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Introduction

Magnetostatic waves (MSW), or another name, nonexchange spin waves [1],
are those for which the most appropriate medium for excitation and propagation
are magnetized to saturation monocrystalline epitaxial films Yttrium Iron Garnet
(YIG). They can be used to create microwave devices as linear well as nonlinear:
delay lines, resonators, filters, power limiters, generators and others [2]. The use
of nonlinear properties of medium in which MSW propagate, can create based on
them such device as a nonlinear signal processor convolver. The output of this
device corresponds to the function of the convolution of two signals at the inputs
of device. Thus, the nonlinear functional convolver performs the conversion of
signals:

Va®) = [Va(t)-Va(t—z)de "

where V3(t)- the output signal or signal convolution, and Vl(t)and Vg(t) - input

signals of convolver.

Convolver inputs are located on opposite ends of the film elements, and the
formation of the convolution signal occurs when MSW propagate towards each
other in the nonlinear medium. Let us note that in the case of the interaction of
waves in a flat layer - epitaxial ferrite film - from three major classes of magneto-
static waves [1], the class of the surface MSW is not suitable for studying the in-
teraction, because the opposite direction surface waves propagate along the oppo-
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site surfaces of the layer, and almost do not interact. There is a good interaction
only between forward and backward volume waves
Problem statement
Possibility of creating convolver based on backward volume magnetostatic
waves (BVMSW) has been investigated [3,4], but there are reasons to expect
that convolver with forvard volume magnetostatic waves (FVMSW) should be
structurally simplier with the advantage in the signal/noise ratio convolution
signal. The goal of this work was to consider the principle of convolver con-
struction based on FVMSW and to calculate the signal of convolution for this
convolver.
Nonlinear interaction FVMSW propagating toward each other
> The magnetic properties in-
teresting for us of magnetized to
saturation static field H ferro-
magnetic medium are defined by
features of the precession of the
magnetic moment of the electron,
or, equivalently, a small but mac-
roscopic volume of the medium
around the balance direction of
the magnetic moment, which co-
incides with the direction of the
static magnetic field [5]. The

magnetic moment M precesses
under the influence of the mag-
netic component of the electro-
magnetic wave, while the modu-
lus of the magnetic moment
(equal to the value of the satura-
Fig.1 Precessiqn of magr_1eti_c moment M in tion magnetization) does not
a static magnetic field H change, but change the position
vector in space - vector uniformly rotates under the precession angle @ , in this
case the end of the vector is moving on trajectory, located on a spherical surface
(Fig. 1). Suppose that the equilibrium direction of the magnetic moment coincides
with the z axis of the Cartesian coordinate system. Then, in view of the above, we
have the relation

MZ =My +M{ + M7 @)
where M - the modulus of the magnetic moment, My My M, vector com-
ponents along the coordinate axes.
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Because Myand My the significantly small compared to M , then, laying

found in (2) the value M in the Taylor series and keeping only the value of the

quadratic term (in this case due to the very small precession angle error due to
the neglected terms of higher order does not exceed 1% ), we have:
M;+M;
T ©
Thus, the component M ; associated with My and M y honlinear relation-

ship, which can be considered as approximately quadratic. The process of inter-
action of waves propagating toward each other in a medium with quadratic non-
linearity can be described as follows.

Suppose that Ujthe amplitude function of a Cartesian component of the mag-

netic field h magnetostatic wave in the layer where i = 1,2 correspond the waves
that propagate along the positive and negative directions of the axis y, respective-
ly. Then

ui(y,t)=U{t¢L]exp joit (4)
Vi g
Here Uj - the envelope of the amplitude function, Vi g - the group velocity.
Upper signs in brackets refer to the wave traveling along positive direction of ax-
ISY.
As is known, the ratio of high-frequency component of the magnetic moment
M = M, + M, and the field N of the wave in the medium: M = ¥ - h

where 1 - magnetic susceptibility tensor. In turn, for the high-frequency magnet-
ic field N magnetostatic wave in the absence of external currents is true equation
of magnetostatic V x h-= 0, so it can be expressed in terms of the magnetostatic

potential ¥, that is h =V which in the case of a gyromagnetic medium

magnetized to saturation at constant field along the z axis be found from the equa-
tion of Walker [5 ]

0° l// GZW) 0%y

oy* oz’
where & - the diagonal component of the permeability tensor: i = tig(1+ %),
Ho = 4m-10" H/m.

