the
obtained results.

The experience of using 3D printing to create the structure of microwave components, which are then
covered with metal to build a conductive layer, provides wide opportunities for practical application of the new
element base for the construction of microwave devices [18, 19]. The proposed 3D printing methods reduce
the cost of components, which does not depend on the complexity of the product and are lighter compared to
conventional metal ones.

The purpose of the article is to expand the element base of heterogeneous lines for the design of
microwave filter-matching devices.

2. RESEARCH METHOD

In this section presents the conclusion of the determination of the NL conductivity matrix. Substitution
circuit in the region of resonant frequencies is presented and described. The issues of formation and
mathematical description of the substitution circuit of anti-resonant frequencies have been separately
developed.

2.1. The Determination of the NL Conductivity Matrix

To determine the four-pole NL matrices, it is proposed to use the properties of the line as a four-pole
with a compact residue [20], the matrix of impedances and admittances of which does not have partial poles,
and the transfer conductivity and transfer impedance do not have zeros. This allows you to find all elements of
the matrix of impedances and admittances by the input impedance of an open line (the input conductivity of a
closed line).

Let's use this method to determine the conductivity matrix of the NL with wave impedance

W (1) =W, /ch’at, where  is the current delay time, « is a positive number, W is the wave impedance at the
beginning of the line. In this case, the element y1; of the conductivity matrix Y is:
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Equating the denominator to zero, we find the poles p, = jo, for conduction ya:

P, =0, mﬁz("t’t)2+a2, k=12,.. )

Following [3], we find the transfer conductivity:

Y= Lxlpf’ 3)
Qe

Where L, is the static inductance of the line:

L, :j;W (‘E)d‘CZ‘:[%d‘CZVZOthat. 4)

From here we find the transfer conductivity:
1

Yoo = ———————. 5
= shyp Tt ©)
chat 'pz.{_az

Note that at the p — 0 conductivity (-y,, ) tends to the conductivity of the static inductance L, , and

at the o — 0conductivity is —ylzﬁﬁ, that is, in the limiting case, we have the conductivity of a
oShp

homogeneous line with a wave impedance Wy and a delay time t.
Find the element y,, of the matrix of conductivities. To do this, we use the condition of compact
residue of the elements of the admittance matrix of a non-homogeneous line [14].

Pk~ (k) =0 ®)
Where ki, ki, k" are the residues of the elements v,,, v,,, v, -

Residues are coefficients in the expansion of a fractional-rational function into a sum of simple
fractions and for lossless circuits are determined by the expression [14].

ko = PP o o1 2im=12,.. 7

TCS 12 j=1 ()

Where P is the function numerator polynomial, Q is the denominator polynomial, pm are the roots of
the denominator.

By residues and poles, the elements of the matrix of conductivities (impedances) of lossless circuits
are determined [21]. In particular, if the conductivities have a pole at zero, as in our case, then the elements of
the admittance matrix can be represented as (for different elements y;; the polynomials P and Q are different)
[14]:

kO = 2kim
ij:@:LJ"z = ,i=1,2;j=1,2;ki§°):i (8)

QP p WP+, Ly

In view of what has been said, we find the residues yi1. To do this, we write y1; in the form:
2 2 (0) ® (m)

e T sl S YTt ©

Q(p) pW,shyp?+a’t P mP’+o)

,pz +a2

In our case:

Q(p) =W‘j:)—Tat P(p) =chyp? +a’t (10)

We find the residues for:

2
p=jo,=p,, O (?j +a2, m=12...
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ke _ P(Pn) _ COSh( VP’ +a’ 't) _ (P2+a2)% x
Y QU(p) | p-sinh(\/m.t) Wo
°ldp’ Jp?+a?
cosh(afpzwLa2 ~t)
X(sinh[al p?+a’-tla®+ pzcosh[\jp2 +a’-t]-t- \/pz +a2) 11)

Similarly, we define the residues of the element y12. Given that:
_P(p) _ 1
QP W,p shy/p? +a’t
chat ’ p2 +a?
W, p shy/p? +a’t
P(p)=1Q(p) = — 12)
chat ’ p®+a’

Yo

find (p=pm):
Ko —cosh(a-t) :(pz +t'=12)g
q p-sinh(m-t) W,
°| dp Jpt+al
—cosh(a-t)

(13)

X(sinh[«/ p’+a’-tla®+ pzcosh[\i’p2 +a’-t]-t- \/pz +a2)

Thus, the transfer conductivity and the element y, of the conductivity matrix take the form:

