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ABSTRACT

Context. The problem is to systematize and improve the models of a resonance ferrite isolator in the rectangular waveguide for
the antenna-feeder devices, generating, receiving, measuring microwave equipment containing ferrite decoupling devices: ferrite
isolators and circulators.

Objective. The goal of the work is to verify the formula for the losses of the resonant ferrite isolator in the direct and reverse
directions, as well as the isolator ratio.

Method. The research method of the work is a critical analysis of literary sources, which was carried out, but did not bring the
desired results, since it did not allow to verify the correctness of the derivation of the formula [17]. Therefore, a number of
hypotheses were put forward, what the formula might mean. The difficulty lay in the presence in the formula of the product of
trigonometric functions that can be attributed to frequency properties, which was taken as an initial hypothesis, which was not
subsequently confirmed. The check included transformation of formulas using mathematical physics in terms of microwave
electrodynamics, trigonometry and algebra. The beginning was the formula of the classics [16], similar to the formula of [18],
accepted without proof. As it is known, for the main type of wave in a rectangular waveguide, the components of the magnetic field
strength, obtained as a solution to the wave equation under the boundary conditions inherent in a rectangular waveguide. One
component of the magnetic field strength is along the direction of wave propagation, and the second one is in the transverse direction
in the section of the waveguide are proportional to the trigonometric functions cosine and sine with the same arguments. The equality
of the two components of the strengths is traditionally uses to find the plane of circular polarization where to place the ferrite isolator,
and so the authors use this proportionality to trigonometric functions in their derivation, namely the formulas of trigonometric
functions of a double angle, the basic trigonometric identity sine squared plus cosine squared is equal to one for replacing the
propagation constants with trigonometric functions, this allows to get rid of radicals in the formulas, these radicals in the formula are
due to the phenomenon of dispersion in a rectangular waveguide. The rest of the manipulations with the formula are the reduction of
similar terms.

Results. There was obtained analytical expressions for the losses of the resonant ferrite isolator in the forward and reverse
directions, as well as the isolator ratio by strict mathematical transformations. There was performed such transformations. The ratios
of the longitudinal propagation constant to the transverse propagation constant are replaced by the ratios of the trigonometric
functions sine and cosine, since they are continuous as opposed to tangents and cotangents. Such a transformation allows to avoid
square roots in the formula for the losses of the ferrite isolator in the forward and reverse directions, which are associated with the
presence of dispersion in the waveguide, as in the formula for wavelength in the waveguide. The conversion is based on microwave
electrodynamics. The formulas are used for the distribution of fields in a rectangular waveguide for the main type of wave. Further
transformations consist in taking the common factor out of brackets and other arithmetic transformations.

Conclusions. Threr was obtained results partially coincide with the well-known [17], the derivation of the formula [17] was ob-
tained for the first time, the studies carried out allowed us to reject the hypothesis that the product of cosines and sines in the loss
formula of a ferrite isolator is a frequency characteristic, it appears as a result of arithmetic transformations. To take into account the
frequency range, it is used that there is circular polarization at the middle frequency, there will also be circular polarization at the
extreme frequency of the range, but the plane of circular polarization will shift in comparison with the position of the plane of circu-
lar polarization at the middle frequency. That is, a peculiar system of two equations is obtained with respect to two positions of the
polarization plane relative to the wide side of the rectangular waveguide section.

The scientific novelty consists in systematization and generalization of the formulas of the loss of the resonance ferrite isolator,
the connection between the formulas from different literature sources, both foreign and domestic, is proved, which saves time for
researchers of ferrite isolators for the verification of the formula.

The practical significance. It may be useful for teaching purposes and in optimization of the ferrite isolator design.

KEYWORDS: ferrite isolator, isolator ratio, direct loss, reverse loss, frequency properties, electrodynamics,
verification, circular polarization, waveguide field distribution.

NOMENCLATURE Yyo»> Bo is a longitudinal propagation constant;
X, Y, Z are axes in a rectangular coordinate system; a is a size of the wide wall of the waveguide;
ES is a y-projection of the electric field strength; b is a size of the narrow wall of the waveguide;
H )(() is a x-projection of the magnetic field strength; " N is a dimension of the ferrite plate on the smaller
side;
0. sl : . . . .
H is a z-projection of the magnetic field strength; M is a dimension of the ferrite plate on the larger
Kox» Kc 1s a lateral propagation constant; side, 2m=t; ;
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X, is a position of the middle of the ferrite plate along

the cross section of the waveguide at the middle

frequency of the range, x, :t3+t?1 ;

X, is a position of the middle of the ferrite plate along

the cross section of the waveguide at the extreme
frequency of the range;
”

Xxx » Mp are Xx-susceptibilities, imaginary term;

”

xy » k1” are Xy-susceptibilities, imaginary term;

[, is a ferrite slab length.

INTRODUCTION

The antenna-feeder devices, generator, receiving,
measuring microwave equipment contain ferrite
decoupling devices, the number of which sometimes
reaches hundreds in one set. Without such decoupling
devices, it is impossible to create multi-cascade
amplifying circuits, as well as amplifiers made on active
two-port elements. The decoupling devices greatly
simplify the creation of phased antenna arrays and
especially active phased antenna arrays [5].

The object of study is the process of electromagnetic
wave propagation through ferrite isolator in the rectangu-
lar waveguide.

The ferrite isolators are nonreciprocal microwave
devices with a different loss factors in the forward and
reverse direction (Fig.1). This fact determines their use to
prevent the failure of generators due to reflected power
from the termination. Ferrite isolators are structurally a
section of a waveguide with a ferrite slab placed in it; a
permanent magnet is located outside the waveguide. In
principle, ferrite isolators can be classified into resonant
isolators and field-shifted isolators. Isolator characteristics
include isolator ratio, forward loss and reverse loss.

Figure 1 — Ferrite isolator

The subject of study is method of description of
parameters of ferrite isolator.