ﬂ( =0, (5)
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The solution for the magnetostatic potential corresponding FVMSW with
unit amplitude function in normal magnetized layer, excluding losses on the dis-
tribution can be written as

wi = (Acoskj,z+ Bsin kizz)exp(:ijiyy), (6)
that, as is easily seen, satisfies equation of Walker under condition
2 2
Ki;™ = —u(w)kiy” (7)

Then (6) can be written as

wi = (Acoskj,z + Bsin kizz)exp($M)
V= u(o)

Outside layer, taking into account that £¢ =1 the equation (5) becomes the

Laplace equation & -y =0, and the solution for the magnetostatic potential
should be

Vio :CeXp(kiZOZ$ jkiyy) for 2<0, end

Wio = Dexp(—Kioz F JKiyy)  for 2>d.
where d - thickness of the ferrite layer (film). When applying the appropriate
boundary conditions

Wi =VWio u Owjl01=0vyiy/0z at z=0 and z=d
will get the system of equations to determine the constants A, B, C, D, and the
condition of its compatibility is the dispersion equation for the transverse wave

number kiz , and, as shown in [5]:

I(izo = kiy = I(iz /‘V —/J((())

Introducing M from (3) how Mg +m;, where Mg, and M; there is con-
stant and variable components of the z-component of the magnetic moment, and

M =~ Mg, for the modulus M; from (3) can be written

1
m, =-——[(ReM,, + ReM,,)* + (ReM,, + Re M, )*]
2M, ’
where ReM,, , - the real part of the component of x and y components of the
magnetic moment parts, that match waves along the positive (index 1) and nega-

tive (subscript 2) direction of the axis y.
The relationship between the high frequency component of the magnetic

moment My =XgMy +yoMy imagine how M, =¥V -y, where Xg,Yq -
the unit vectors of the respective axes of the coordinate system. Since
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h, =X,(0w/0xX)=0, that V-w =V, - =0y /0y, then, by (6), and going
from the tensor notation to writing via the components of the tensor , we obtain

0 t 0 t—jk
M, = — = {Im Re(izar - ™YY 4 17, Re(zap 2 e®KarVy2 4
2My oy oy o
0 et jk (8)

0 t—jk
+mRe(z e g2t farYy2

Yy 4, Re(y
2~
oy

where 7 and Xa - diagonal and antisymmetric components of tensor, which,

without excluding loss in media:

_ OmP _ oOw
Z_ 2 2 Za— 2 2 (9)
wyg —0 g —o

wo = oy (H — My), ov = oMo, 7 =1.76:10" C / kg — gyro-

magnetic ratio, My - the saturation magnetization, A - external constant mag-
netic field, and where, according to (6)

mp2 = Acos kl,ZZZ + Bsin kl,ZZZ (10)

and the indices 1 and 2 for the diagonal y and asymmetric y, tensor components

correspond to the wavelengths (frequencies) of waves in the positive and nega-
tive directions of the axis of y

Separating the real part, for M, we have:

m; =- 2|\/| —={[mKiy za1 c0S(@1t K1y ¥) ~ 72Ky 7a2 COS(@nt + Koy y)I* +
0

+ [mkay 21 Sin(@1t —Kiy ¥) — 72Ky 22 Sin(@ot + Koy )1}
It is a variable part of the z-component of the magnetic moment for the wave
of unit amplitude. And with MSW, which carry signals and propagating toward
each other, from (4) for the amplitude functions of these waves

Uy =Uq(t- y/vlg), Uy =Uy(t— y/vzg), the variable part of the z-component

of the magnetic moment mf‘
my —_W{[Ulﬂlklylal cos(ant — kyy ¥) —Upmokay zaz Cos(@at + Koy Y)I* + )

+[Uykyy 71 sin(@rt — kgy y) =Uomokay 12 sin(eat + ko y)1°}

It is clear that in addition to the quadratic component mf‘ includes a com-

ponent proportional to the product of summands - combinational component,
that is, from (11), we can write
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uu . .
my ~ |\1/|—2771772k1yk2y [a1xa2 Cos(@rt —kqy y) cos(@at +Kay ¥) — x.72 Sin(ent - kqy y) sin(wot + ko )]
0

In the degenerate case w1 = wy = w, kiy =koy =Ky, TW =12 =1,

Zl :ZZ :Zv zalzlaz :la; V]_g :\/Zg :Vg, have
mA __UiUs

-~

2 2Mg
or, equivalently

A__UYs

zZ MO
Substituting from (9) the values of the tensor components, final expression

(ky)? (1* — x4 )(cos 2t +cos 2k y) |

(17ky )2 (2* - 24) cos(at —ky y) cos(at +ky y)

for mf‘ will present in the form

Up(t—2)U,t+2)

A Vg Vg 2o
m ~— (rky)” ——"— (cos 2wt +cos 2k y) (12)
2M0 Wy —w

Convolver construction principle and the signal of convolution
Convolver construction principle based on FVMSW shown in Figure 2, where
the parallel coordinate plane xy, that is parallel to the plane of the ferrite layer or
film magnetized along the axis z, along the contour of the area propagation of two
opposing FVMSW, who are carriers of signals, is located the loop as antenna.