WL S U NP S PN (14)
12 p ~ PZ +0)m ! L 151 M2 LSt !
kS <& 2k : 1

=tz L i=12; j=1,2,kD = —. 15

Yoo 0 mZ:‘ipz‘Fwyzn J 22 LL“ (15)

The residues k{3 are found from the compactness condition (6) k{k(’ — (ki )2 =0:

k(m),( 1(?))2 16
22 kl({n) . ( )
Thus, the matrix of conductivities is completely defined. Knowing the matrix of conductivities, it is
possible to synthesize various types of filters or matching devices using known methods [15, 16], [22, 23].
Consider the synthesis of bandpass filters (BPF). To do this, we first determine the equivalent circuits
of the NL in the region of the poles of the elements of the matrix of impedances and conductivities.

2.2. Substitution Circuit in the Region of Resonant Frequencies
For lossless lines, the impedance matrix can be written as:

S 1 (11
(2)-(2}+ 32l (245 3
2], ‘iz[k;?],vﬂ,z (17)

P+l
Where C, is the static capacitance of the line; [k;ﬂ - matrix of residues of the elements of the matrix
of impedances in the poles p, = jo,, v=123,...,m=12;n=12.
[k(")} _ resZ,, resZ, (18)
" resZ,, resZ,,
From (17), (18) it follows that in the region of the resonant frequency o, , that is, in the region of the
pole p, = jo, , there is an approximate equality:
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Since the line is a compact four-pole:
kK — (k') =0, (20)

then matrix (19), taking into account (20), can be implemented in the form of a four-pole circuit in Figure 1.

[2]=[2], = (19)

1:n

1 2

Figure 1. Equivalent circuit of a non-homogeneous line in the region of resonant frequencies

To prove it, let's find the elements of the impedance matrix of the circuit in Figure 1. Let's imagine
this circuit as a cascade connection of a circuit and an ideal transformer. Then the elements of the impedance

matrix of the circuit will be written in the form [20]:
2

S p n p S p
CV CV CV
Zy :m’ Zy= pz +0)3 VA pz N (03 (21)
Comparing (21) with (19), we find:
(v) (v) (v)
S I . | @22)
2k11 @, ky' ky

Similarly, one can obtain the second equivalent circuit in Figure 2.

1 1Im )
E @
2

Figure 2. The second equivalent circuit of a non-homogeneous line in the resonant frequency region

In this case, the elements of the impedance matrix, as follows from Figure 2, have the form:

L p L p L p
1 C, C, 1 C,
Z“:szﬂuﬁ’ Zzzzp2+m31 le:ﬁpzmﬁ (23)
Comparing (23) with (19), we obtain:
(v) (v) (v)
Cv — i: L\’ — 2k222 , m= k12 — k22/ (24)
2k3y o, ky kG

That is, the transformation ratio for both circuits in Figure 1, Figure 2 is the same. The difference is
observed in the definition of inductance and capacitance of the circuit.

2.3. Substitution Circuit of Anti-Resonant Frequencies

Under the anti-resonant frequency is understood the frequency of series resonance, that is, when the
conductivity of the circuit without loss turns to infinity. In other words, the anti-resonance frequencies are
determined by the input conduction poles in the plane of the complex frequency variable.

For lossless lines, the matrix of conductivities can be written as:

[Y1=Mo+imv, |

[Y]. = [kM] v=12, (25)
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Where L, is the static inductance of the line; [k;ﬂ - matrix of residues of the elements of the matrix
of conductivities in the poles p, = jo,, v=123,.., m=12;n=12.
[k(v)} _ resZ,, resZ, (26)
i resZ,, resZ,,
From (25), (26) it follows that in the region of the anti-resonant frequency o, , that is, in the region
of the pole p, = jo, , the approximate equality takes place:
2kp - 2ky'p
pol pTro]
YI=[YL=| " o © (@7)
2ky’p 2Ky’ p

2, 2 2, 2
p +w\/ p +0)V

In this case, as in the case of the impedance matrix, the line is a compact four-pole.
kPG —(k§) =0,

(28)
Consider the conductivity matrix of the circuit in Figure 3.
S N
-——p
L, L,
pz P pz P
Y]= YL 29
[v] 1 L (29)
nL, P n’L, P
| p*+0) pP+ol]

To determine the elements of the equivalent circuit, we equate (29) and (27). As a result, we get:
1 2 (v) k(V) k(V)
L\/ — C — kll n=— 11 _ M2

, C, = , = . 30
29" o} kY™K 30

22

L, C, 1:n
1 o—NYY\%? 2
1 e EZ

Figure 3. Equivalent circuit of a non-homogeneous line in the region of anti-resonant frequencies

The parameters of the second equivalent circuit in the region of antiresonant frequencies are
determined similarly. For the circuit in Figure 4, the admittance matrix is:

2

’Lp _ﬂp
L, L,
pP+ol pPtod
Y]|= v Vol 31
[v] mo1 (31)
L, v
PP+l pP+ol |

1'm Cv Lv
1 ?MW\—- 2
1 .

