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Abstract

Difficult problems occur in the design of nonreci-

procal elements at millimeter wavelengths, if the dielec-

tric and magnetic losses of ferntes are neglected. Espe-

cially near the gyromagnetic resonance the losses beco-

me large and the anisotropic behaviour of the ferrite

results significant changes in the behaviour of the

waveguide modes. This paper describes the solution for

these waveguide modes in premagnetized ferrites and it

takes into account the losses. The knowledge and better

understanding of the field distribution can be used for

the improvement of design procedures of high quality

nonreciprocal elements. Several examples are presented

and dk.cussed to illustrate these facilities.

i. Introduction

Premagnetized ferrites are used for many applica-

tions in microwave- and millimeterwave techniques. Be-

side their use as tuning elements in oscillator and filter

structures they are needed to realize nonreciprocal ele-

ments (isolators, circulators, phase shifters) because of

the gyromagnetical properties.

In the present work electromagnetic waves in ferrite

filled rectangular waveguides are investigated. Therefore

the material properitesof the ferrite are taken into con-

sideration as functions of the frequency and the premag-

netizing field strength. Near the gyromagnetilc resonance

the losses become important - which is often be neglec-

ted /4, 8/ - and the anisotropic behaviour of the materi-

al inf Iuences the electromagnetic fields significantly.

The premagnetization of the ferrite is assumed to be

transversally to the direction of wave propagation. The

waves calculated under these conditions will increase the

understanding of tuning and nonreciprocal elements and

therefore their quality can be improved.

2. Theory

In the following the ferrite material is assumed to be

premagnetized in the y-direction of a cartesian coor-

dinate system, so the permeability of the one axial

anisotropic material can be described by the Polder-

tensor /6/:

(0

where ~. is the permeability of the vacuum.

Because of the magnetic and dielectric losses of the

material the tensor elements gxx = yzz = Wi and

v =- IJZX= j 1+ and the permittivity Er have to be
i;~pected as complex values, that means it is valid:

v,=u~-ju; (2)

W2 =y; -jy; , (3)

Er= E;- j E; (4)

Only the element VYY={ of the tensor (1) is a real value due

to saturation by the high premagnetization field strength.

If the ferrite material is magnetically saturated and

if the inner premagnetizing field is essentially higher

than the maximum vajue of the magnetic AC field

strength so the elements of the tensor (1) can be calcu-

lated according to Landau and Lifshitz /7/ resp. Gilbert

/6/. Is the ferrite not magnetically saturated, further

on the Polder-tensor can be used but its elements have

to be determined by measurements or other modeljs.

Fig. i shows at the example of the ferrite material

TT 2-111 (manufacturer: Trans-Tech, Inc., U. S.A.) the

dependence on premagnetizing field strength of the

tensor elements for a constant frequency of f = 33 GHz.
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Fig. 1: The dependence of the elements of the Polder-
tensor on the premagnetiizing field strength HO.

Above saturation (H. J [0.1 - 0.t5] MJ these functions
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can be calculated according the modells mentioned before

/6, 7/. The phenomenological damping a~e = O.Off has

been determined by the methode described in /2/. Be-

low saturation of the ferrite (HO ~ 0.0S M,) an appro-

ximation has to be used /2/.

In the following, the character of waveguide modes

in the presence of an anisotropic ferrite medium will be

described with the help of the hybrid-mode field theory.

The rectangular waveguide to be analyzed here is

represented by Fig. 2, where the cross-section is com-

pletely filled with an anisotropic medium.
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Fig. 2: Cross-section of a rectangular waveguide.

The z-dependence of all the electromagnetic waves can

be described employing a linear combination of exp(+ y z)

and exp(- y z), where y is the propagation factor, while

the time dependence of the waves exp(j u t) will be

omitted in the following conaideratilona.

It is assumed that the non-conduction anisotropic me-

dium (x = O) is characterized by the tensor (1) of per-

meability v and the permittivity s. For such media

a rigorous field theory was described by Gardiol /5/ to

find the x- and y-dependences of waves propagating in

the above-mentioned rectangular waveguide (Fig. 2).
With help of this method the components of the elec-

tromagnetic field are expanded in the following terms:

Exn(x,y) = Exn(x) sin(kyn y)

EYn(x,y) = iyn(X) COS($nY)

Ezn(x,y) = Ezn(x) sin(kyn y)

HXn(X,y)= iiXn(X) cos(kyn y)

HYm(x,y) = ‘HYn(x) sin(kyn y)
...

Hzn(x,y) = f-izn(x) cos(kym y)

with the eigenvalue in y-direction

kn=~ , n= o, i, 2, ...

Under these conditions, it follows

(s)

(s)

(7)

(8)

(9)

(lo)

(41)

from Maxwell’s equa-

tions

ixn(x)-

Qx)

izn(x)

Hxn(x)
...
HYn(x)

Hzn(x)

o ‘Y -kyn - j k. &Lxx ZFO o - j k. (IXZ ZFO
&

Yo dx o z- j k. Vyy Ffj o

k
d

yn -x 0 - j ko IL.x %o o - j k. Pzz ZFO
(12)

k. O 0 0 j “fz~~ -

0 k. O ‘j yzFII o
d

O 0 k. j ‘yn ‘FO j ‘Fo ~

—

kYn ZFO

‘FO&

o

with the wavenumber k. = o ~ e. Ko (13)

and with the characteristic impedance of vacuum (f6)

(14)
and

For the simplification of eq. (12) it is convenient to de-

fine the following auxilary values V2 =e k2+y2=Erk:+y2 .
XY xx ~yy o (17)

the quantities ~Xn(x) and fixn(x),After elimination of

the eq. (42) becomes:

(1s)

[
Sr YVZX k. % ~zx ‘yn ‘O ykyn Vxx IL/x

1

( S=yeffk; - k;n ) in(x)

HI
iyn(x)

izn(X) d Ezn(x)

‘z (t8)

- j Z=ofiyn[x) ‘j ZF&#d1
0 0 v’-~xx Xy y kyn Pxx

- E= _rkYn er (Er~XXk~-k;n) O E. VXT k~ k.