Input 1.1 signal cutput P Inputz L
Static
magnetic
field
‘ Ferrite film
et |
Zz
icrostrip transducers
Fig.2 Convolver based on ferrite film, in which FVMSW excited
Bichuk Hayionanvnozo mexniunozo ynieepcumemy Ykpainu "KIIT" 127

Cepia — Padiomexnika. Padioanapamooyodysannsn.-2012.-Ne51



@yuxuyionanvna enekmponika. Mikpo- ma nanoenieKmpoHHa mexHika

The induced voltage in the loop is equal to the time derivative of the normal
component of the magnetic flux ¢z through the plane of the loop, that is

U3(t) = _(d¢z [dt).

Normal variable component flow through the plane of the loop

97 = J.ZOB -dS ,where B - the variable component of the magnetic induction.
S

Then the flow through the element of plane of the loop dS :
A
d¢; = uplzoV(v10 +w20) +MzpldS,

: : : A .
where W10 Ta W20 - is magnetostatic potentials, and Mz - the magnetic
moment in the plane of the loop (at z = 0) opposing FVMSW. With this in mind

0

Us(t) = =0 — [ 20V (y10+w20) + MZ0]-dS (13)
S
Write the expression (13) for U3(t) as
L
oV 2 A

ug(t) =—sp a{g dx IL[ZOV('//lo +¥20) +Mzo]-dy} (14)

2

where W and L — width and length of the loop, respectively.

Layer or film, in which the FVMSW is propagating, can be considered as a
homogeneous waveguide structure and when integrate along the direction of
FVMSW because of rapid changes in the phase along the axis y quadratic compo-

nents, and component 2oV (W10 +Wa0) will give a very small contribution to

the voltage induced in the loop, as opposed to combinational components with a
uniform spatial distribution. Therefore, the signal at the output of the antenna in
the form of a loop, neglecting small components, which include the time deriva-

tives of the envelope amplitude functions U1,2 , combining (12) and (14) can be
written as

L

7 y y

us(t) =sin 2wt - K j Uq(t——)U5 (t+ -1 )dy
v Vv (15)

L 9 9

2
where, by (7), (9), (10), (12),
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o kw A
oy — " p(@) My

K(w) = gy

If make replace in (15)
(t—y/vg)=7,  us(t)=Us(t)sin2et
we can write

-

U,(t) =K fUl(r)Uz(Zt —7)dr

2
If we assume that the interaction area of wave packets along the y is small

compared to L, the limits of integration can be replaced by infinity and write

Us(t) =K [Ui(z)Up(2t—7)d7

from which, in comparison with (1), we see that U3(t) - it is a signal that corre-

sponds to the convolution of signals U1(t) and U>(t) , the double com-
pressed in time due to the counter motion of the wave packets.
Conclusions

The possibility of constructing convolver using direct volume MSW in a fer-
rite film is shown. In [3] considered the possibility of convolver construaction
with using of backward volume MSW with the magnetization of the film along
the axis y. But because of the possible occurrence of unstable nonlinear phenome-
na associated with parametric excitation of exchange spin waves [5] is significant-
ly limited the level of signals that can be fed to the inputs of convolver and, ac-
cordingly, the signal / noise ratio at the output will be low. For direct volume
MSW limit signals, beyond which there is an unstable nonlinear phenomenon is
much higher, so you can give signals to a higher level and get a much better sig-
nal / noise ratio. Besides, creating a uniform magnetic field along the axis y is
structurally more complex than the magnetization normal to the film. And alt-
hough because of demagnetization factor along the normal to the film must be the
higher value of external magnetic field this is not a difficulty , by reason of the
small gap of the magnetic system,.