In engineering calculations for the design of ferrite
decoupling devices, various formulas are used [2, 3].
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The purpose of the work is the comparison of
formulas describing the same parameter, and the desire to
show their connection with each other. And in a broader
sense, critical analysis, generalization and
systematization.

1 PROBLEM STATEMENT
In the disciplines related to the design of microwave
devices, with a large number of manuals, there is little
literature about ferrite devices.
In lectures [16] and other foreign sources, the formula
for losses of a ferrite isolator is

AS . ”
Ot :g{B(Z)Xxx sin’ kx+kixz cos” kX F
0

h ©))
Fllxy kcBOSiHchX]

The advantage of formula (1) is that it is clear how it
is derived and there are examples of calculations with
numerical values intended for training, there are imple-
mentations in the devices design. The disadvantage is
that, firstly, designations of variables different from fa-
miliar for domestic literature, secondly, different axes
orientation, thirdly, different units of measurement (off-
system as compare to system SI unit inches and oersteds),
and different numerical values meanining as to waveguide
cross section and other.

In domestic sources [17], another formula for reverse
losses is proposed

sianm
' =8.7~2-If-n a
nv b-a . TCZXl
sin ——
n2m
" 4 T2X% 2 2
x| 1y a__ cos L cos % |- o)
.2 a
sin —
a
" 2% T2
—k;sin L2 §in XO}.
a

There is no proof and a numerical example, the
implementation is questionable, the mathematical model
itself is simplified — the ferrite slab have a prismatic
shape, although to reduce the mismatch that the slab
introduces into the microwave tract, the slab should be
given a wedge-shaped form, but the mathematical model
has become significantly more complicated. However, the
advantage of the model and formulas are the familiar
designations of variables and orientations of the axes, the
use of system units and a reference to domestic brands of
ferrites, sections of waveguides.

Let us carry out a comparative analysis in order to
identify the relationship between the expressions for
losses in ferrite (1) and (2).
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2 REVIEW OF THE LITERATURE

The book [1] describes the use of ferrites in
microwave devices such as isolator, circulator, phase
shifters, as well as antenna arrays, due to its nonreciprocal
properties. It turns out that the nonreciprocal devices can
be designed, not only on ferrites, but also differently [2].
So, non-reciprocal devices in transmission tracts for
microwave and terahertz frequency range can be
classified into two large groups of new and traditional
group by the criterion of the materials used. Information
about the first group is contained in literature sources [3—
10], and information about the second group is contained
in the literature [12—16].

The most modern trends for non-reciprocal devices are
use of photonic crystals [3, 9, 10] and metamaterials [4].
As methods for describing such devices, the methods of
microwave circuits theory are used more often [3, 7], but
the methods of electrodynamics are also used [8]. Among
numerous parameters describing metamaterials and
photonic crystals [5] there are parameters common to
traditional non-reciprocal devices: scattering matrix,
figure of merit, dispersion characteristic. There is also
works about frequency properties attracts our attention
[6]. The results of the application of calculation methods
are the dispersion characteristics with the I" points [5,6]
are presented, the phase and group velocity.

For models of nonreciprocal devices with traditional
materials are used new description methods. Methods of
electrodynamics are used for calculating the propagation
constant. For calculation propagation constant the trans-
verse operator method used in [11, 12], for calculating the
modes the mode matching method [11] is applied, from
partial differential equations solution is received
transcendental equation for phase constant [13], there is
considered eigen functions including higher modes [14],
and the surface integral equation for the normal
component of magnetic flux density on the surface of the
ferrite layer [16].

There was received such results: calculate the
normalized propagation constant as a function of
frequency, the input reflection coefficient S;; is shown as
a function of frequency [11]. The dispersion
characteristics for waveguide with a square cross-size
completely and uniformly filled with longitudinally
magnetized ferrite were calculated [12]. The optimization
of geometric parameters of ferrite slab, as well as the
coefficient of filling of the waveguide and their influence
on the scattering matrices were studied experimentally
[13]. The scattering coefficients for an EM wave passing
through both a single air-ferrite interface and an air-
ferrite-air system are analyzed under the consideration of
modal effect. [14]. waveguides partially filled by ferrite
can support a unidirectional mode that, when colliding
with an impenetrable barrier, accumulates the
electromagnetic energy in a tiny region near the latter and
graphics of magnitude for a wave packet approaching the
barrier hot spot was drawn [15].

On the basis of critical analysis of the literature
sources with traditional material and new description
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methods we draw such conclusions. The longitudial
magnetic bias case [11, 12] interesting  but not
appropriate for our case as we have a transversal magnetic
bias. The geometry of the ferrite device determines its
properties [13] The most important thing in the literature
review is amplitudes [14] of electromagnetic field
components depend on frequency, the position of the
points of equality to zero in an unfilled waveguide
compared to a filled one is in different places at I" points
named according [5, 6], the difference is aggravated when
approaching the resonant frequency, sourdse [15]confirms
that the amplitudes depend on the frequency.

The ferrite devices are up-to-date, despite of they have
been known for a long time but have not exhausted their
capabilities. Modern trends as shown by a review of
literary sources is the use of new materials, the
development of theoretical methods, as well as attempts
to increase the frequency range.

3 MATERIALS AND METHODS

The object of research is a resonant ferrite isolator on
a rectangular waveguide (Fig. 2). To increase the effect,
not one, but two plates are placed near opposite wide
walls of the waveguide. The figure shows the position and
dimensions designation of the ferrite plates; they will be
needed to draw further formulas. The cross section of a
rectangular waveguide is shown, and the system of an
external permanent magnet is not shown, as in the photo-
graph in Fig. 1, which is a permanent magnet in the form
of a cylinder, enclosing a rectangular waveguide. Its pres-
ence in the construction of the model is taken into account
as an external constant magnetic bias, while the alternat-
ing magnetic field exists inside the waveguide, it is cre-
ated by an electromagnetic wave, which is generated in
the source and is partially absorbed, and partially re-
flected in the termination of the microwave tract.