2

Figure 4. The second equivalent circuit of a non-homogeneous line in the region of antiresonance frequencies

Equating (27) and (31), we find the equivalence conditions:
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L =5 = o, m= s = @)
2k3y o, ky kg
2.4. Filters With Parallel Resonators
Calculation formulas for the scheme of Figure 5 [10]:
dB, '
bj :&ﬂ. 0=y, Jy = Lw,
2 do 909,
w [bb;, .
= 2 =1L (33)
™ \ 0,09
[ Ggb,w ®, — 0,
J = B w=-—2 L0y = f .
e \Igngnﬂ(’)l @ o =N

Where g,,0,,.-.0,,, - LPF prototype parameters; bandwidth LPF prototype; B, (®), (k=12,...,n)-
conductivity of the parallel oscillatory circuit.

¥ ¥ i SR
IjGA Ja B(a) i By(@) Iz B, (@) Snml Gﬁ.i |
L L I

Figure 5. Generalized BPF circuit with admittance inverters [20]

Let's replace the parallel circuits with irregular transmission lines (Figure 6).

”6_4 T NLI : NL2 Ts | [MZn T GB“

Figure 6. Generalized BPF circuit for NL with admittance inverters

)

Since J-inverters (conductivity inverters) provide high- impedance loads NL, then in the region of
resonant frequency the link "NL - inverter" has an equivalent circuit in Figure7.

Figure 7. Equivalent circuit of the "NL - inverter” link in the resonant frequency region

Let's find the chain matrix of the connection "ideal transformer - inverter" (Figure 7):
1 J J
— 0f 0 === 0 +
n J|= nd' | (34)
0 nijl+j3" O +jnd’ 0
Thus, the four-pole, circled by a dotted line in Figure 7, is an inverter of conductivities with an
inversion coefficient. Therefore, in order for the circuits in Figure 5 and 6 to be equivalent, the condition must
be met for all links of the NL - inverter. As a result, we obtain the equivalence condition for both schemes:

! ! ‘] r ‘] ’ ‘]n,n+
‘]o1:‘]o1’ J12=fr ‘]23:f““"] =t (35)

nn+l T
n

Therefore, formulas (33) should be used when calculating the BPF on the NL. But the inversion

coefficients must be determined based on conditions (35).
If we use the second equivalent NL circuit (Figure 2), then we should consider the “inverter - NL”
links in the resonant frequency region. Chain matrix connection "inverter - ideal transformer":

Synthesis of Bandpass Filter as a Four-Pole Based.... (Valeriy Kozlovskiy et al)
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. jm
j|1 0 +
0 +=2|= 0 ,
A= S R . (36)
i) 0 o m| [+j=3 o0
m
] Lim .
1 — — — 2
T NL J (&4 L
1 — — — 2
1 - * 2

Figure 8. Equivalent circuit of the "inverter - NL" link in the resonant frequency region

Expression (20) corresponds to the conductivity inverter with the inversion coefficientJ— . Therefore,
m

’

for the equivalence of the circuits in Figure 5 and Figure 6, it is necessary to fulfil the condition I J,ie.
m

‘]c/n =mJy, ‘]1/2 =ml,,, ‘]és =MJ gy, ""‘]r/\,n+1 = m‘]n,n+1' (37)
3. RESULTS AND DISCUSSION
This section presents the results of the mathematical synthesis of series resonator filters. A synthesized

scheme of three stub prototype BPF is presented. A study of the amplitude-frequency characteristic of the BPF
prototype was carried out.

3.1. Series Resonator Filters
Calculation formulas for the scheme of Figure 9 [20]:
R xw

dX.
Xj:&ﬂ,co:coo, Ko =, [—2—,
2 do 9,9,

w [ XX .
K oy=— flil*l j=1..n-1 (38)
b o 9,94

I RBXnWI we e Loy = V_(choz.

:\Igngnu(’%l W,

n,n+1

Where x; is the parameter of the steepness of the reactance; X, (o), (k=12,...,n) - reactive impedance
of series circuits.