The peculiarity a magnetized ferrite film as a waveguide structure is visible,
that at certain ratios of the carrier frequency of signal and value of the magnetiz-
ing field is considerable frequency dispersion, which leads to a distortion of the
signals that are pass in the structure [6], and this is reflected in the formation of
the signal convolution the input signals of convolver . It is therefore interesting to
study the effect of the influence dispersion characteristics of the waveguide struc-
ture on the formation of convolution signal
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Kyoinos €.B. Bukopucmanna npamux 00'eMHUX MAzZHimMocmamuyHux Xeuap 01 no-
0yooeu koneonveepa. lloxazano, wo BUKOPUCMAHHA NPAMUX 00'€EMHUX MACHIMOCMAMUYHUX
xeunv (IIOMCX) 6 enimaxcianvHiti pepumositi nuigyi modtce 6ymu oCHo8010 H0OYO08U KOH-
gonveepa. B pesynbmami meopemuunoco amanizy niomeepodceHo, wo SUXIOHU CUSHAT
gionogioae cmuciiti 8 4aci 6 06a pasu (uepes 3yCMpIUHULL PYX X6UTb, WO HECYmb CUSHAIU)
DYHKYIi 320pmKU cueHANIB, WO HAOX00AMb HA 6X00u. Busnaueno eupaz 0 0OUUCIEHHS CUe-
HAJLy 320pMKU, WO 8PAX08YE YACMOMHI XAPAKMEPUCMUKU HAMASHIYEeHOT NIBKU K Xeulegedy-
yoi' cmpykmypu, po3mipu WIi6KU ma aumeHu y Bueisioi NpAMOKYMHOI nemii, iHOYKOB8AHA
Hanpyea 6 sKill gionosioae cuenany 3eopmru. Tax ax ona [IOMCX epanuunuii pieens cue-
HAI8, NPU NepesUeHHi K020 BUHUKAIOMb HeCmaOilibHi HeNiHItHI aeuwa, nos'sa3ami 3 napa-
MEMPUUHUM 30YOHNCEHHAM OOMIHHUX CNIHOBUX XGUNb, BUCOKUL, MONCHA NOOABAMU CUSHAIU
OIbUL BUCOKO20 PIBHS | OMPUMAMU 2APHE CNIBBIOHOUEHHS CUSHAT/WYM OISt CUSHATLY 320PMKU.

Knrouoei cnosa: enimakcianvha ¢hepumosa nieka, HeNiHIUHI 61ACMUBOCMI, MAHIMO-
CcmamuyHi Xeuni, YyHKYia 320pmKuU CUSHAIB, KOHBOIbEED.
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Kyounos E.B. Hcnonb3osanue npamplx 00beMHbIX MAZHUMOCHAMUYECKUX B0JIH 0J1A
nocmpoenusa Koneoaveepa. lloxazano, umo ucnonvb3o08aHue NPamulx 00bEMHLIX MACHUMO-
cmamuyeckux 6oan (IIOMCB) 6 snumaxcuanvhoi heppumosotl nieHke moxcem Obimb OCHO-
801l NOCMpoeHusi KOHBOIbEepa. B pezyiomame meopemuuecko2o anaiu3a noomeepiHcoeHo,
YUMo 8bIXOOHOU CUSHAL COOMBEMCMEBYen CHCAMOl 80 8peMeHU 8 08a pa3ad (U3-3a 6CMPEYHO20
OBUIICEHUSL BOJIH, HECYWUX CUSHAIbL) DYHKYUU C8EPMKU, NOCMYNAIOWUX HA 8X00bl CUSHATIOB.
Onpeodenerno svipadiceHue 0/ bIYUCTIEHUs. CUCHANA C8EPMKU, YYumbléaloujee YacmomHvle xXa-
PAKMepucCmuKU HamacHU4eHHoU NieHKU KaK 60IHO8edyueti CmpyKmypbl, pazmepsl NieHKu u
AHMEHHbL 8 GUOe NPAMOY20JbHOL Nemiu, UHOYYUPOBAHHOE HANpAXCeHUe 8 KOMOPOU COoOom-
eemcmeyem cuenany ceepmku. Tax xax ons [IOMCB npedenbhbiii ypogensb cucHalios, npu
npesvlueHUU KOmMopo20 803HUKAION HeCmAadulbHble HelUuHeliHble A6/eHUs, C8A3aHHble C Na-
pamempudeckum 8030yxHcoeHueM OOMEHHbIX CNUHOBbIX GOJIH, BbICOKUL, MOJICHO N00A8aAmb
cucHanwl 6oJiee 8blCOK020 YPOBHS U NOIYYUMb XOpOUiee COOMHOUEHUE CUSHATL / WYM Olls cue-
HANA C8ePMKU.

Kntoueswvie cnoea: snumaxcuanvuas geppumosasn nieHka, HeluHelnvlie c8oUCcmea, mae-
HUmMocmamuyeckue 80JHbl, (PYHKYUSA C6EPMKU CUSHANO08, KOHBOIbEED.

E.Kudinov. Use direct volume magnetostatic waves for convolver construction It is
shown that the use of direct volume magnetostatic waves (FVMSW) in epitaxial ferrite film
can be the basis for convolver construction. A theoretical analysis confirmed that the output
signal corresponds to the double compressed in time (because of counter motion waves that
carry signals) convolution function at the input signals. Defined expression for calculating
signal of convolution, which takes into account the frequency characteristics of a magnetized
film as waveguide structure, the sizes of the film and the antenna in form a rectangular loop,
the induced voltage which corresponds to the signal convolution. For FVYMSW limit signals,
beyond which there is an unstable nonlinear phenomena associated with parametric excita-
tion of exchange spin waves, tall, can give signals of a higher level and get a good sig-
nal/noise ratio for the signal convolution.

Keywords: epitaxial ferrite film, nonlinear properties, magnetostatic waves, convolution
signals, convolver.
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