[ —— T —P
>
—

X
-
——— 3 —»

Figure 2 — Construction of a ferrite resonant isolator

We assume that the wave propagates in the waveguide
along the z direction; we take into account that the struc-
ture of the field of the main wave type in a rectangular
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waveguide is determined by the known relations for
H.H,.E,

0 _ ~Jryez
Ey =sinkoyx-e Y
HO = Y% ginkoyx-e 17v0?
y .
HO =— y0 coskoyx-e 0%,
Ok

T / 2
where kOX ZE, ’Yyo = ko _kOX .

As a result of the research, it turned out that the start-
ing point for deriving the formula from the source [17] is
the formula from the source [16], similar to the formula
(1)]. Let’s try to derive the formula (2).

In [1], a formula for propagation constant with proofs
is given and it can be taken as the starting point of our
research.

h [1 k2,
= +—q—u" +— |t +
Ty =Vyo ab{zl’- [(Yyo Yy 1

k .
o Kox IY0 | ko by -coskoy (2t +4 )]
Yyo  Kox

—k"-sin kOth sin kOX (2t3 + tl )}

“4)

This formula from [1] is similar to the formula from
3,9].
: T]he following steps are proposed for transforming
formula (4) into formula (2):

1) To put out of the first round brackets in the
expression (4) Koy

2) to multiply and divide by sinKkyt; the first term in
the first round brackets (4);

3) to put out of curly brackets sin kgt ;

4) to convert the second round brackets into a

. . . c082Kgy X
trigonometric expression ————— ;

sin2kg, X ’
5) to convert first round brackets into ————
sin 2Kgy X

6) to multiply and divide by sin2kg4t; last term in
expression (4);

7) to put out of curly brackets — ;
sin 2Kgy X
8) to rename variable according [2].

The first step is to put the general factor in the
expression (4) outside the bracket, as a result we get
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h 1 | YVO kOX
Ty =Y o+—{—u ——+— Koyt +
y Y ab 2 kOX YyO 0x

(6))

k
+ &—M sin kOth - COS kOX(2t3 +t1 )]—
Yyo  Kox

—k"sinkoyt; -sinkoy (2t; +1; )}
The second step is multiplying and dividing by the

same number of the first term in square brackets of ex-
pression (5)

Yy =Yyo+
k in Koyt
h lu” yo . Kox | L
ab (2 Koy Tv0 sin Koyt

(6)

k
+ &—M Sinkoxtl'COSkox(2t3 +t1)]—
Yyo Kox

—k"sin kOth -sin kOX (2t3 "rtl )}

The third step is to put out of square brackets the
common factor sin Kgyt;

’Yy = "{yo +sin kOth X

k
ab (2 Kox Yyo sinkgyt;

+ kO_X_M Ccos kOX (2t3 +t1 )COS kOX (2t3 "rtl )]_
Yyo Xox

)

—k"sin kOX (2t3 +t1 )} .

The fourth step. The most important replacement
occurs because we express the ratio of transverse and
longitudinal propagation constants in terms of
trigonometric functions so that there will be no radical
from dispersion in a rectangular waveguide.

At the extreme frequency of the range, there will again
be circular polarization, but the plane of -circular
polarization will shift in comparison with the position of
the circular polarization plane at the center frequency.
This new position of the plane of polarization at the
extreme frequency will be denoted x; .

From expressions (3) we obtain

Yo = Hy -o-py
yo sinkOXXI ’
Koo = _HZ'(’)'MO
ox —— -
cos Koy X

Hence
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Yyo _coskoyX; H;
kOX sin kOXXI HX '

It is known that in a ferrite isolator the ferrite slab is
located in the plane of circular polarization, where
Hy =H,, therefore, the ratio of the magnetic field
strengths is equal to unity, from which the exact position
of the plane of circular polarization is determined and
where the ferrite plate should be placed. The position of
the plane of circular polarization in the waveguide is
defined as the solution of the trigonometric equation
containing the tangent.

Based on the equality H, = H, , we get

Yyo  cosKyyX
kOX SinkOXXI '

. k Y . . .

Lets consider ~% 4+ Y0 Ag trigonometric functions,
Tyo Kox

tangents and cotangents have discontinuities, so it is bet-

ter to leave sines and cosines.

kOX n Yyo _ Ccos kOXXl n sin kOXXl _ COS2 kOXxl + SiI'l2 kOXxl
Yyo Kox  sinkoyXp  cosKoxX cos Koy X; sin Koy X
The basic trigonometric identity is

COS2 koxxl +Si1’12 kOXX1 =1.

The expression for the sine of a double angle is
. 1 .
COS kOX Xl sin koxxl = ESII’I Zkoxxl.
Hence we get

Tyo Ko |2
K

S0 (8)
ox Yyo | sin 2Koyt;

Then, substituting (8) into expression (7), we obtain

Yy =7Vyo *sin Koyt x

hft,] 1 1
X—<—U N kOX tl N +
ab (2 | sin2kgyt; sin Koyt

+ k()_x_m cosKkpy (2t3 +tl)}—
Yyo Kox

)

—k"sin kOX (2t3 +tl )} 5

The fifth step is like the fourth step.
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. k Y
Lets consider —2% _yo .

Yyo  Kox

kOX Yy() _ cos kOXXI sin kOXXI _ 0052 kOXxl - Sil’l2 kOXXI

Yyo Kox  sinKoxX  cosKoyX cos Koy X; sin Koy X

The double angle cosine expression is
2 - 2 _
cos” Koy X —sin“ Koy X; = cos 2Kgy X;.

The double angle sine expression is
. I .
COS kOXxl sin kOXxl = ESIII 2k0X X] .
Hence we get

Tyo Kox | 2-cos2koyt;

. (10)
ko, Yyo | sin2Koyt

0x

After substituting (10) into (9), we obtain

’Yy = '}’yo +sin kOth .

hij1l, 2 1

St bl Kox ti = +
ab |2 | sin2Kkgyt; sin Koty

20052k0xxl

(an

Koy (2t3 +t;) |—
sin2k0xxl cos OX( 3+ 1)]

—k"sin kOX (2t3 + tl )} .