X (o) — X, (@) — = = | X, (@)
| iR_d Ko Ky Ky K, na RBI |

Figure 9. Generalized BPF circuit with impedance inverters

In the scheme Figure 10, we replace the reactivity by NL.

|in K, NLI K, NL2 K NLn Ko RS“

Figure 10. Generalized scheme of BPF on NL with impedance inverters

From here we find the equivalent circuit of the NL-inverter link.
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i C, 1:n
1 — —] — 2 1 e—rvvv—) a2
NL K I
1 — — — 2
1 —=2

Figure 11. Link "NL- impedance inverter" and its equivalent circuit in the region of antiresonant frequency
We find the A-matrix of the transformer-inverter connection (Figure 11):

1o i o +IK
A<in i | in n (39)
0 n|| k' +=— 0
K K’
The equivalence condition for the circuits in Figure 9 and Figure 10 is:
K(/n =Ko K1/2 =Kpn, K£3 =Kyun,..., Kr/l,n+1 = Kn,n+1n' (40)

Based on the second scheme in Fig. 4, the equivalence condition can be written as:

K K K K
K/ =—% K/ =-12 K =228 g ‘ool 41
0= e e T (41)

1 P¥pngl T

m
Where e(x) is error, vt is reference position and x is actual position.

3.2. Research BPF Prototypes
According to the formulas obtained, BPF prototypes were synthesized with two parallel plumes based

W..
on a closed homogeneous line and one plume based on three NLs with wave impedances %, (i=12,3)
chat

(Figure 12, Figure 13) with the initial data:
- relative bandwidth »=0.05; 0.15; 0.3;
- attenuation in the passband L, =2dB;

- load conductivity Y, =Y, =1S ;
- the center frequency of the first parasitic passband is 7 times the center frequency of the passband.

7

Figure 12. Scheme of three stub prototype BPF: wave conductivities V,,Y,,Y, of a three-stage NL change
according to the law (W,, / ch’at)™, (i=12,3)

L, dB

- ©=0.3 »
©=0,15

«=005

0,84 0,9 0 1 1,05 11 olwo

[ A~

\'0,15
60 V T \J
S VW N

g =

1 @2 3 4 5 6 Sme

Y

Figure 13. Amplitude-frequency characteristic of the BPF prototype; wo - center frequency of the passhand,
Vs - width of the blocking area, Lmin - minimum attenuation in the blocking area
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As the first two resonators, we took homogeneous closed segments of transmission lines with delay
time m/2wo and wave conductivities:

Y, =66,55(w=0,05); 20,5S(w=0,15); 9S(w=0,3);

Y, =133S(w=0,05); 41S(®w=0,15); 18S(w=0,3).

The third resonator is formed by three NLs with the same delay times, connected in cascade (Figure
12), with a total electrical length 6=1.178 radians and wave conductivities

w. )L
vi=| —0 | k=123 (42)
ch€ar

In this case, different values of k correspond to different values of Wo.

At ©=0,05 the delay time of each stage for different relative bandwidths are the same:
t'=0,4/0,, 0<t<t'. Step impedances:

Wo are (42): W,, = 20hm, Wy, = 4,80hm, Wy, =9,20hm.

For ©=0,15 W,, = 20hm, W,, = 4,80hm, Wy, =9,2Ohm.

For ©=0,3 W,, =5,50hm, W,, =10,80hm, W,, =16,20hm.

The resonators are interconnected by quarter-wave transformers (inverters) on homogeneous
transmission lines with wave impedances W=14.3 Ohm.

Further research is related to the development of broadband matching devices based on heterogeneous
lines for matching complex loads of high-speed information transmission systems.

4. CONCLUSION

From the analysis of the obtained results it follows:

1. When synthesizing BPF based on NL, one can use the Cohn method and other methods of filter
synthesis. In this case, when using resonators made on the NL, one should take into account the presence of an
additional transformer, which introduces a correction in determining the parameters of the inverters.

2. The use of NLs as resonators makes it possible, by choosing the wave impedance, to increase the
stopband of the BPF in comparison with the BPF on resonators based on uniform lines. In particular, if only
homogeneous lines are used as resonators, then the first two spurious bandwidths will appear at o/ o, =3, 5.

3. As the bandwidth increases, the attenuation minimum in the blocking region decreases.

4. The frequency response in the area of the barrier is strongly jagged. The attenuation maximum
occurs at the serial resonance frequencies of the parallel loops. The attenuation minima are located between
these frequencies. Therefore, to increase the attenuation in the blocking region, it is necessary to use resonators
with a rarefied frequency spectrum of parallel and series resonance.
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