The sixth step is multiplying and dividing the last term
by the sin2kg,t; , which will now be in the denominator

of each term

Yy =7Yyo *sinkgyt; x

h |l , 2 1
X—9—H - kOX tl - +
ab (2 | sin2kp,t sin Koyt
2cos 2Ky X 12
+—(.:OS 07 cos Koy (2t3 +1 )} - (12)

sin 2Ky X

in 2Ky, X
—k”SinkOX (2t3 +tl)M .
sin 2Ky X

The seventh step is to put out of square brackets the

common factor —
sin 2Ky X;
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= +sink,, t ;x
Ty =Ty 1 sin 2k, X,
h 1
x—u" Kk, t ———+
ab W] ks "sink, X, (13)

+cos 2Ky, X, cosk, (2t +1, )] -
—k”sink,, (2t, +t,)sin 2k, }.

Finally, we transform the notation into the notation
from [17] The ferrite slab width is 2m=t;, and the

position of the center of the slab in the waveguide is
Xo :t3+t31, than 2xq =2t;+t;, the slab height is n=h.

M is a constant since this is the size of the slab, and x; is

a variable that denotes the position of the plane of circular
polarization over the section of the waveguide

Yy =Y +L sin=2m ;x

1
x| u” E2m—+
sin§2m (14)

+c0s 2Koyt ~cos£2x0j—
a
.o . W
—k"-sin 2Ky t; -sm—2x0}.
a

Expression (14) is identical to expression (2), which
was required to prove.

4 EXPERIMENTS

Lets consider an H-plane resonance isolator to operate
at 9 GHz, using a single fettite slab of length L and cross
section of 0.187" x0.032". It is bonded to the lower broad
wall of an X-Band waveguide (a=0.90", b=0.40") at X0 .
The ferrite material has a line width AH = 250 Oe and a
saturation magnetizations 4tMs = 1900 G. Find the value
of Rmax"a-and o+ . If the reverse attenuation is 25 dB,
find the length L of the slab [9].

The maximum reverse losses a- is approximately 7.75
dB/inch. Thus the necessary ferrite length is
L=25dB/7.75dB/in = 3.23".

The Fig. 3, 4, 5 contain dependence of attenuation from
distance along wide wall for central frequency 9 GHz
(Fig. 3), right extreme frequency 12 GHz (Fig. 4) and left
extreme frequency 8 GHz (Fig. 5) for waveguide crossection
(a=0.90", b=0.40") other condition same is in [9].

There is isolator ratio calculated as difference between
direct and reverse losses. The maximum isolator ratio
position independent of frequency, but slightly differ for
formulas from [9] and [2], which could be account on
uncertainty. As to picture margins for formulas from [9]
all the same, but formulas from [17] have that feature that
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curves that draw on their base ascend up at the margins of
figure: for right most frequency of waveguide range the
direct losses curve ascends at the right figure margin and
for left most frequency range of waveguide range the di-
rect losses curve ascends at the left figure margin (Fig. 4).
The direct losses for 9GHz (Fig. 3) is 3.8 dB/inch at
Xo/ a=1.
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Figure 3 — Comparison of direct and reverse losses, isolator ratio
given in the [2] and [9] in the average frequency 9 GHz
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Figure 4 — Comparison of direct and reverse losses, ventil ratio
given in the [2] and [9] in the extreme frequency 12 GHz
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Figure 5 — Comparison of direct and reverse losses, ventil ratio
given in the [2] and [9] in the extreme frequency 8GHz

5 RESULTS

There was obtained analytical expressions for the
losses of the resonant ferrite isolator in the forward and
reverse directions, as well as the isolator ratio by strict
mathematical transformations. There was performed such
transformations. The ratios of the longitudinal
propagation constant to the transverse propagation
constant are replaced by the ratios of the trigonometric
functions sine and cosine, since they are continuous in
contrast to tangents and cotangents. Such a transformation
allows avoiding square roots in the formula of losses of
the ferrite isolator in the forward and reverse directions,
associated with the presence of dispersion in the
waveguide, as in the formula for wavelength in
waveguide. The conversion is based on microwave
electrodynamics. The formulas are used for the
distribution of fields in a rectangular waveguide for the
main type of wave. Further transformations consist in
taking the common factor out of brackets and other
arithmetic transformations.

The results partially coincide with results from [5, 6,
15].

CONCLUSIONS

The results obtained partially coincide with the
generally known [2], the derivation of the formula [2] was
obtained for the first time, the studies carried out allowed
us to reject the hypothesis that the product of cosines and
sines in the loss formula of a ferrite isolator is a frequency
characteristic, it appears as a result of trigonometric and
arithmetic transformations. To take into account the
frequency range, it is used that at the middle frequency
there is circular polarization, at the extreme frequency of
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the range there will also be circular polarization, only the
plane of circular polarization will shift compared to the
position of the plane of circular polarization at the middle
frequency. That is, a peculiar system of two equations is
obtained with respect to two positions of the polarization
plane relative to the wide side of the section of a
rectangular waveguide.

The scientific novelty is in systematization and gen-
eralization of the formulas of the loss of the resonance
ferrite isolator, the connection between the formulas from
different literature sources, both foreign and domestic, is
proved, which is saving of time for researchers of ferrite
isolators for the verification of the formula.

The practical significance of obtained results is ine
usefulness for teaching purposes and in optimization of
the ferrite isolator design.

Prospects for further research are to study the pro-
posed transformation method for not rectangular cross-
section of the waveguide, for example circular. As for it
description is used wave equation solution in form ofBes-
sel function combination, analogue of proposed transfor-
mation for circular cross-section give only approximate
expression for ferrite isolator losses. Another prospect is
to study behavior of ferrite slab on higher order propagat-
ing modes, and finally elaborate physical simulation
model for resonance ferrite isolator in ANSYS/HFSS.
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CUCTEMATHU3AIISA ®OPMYJI BTPAT PE3OHAHCHOI'O ®EPUTOBOI'O BEHTUJISL
3aiiuenko O. B. — kaHJ. TexH. HayK, JOIEHT, JOIEHT KadeApH MPOEKTYBaHHS Ta eKCIUIyaTalii eJeKTpOHHUX amapariB XapKiB-
CHKOT0 HAIlIOHAIEHOTO YHIBEPCUTETY PaJiOeICKTPOHIKH, XapKiB, YKpaiHa.
3aiiuenko H. SI. — acnipant xadenpu MIKpOENEKTPOHIKH, EIEKTPOHHUX HPWIIAIB i MPUCTPOiB XapKiBCHKOTO HAI[lOHAIBEHOTO
YHIBEPCHTETY Pa/liOeJIEKTPOHIKH, XapKiB, YKpaiHa.

AHOTAULIA

AKTyaJbHiCTh pOOOTH MOJSTaE B YAOCKOHAJICHHI MOJAET PE30HAHCHOTO (PepUTOBOTO BEHTWIA A MPSIMOKYTHOTO XBHJICBOY.
AHTeHHO-(iepH] MPUCTPOI, TeHepaTOpHa, IpUiiMajbHa, BUMiproBanbHa HBY amapaTypa MicTSTh B CBOEMY CKiafi GepuToBi po3B’s-
3yI04i IpUIaad, TOOTO (EpUTOBI BEHTHII i HUPKYIATOpH. OO’ €KTOM IOCIIIKEHHS € MPOIEC MOMUPEHHS eIeKTPOMArHITHUX XBHIIb
4epe3 (hepUTOBUI BEHTHIIb Y IPSIMOKYTHOMY XBHJIEBOIl. MeToio po6otu € Bepudikaris GopMyiH st BTpaT pe30HAHCHOTO (hepHTo-
BOT'O BEHTUJIS B IPSIMOMY 1 3BOPOTHOMY HAIPSIMKY, 8 TAKOK BEHTHJIBHOTO BiJIHOLIICHHS.

MeTtoa. MeTosoM fociipKeHHs B poOOTi, HO-NiepIiie, € KPpUTHYHUH aHai3 JiTepaTypHUX JoKepel, skuil OyB IPOBEICHUH, aje He
MpUHiC OakaHUX PE3yJIbTaTiB, OCKIIBKH BiH HE T03BOJIUB TIEPEBIPUTHU MPABUIbHICTH BUBeACHHs Gopmyinu [17]. Tomy Oyiio BUCYHYTO
psn rimores, o Moxe o3Hadatd (opmyna. Lle apyruit Metox DOCHiKEHHS BUCYBaHHS Ta CIIPOCTOBYBaHHS rimore3. CKiaaHicTh
noJsirana B HassBHOCTI y (opmysti 10OyTKY TPUTOHOMETPHYHUX (QYHKILIHM, SIKHH MOXKHA BiJHECTH 1O YaCTOTHMX BIIACTHBOCTEH, IO
OyJ10 MPUIHATO 32 TIOYAaTKOBY TiMOTE3Y, IO 3T0J0M HE MiATBEpAmIock. [lepeBipka BKIItOYaIa MepeTBOPEHH GOpMYII 3 BUKOPHCTAH-
HSAM MaTeMaTHYHOI ()i3WKH B TEPMIHHM MIKPOXBHIBOBOI €JICKTPOAWHAMIKH, TPUTOHOMETpIi Ta anreOpu. IloyaTkoM cTana kiacu4yHa
¢dopmyna [16], noxibHa mo popmynu [18], mpuitHara 6e3 moka3iB. Sk BiOMO, UISI OCHOBHOTO THITY XBHJII B IMIPSIMOKYTHOMY XBHJIE-
BO/Ii KOMIIOHEHTHU HAIPY>KEHOCTI MarHiTHOTO MOJIsl, OTPUMAaHI 5K PO3B’S30K XBHJIBOBOTO PIBHSIHHS B TPAaHUYHUX YMOBaX, BIACTHBUX
MIPSIMOKYTHOMY XBHJIeBoxy. OfiHa CKJIaJ[0Ba HANpPY>KEHOCTI MarHiTHOTO ITOJISI OPi€EHTOBAHA B3/IOBXK HANPSIMKY IOMIMPEHHS XBUII, a
Jpyra, B MONEPEYHOMY HANPSIMKY B MEpepi3i XBUICBO/Y, POIOPLiiiHI TPHTOHOMETPHYHUM (DYHKILISIM KOCHHYC 1 CHHYC 3 OJIHAKOBH-
MU aprymeHTamu. L[5 piBHICTb ABOX KOMIIOHEHTIB HANPY>KEHOCTI MK COOOI0 TPaIUI[IIHO BUKOPUCTOBYETHCS ISl MOLIYKY TUIOIHHHI
KPYroBoi mossipu3atii, ie po3mictuti GeppuToBrii BeHTWIb. Lle TpeTiit MeTo AOCHiKEHHS — METO/| aHAJIOTiil. ABTOPH BUKOPHUCTO-
BYIOTb LFO MPOTOPLIHICTh TPUTOHOMETPHYHAM (YHKIIISIM TIPH 3alIPOIIOHOBAHOMY BHBEIICHHI, a caMe Y (opMyJiaX TPUTOHOMETPUY-
HUX (QYHKIIA MOABIHHMHA KYT, OCHOBHOI TPUTOHOMETPHUYHOI TOTOKHOCTI CHHYC Y KBaJpaTi IUTFOC KOCHHYC Y KBaJApaTi NOPIBHIOE
OJIMHULI U 3aMiHM KOHCTAHT IOIIMPEHHS TPUTOHOMETPHYHUMHU (YHKIISMH, L€ JO3BOJIAE MO30YTHCS paguKaliB y (opMyiax, i
paIvKaIy 3HAXOMATECS y opMyIi depes siBUIIE AuCIIepcii B IPSMOKYTHHH XBuIeBi. Pemra MaHimyssmiit 3 ¢popMyioro — e npuse-
JICHHS TO/IIOHNX TEPMIHIB.

PesyabTaTh. SIk pe3ysbTaTH OTpUMaHi aHAIITHYHI BUPa3H BTPAT PE30HAHCHOTO (GEpUTOBOTrO BEHTWIIS y NMPSIMOMY Ta 3BOPOTHO-
My HampsIMKaX, a TAaKO)X BEHTHJIbHE CITiBBIAHOIICHHS 33 OINOMOIOI0 IMOCIHIZOBHUX MaTeMaTHYHHUX MEPETBOPEHb. 3IiHCHEHO Taki
MePETBOPEHHS. BiIHOIICHHA MO310BXKHBOI KOHCTAaHTH PO3MOBCIOJUKCHHS [0 MONEPEYHOI KOHCTAHTH IMOIIMPEHHS 3aMiHIOIThCS
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BIJIHOIIEHHSIMH TPUTOHOMETPUYHHMX (PYHKIIH CHHYC I KOCHHYC, OCKUIBKM BOHH € HETIEPEpBHMMH Ha BiIMiHYy BiJ TAQHI€HCIB Ta
KoTaHreHciB. Take nepeTBOPEHHs J03BOJISIE YHUKHYTH KBaJpaTHUX KOPEHIB y GopMyJi Juist BTpaT GeprUTOBOTO i30J11TOpa B IPSIMOMY
1 3BOPOTHOMY HANpsIMKaX, sIKi OB’s13aHi 3 HAsSBHICTIO JUCHepcil y XBUIEBOII, SIK Y GpopMyJIi JUTs JOBXHMHH XBWIIi B XBHIIeBOII. [lepe-
TBOPEHHs1 0a3y€ThCsl HA MIKPOXBHIJIbOBIH €JICKTPOIUHAMILI, @ CaMe BUKOPHCTOBYIOTHCS (OpMYITH [UIsl PO3MOALTY OB Y IPSIMOKYT-
HOMY XBHJIEBOAI JUIsi OCHOBHOTO THITy XBuIi. [ToJanbili nepeTBOpPeHHs MOJIAraloTh y BUBEACHHI CIIIBHONO MHOXHUKA 3 JYXOK Ta
THITUX apUPMETHYHHUX MTEPETBOPECHHSIX.

BucnoBku. OTpuMmaHi pe3ylbTaTH 4YacTKOBO 30irarotbcsi 3 Bimomumu [17], BuBemeHHs ¢opmymu [17] orpuMaHo Bmepiie,
MIPOBEJICHI TOCIIPKEHHS JO3BOJIWIIN BIIKUHYTH TIOTE3y MPO Te, MO A00YyTOK KOCHHYCIB 1 cHHYCIB Y BTpaTax ®opmyiia (pepuToBoro
130JIITOpa € YaCTOTHOIO XapaKTePHUCTUKOIO, BOHA 3’ABISETHCS B Pe3yJIbTaTi apu(METHIHUX HMepeTBOpeHb. s BpaxyBaHHS 4acTOT-
HOTO Jliara3oHy BUKOPUCTOBYETHCS, L0 ICHY€E KPyTroBa MOJSIPU3allis Ha CepeiHii YacToTi, TakoxkK OyJe LUPKYISIpHA MOJLIpH3aLis Ha
KpaliHii 4acTOTi Jiama3oHy, aje IUIOIIMHA KPyroBoi MOJspu3aiii 3MICTUTHCS B NMOPIBHSHHI 3 IOJOXEHHSAM IIOIIMHA KPYroBOT
nojispu3anii Ha cepeaHii 4actoTi. ToOTO BHXOAWTH CBOEpiIHA CHUCTEMa ABOX PIiBHAHb BiHOCHO [BOX MOJIOKEHb IUIOIIMHU
HoJsipu3anii 1OJ0 LIMPOKOI CTOPOHHM NPSIMOKYTHOTO HEpeTMHY XBHIeBOAy. HaykoBa HOBM3HA mojdrae B cucremarusauii Ta
y3araibHeHHi (opMys BTpaT pe30HAHCHOTO (pepUTOBOTO BEHTWIIS, JOBEICHO 3B’ 30K MK (POpMyJIaMu 3 Pi3HUX JITEPATYpPHHUX JKe-
pern, sk 3apyOiKHUX, TaK 1 BITYM3HIHHX, OI0 IPU3BEIE A0 €KOHOMII Yacy Al JOCHiJHUKIB (PepUTOBUX BEHTHIIB IS NepeBipku Gop-
myiu. [Ipaktnune 3HauenHs. lle Moxe OyTH KOpPHCHO Uil HaBUaJNbHUX LIeH Ta Ut ONTHUMI3amii KOHCTpYKHii (epHTOBOTO
i3oIsTOpA.

KJIIOUYOBI CJIOBA: ¢eputoBuii BEHTHIb, BEHTWIBHE CIIBBIJHOLICHHS, BTPATH B NPSIMOMY HaIIPSIMKY, BTPaTH B 3BOPOTHOMY
HAalpsMKY, YaCTOTHI BJIACTHBOCTI, €JIEKTpOJUHAMIKa, Beprdikallis, KpyroBa IoJsIpu3allisi, pO3MOALT OIS B XBUICBOI.

YIK 621.317
CUCTEMATHU3ALIUA ®OPMYJ HOTEPb PE3SOHAHCHOI'O ®EPPUTOBOI'O BEHTHJISL

3aiiuenko O. b. — kaHa. TexH. HAyK, JOIEHT, JOIEHT Ka(eapsl MPOSKTHPOBAHHUS M JKCIUTyaTaIlMH SJICKTPOHHBIX allapaToB
XapbKOBCKOI'0 HAI[MOHAJIBHOI'O YHUBEPCUTETA PAUO3ICKTPOHUKH, XapbKoB, YKpauHa.

3aiiuenko H. 1. — acriipaHT Kadeapsl MUKPOIJIEKTPOHUKH, SIEKTPOHHBIX MPUOOPOB U YCTPOICTB XapbKOBCKOTO HALMOHAIBHO-
ro YHMBEPCUTETA PAHOIEKTPOHUKH, XapbKOB, Y KpauHa.

AHHOTALUA

AKTYyaJIbHOCTb PabOTHI COCTOHUT B yCOBEPUICHCTBOBAHUH MOZIENN PE30HAHCHOTO (PEPPUTOBOTO BEHTWIIS JUIS MPSIMOYTOIBEHOTO
BOJIHOBOJIA. AHTEHHO-(puiepHBIe yCTpOICTBa, TeHepaTopHasl, pueMHast, m3Mepurensias CBY anmaparypa conepxar B CBOEM €O-
cTaBe ()eppHUTOBBIC Pa3BSI3BIBAIOIINE IPUOOPHI, TO €CTh (PEPPUTOBBIC BEHTHIN U HUPKYIATOPEl. OOBEKTOM HCCIICIOBAHMS SIBIISIETCS
IIPOLIeCC PacHpOCTPAHEHUsI HIEKTPOMArHUTHOH BOJIHBI Yepe3 (peppHUTOBBI BEHTHIb B MPSMOYTOJIBHOM BOJHOBOAE. Llenpio paboTs
SBJIETCSl BepuUKaus (HOPMYIIBI ISl TOTEPh PE30HAHCHOTO (PeppPUTOBOTrO BEHTMIIS B IIPSIMOM U OOpPAaTHOM HAaIIpaBJICHUH, a TAKKe
BEHTHJILHOTO OTHOIICHHS

Mertoa. Metop uccnenoBanus B paboTe, BO-IIEPBbIX, KPUTUUECKUI aHATIN3 INTEPATypPHBIX HCTOYHUKOB, KOTOPBIH OBbLT MPOBEJIEH,
HO HE IPUHEC JKEeJaeMBIX PE3yJIbTaTOB, TaK KaK HE MO3BOJIMI IIPOBEPHUTH NMPABUIBHOCTE BbIBOAa Gopmydsl [17]. [losTomy OblT BEI-
JIBHUHYT DS THUIIOTE3, YTO MOXET O03HAdaTh (popMyia. DTO BTOPOH METOA MCCIECAOBAHUS — BBIIBIDKCHHE W OIPOBEP)KCHNE TUIIOTE3.
CIIO’KHOCTh 3aKITI0Yanach B HATMYAU B ()OPMyJIe TPOM3BEACHNUS TPUTOHOMETPHIECKUX (DYHKIHI, KOTOPbIE MOXKHO OTHECTH K dac-
TOTHBIM CBOWCTBaM, YTO OBUIO NPHHSTO 3a UCXOAHYIO THIIOTE3Y, KOTOpasi BIIOCICICTBUH HE ITOIydmIa moarsepskaeHus. [Iposepka
BKJIIOYaJIa peodpazoBaHue (GopMyI C HCIOIB30BAaHHEM MaTeMaTHIECKON (DH3HKU B TEPMUHAX MHUKPOBOJIHOBOH JJIEKTPOANHAMHUKH,
TPUTOHOMETPHHU U alnreOpbl. Hauanmom mociysxuia kinaccuyeckas ¢popmyia [16], ananornynas dpopmyie u3 [ 18], npunsras 6e3 goka-
3arenbcTBa. Kak M3BECTHO, JUIT OCHOBHOTO THIIA BOJIH B IPSMOYIOJBHOM BOJHOBOJE KOMIIOHEHTHI HANPSDKEHHOCTH MAarHUTHOTO
T0JIsl, TOTyYeHHBIE KaK PEelIEHHe BOJHOBOTO YPaBHEHMS NMPH T'PAHHYHBIX YCIOBHSAX, CBOHNCTBEHHBIX MPSIMOYTOJIBHOMY BOJHOBOJY.
OnHa cocTaBisIoNIas HAMPsHKEHHOCTH MarHUTHOTO TIOJISI HANlpaBJIeHa BJOJb HAMPaBIEHHUs PaclpOCTpaHEHMs BOJIHBI, a BTOpas — B
MONIEPETHOM HAIPABICHUH B CEYEHHWH BOJIHOBOJA, OHH IPOMOPINOHAIBHBI TPUTOHOMETPHUUECKUM (YHKIUSIM KOCHHYC W CHHYC C
OJIMHAKOBBIMH apTyMEHTaMH. JTO PaBEHCTBO ABYX COCTAaBIIIONIMX HATPSDKEHHOCTH MAHUTHOTO IOJIST TPAJUIIMOHHO HCIIONIBb3YeTCs
JUISL HAXOXKACHMS TUIOCKOCTH KPYroBOH HOJISIPU3ALUM, B KOTOPOH ClleAyeT pa3MecTUTh (DeppUTOBBIM BEHTHIIb. JTO TPETUH METOI
HCCCIICIOBAHUST — METO/ aHAJIOTHH. ABTOPHI HCIOJIB3YIOT 3Ty NPOIOPIUOHATIBHOCTh TPHTOHOMETPHUYECKUM (DYHKIHSM IIPU CBOEM
BBIBOJIC, @ IMEHHO UCIIOIb30BaHbI (YOPMYJIBI TPUTOHOMETPHYECKUX (DYHKIMH JBOHHON yroi, OCHOBHOE TPHUIOHOMETPHYECKOE TOX-
JIECTBO CHHYC B KBaJIpaTe IUIIOC KOCHHYC B KBaJpaTe PaBHO €IMHHMIIE JUIS 3aMEHbI MMOCTOSIHHBIX PAacIPOCTPAaHEHHs! TPUTOHOMETpHYe-
CKMMHM (QYHKIMAMH, 3TO MO3BOJIIET M30aBUTHCS OT paJUKaIoB B (OpMyJiax, 3TH pajUKalbl HaXoAaTcs B GopMyse M3-3a SBICHUS
JIMCIICPCUM B IPSIMOYTOJIbHBINA BOJIHOBOA. OCTaIbHbIe MAaHUITYJIALNH C HOPMYJIIOH — 3TO NIPUBEEHHUE HOJIOOHBIX TEPMHHOB.

PesyabTatsl. [TyTem cTpornx MareMaTH4ecKHX NpeoOpa30BaHUM MOTyUSHBI aHATUTHIECKHIE BBIPKEHUS JUIS MOTEPh PE30HAHC-
HOTO (heppUTOBOTO BEHTHIISI B IPSIMOM 1 0OpPAaTHOM HAIPABIIECHUAX, a TAKXKE BEHTHIBHOTO oTHOmeHus. Takue nmpeoOpa3zoBaHust ObLIH
npon3BesicHbl. OTHOMIEHHS TOCTOSIHHOM IPOJOIBHOIO PACIIPOCTPAHEHHS K MOCTOSHHON ITONIEPEYHOr0 pacHpOCTPAHEHUS 3aMEHSIOT
OTHOIICHUSIMH TPUTOHOMETPUYECKUMH (YHKIMSIMH CHHYCa U KOCHHYCA, IIOCKOJIbKY OHHM HEHPEpPBHIBHEI B OTJIMYHE OT TAaHTCHCOB H
KOTaHTreHCOB. Takoe npeoOpa3oBaHue ITO3BOJISIET N30eXKaTh KBaJAPATHEIX KOpHEH B opMyiie [t moTepb GeppUTOBOTrO H30JISITOpa B
IPSIMOM M OOpaTHOM HalpaBJICHUSX, KOTOPbIE CBSI3aHBI C HAJIMYMEM JUCIICPCHU B BOJIHOBOJE, Kak B (hOpMyJie JUIs JJIMHBI BOJHBI B
BosHOBOJE. [IpeoOpazoBanue ocHoBaHO Ha CBY anekrpoannamuke. @opMybl UCTIONB3YIOTCS AUl PAacIpeiesieHHs MoJe B IpsAMO-
YTOJBHOM BOJHOBOJIE [Tl OCHOBHOTO THIIA BOJH. JlanbHelmue mpeoOpa3oBaHys 3aKJII0YA0TCsl B BBIHECEHUH OOIIETr0 MHOXKUTENS U3
CKOOOK M IpYTHX apu(METHIECKIX MPeoOpPa30OBaHUAK.

BuiBoasl. [lonydeHHBIE pe3yabTaThl YACTHYHO COBIANAIOT ¢ U3BECTHBIMHU [17], BEIBoA hopMyssl [17] momydeH BepBbIe, IPOBeE-
JICHHBIE MCCIIEOBaHMS IO3BOJIMIM OTKA3aThCsl OT THIIOTE3BI O TOM, YTO IPOU3BEICHHE KOCHHYCOB U CHHYCOB B (hopMylie IOTeph
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(eppUTOBOrO BEHTWJISI YacTOTHAsI XapaKTEPHCTHKA, OHO TOSIBISIETCS B Pe3yJIbTaTe TPUTOHOMETPHUECKUX M apH(METHUECKUX Ipe-
obpa3oBanuil. YToOBI IPUHATE BO BHUMaHHE YaCTOTHBIN JIHANa30H, HCIOJIB3YETCsl KPYroBas HOJISIpU3aLisl Ha CpelHed 4acToTe, Kpy-
roBas IOJISIpH3aLMs Takxke OyIeT Ha KpaifHed JacToTe Auana3oHa, HO IUIOCKOCTh KPYTrOBOW IMOJSIPH3alMU OyAeT CMEIIAThCS 110
CPaBHEHMIO C TOJIOKEHUEM IUIOCKOCTh KPYTOBOW MONIIPU3ALMM Ha cpeAHel dacTtore. To ecTh MoiydaeTcst cBoeoOpasHasl cucTeMa
JBYX YPaBHEHHMH OTHOCHTEIBHO IBYX TOJOKEHUH IUIOCKOCTH TOJSIPH3AIMN OTHOCHUTENBHO HMIMPOKOH CTOPOHBI MPSMOYTOJIBHOTO
ydacTKa BOHOBoJa. Hay4yHass HOBU3HA COCTOUT B CUCTEMATH3aIlK U 0000IIeHHH (POpMyJI TOTEPh PE30HAHCHOTO (PePPUTOBOTO BEH-
THJIS, JOKa3aHa CBs3b ()OPMYN M3 Pa3sHBIX JUTEPATYPHBIX HCTOYHHKOB, KaK 3apyOeXHBIX, TAK M OTEYECTBEHHBIX, YTO MPHUBEIET K
SKOHOMHH BPEMEHH HCCIIe[JOBaTeNIsIM (pepPUTOBBIX BEHWIEH Ha IpoBepKy ¢opmyinsl. I[Ipakruueckoe 3HaueHHE. DTO MOXKET OBITh
TIOJIE3HO B yYEOHBIX IEJISIX U IIPU ONTUMHU3ANNH KOHCTPYKIUH (hePPUTOBOTO H30JISITOPA.

KJIIOUEBBIE CJIOBA: ¢eppuTOBbIif BEHTHIIb, BEHTHIEHOE OTHOIICHUE, IIOTEPH B IPSIMOM HAIPaBJICHUH, IIOTEPH B 00paTHOM
HalpaBJICHUH, YaCTOTHbIE CBOMCTBA, MIEKTPOIUHAMHUKA, Bepr(UKanus, Kpyrosas MOJISIPU3aLis, pacpeielIeHUe OISl B BOJTHOBOJIE.
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