2
- ‘r ‘yx - E= Y kyn o YPXZk.

. f
Er Pxx k.

.-JzFo%m(x)~ L-jZFo%m(xj

It is a system of homogeneous differential equations be determined /3,4, S/.

??n Fn(x) = & Fn(x) (19)
Regarding to the boundary conditions at x = O, for a par-

ticular solution of the differential equation (18) yields:

with ~n(x) the amplitude vector and ~n the system
~n(x) = ~n(x=O) exp(%n x)

matrix. From the solutions of this dif ferentiaJ equation
(20)

the unknown amplitude functions ~Xn(x), .... Hzn(x) can From th;a the electromagnetic fields can be calculated
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by use of the method descibed in /4/.

3. Numerical Results

To classify the waves a name convention is intro-

duced which takes into account their field distribution.

For waveguide modes with a field behaviour similar to

that of homogeneous and isotropic rectangular wave-

guides a classification is used corresponding to the well-

known division into TMmn- and TEmn- modes for thki

rectangular waveguides.

Fig. 3 shows the dkpersion behaviour (y = a + j 13) of

the fundamental mode (TEfO) in a rectangular waveguide

completely filled with a 10;Y ferrite material.
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Fig. 3: Dispersion behaviour of the fundamental mode

(TEIO) in a rectangular waveguide completely
filled with the Iossy ferrite material TT 2-161

(Dimensions: a ❑ 2 mm, b = 1 mm).
a) HO = 7S0 kA/m, b) HO = f600 kA/m.

The diagrams of Fig. 3 have been calculated under con-

sideration of the results of Fig. 1. This kind of wave

suffers strong damping near the gyromagnetic resonance,

whereby the characteristic values u and @ stay finite
because of the losses. But the maxima does not occur at

the same frequencies because the damping values a are

enforced by the magnetic losses while the phase con-

stant 13becomes large when the tensor element Vi near-

ly vanishes. With increase of the premagnetizing field

strength the gyromagnetic resonance frequency shifts,
too and the maxima of the functions a and ~ become

more significant. During this the cut-off frequency
increases from 15.2 GHz to 19 GHz. For small values of
the premagnetizing feld strength only little values of @

occur near the gyromagnetic resonance. With increase of

HO the value of 13increases, too.
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Fig. 4: Field distribution of the fundamental mode (TELO)

for HO = 7S0 kA/m. Distribution of: a) the mag-
netic field strength, b) the magnetic f Iux density.

Fig. 4 shows the longitudhal distribution of the magnetic

field strength and the magnetic flux density for the fun-

damental wave at 33 GHz (near gyromagnetic resonance),

While the magnetic flux density remains source free (Fig,
4a) the magnetic field strength has sources. These sources

are placed on planes traveling into the z-direction. The

field lines of the magnetic fieid strength are almost.
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perpendicular to the magnetic flux density because VI*O. ‘6000~
z
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Fig.. 5: Field distribution of the fundamental mode (TEIO)
for HO = f600 kA/m. Distribution of: a) the mag-
netic field strength, b) the magnetic flux density.

Fig. 5 shows the according field distributions for a

higher premagnetizing field (1600 kA/m). It can be seen

that even for such large fields the ferrite does not
become isotropic. The distribution of the magnetic flux

density is very similar to that of a Iossless rectangular

waveguide homogeneous filled with an isotropic medium
(Fig. 5b). The magnetic field strength is disturbed and

has sourcesat the right side near the metallic wall (Fig.

Sa). Meanwhile the tensor element Wz vanishes.
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Fig. 6: Dispersion behaviour of the first higher order

mode in a rectangular waveguide filled with

Iossy ferrite material (HO= 1600 kA/m).

The first higher order mode is strongly damped below

the gyromagnetic resonance frequency and is therefore

not apropagationwave. Near the gyromagnetic resonance

a local maximum of u is corresponding with a maximum

of @. Both maxima are enforced by the magnetic losses
even below cut-off frequency.

4. Conclusion

This paper has shown that the field distributions

inside ananisotropic medium-filled rectangular waveguide

can recalculated on the basis ofa rigorous field theory.

Furthermore, it has been pointed out that the characte-

ristics of waveguide modes can also be described. The

above field theory can be used for the design of high

quality isolators and phase shifters.

1

2

3

4

s

7

8

9

References
Barzilai, G., Gerosa, G.: Modes in rectangular guides

loaded with a transversal magetized slab of ferrite

away from theside walls. IRE MTT-9,1961, pp. 403-408.

Beyer, A., Miiller-Gronau, W., Wolff, I.: A method for

measuring the complex magnetic and dielectric mate-

rial parameters of microwave ferntes. 14th European

Microwave Conference, 1984, pp. 243-218.

Beyer, A., Kother, D.: Analysis of the transmission

properties of grounded finlines on anisotropic sub-

strates. 1987 IEEE MTT-S, Volume I, pp. 323- 326.

Beyer, A., K6ther, D.: The character of waveguide modes
in anisotropic media. 1987 SBMO, Tome II, pp. 709-744.
Gardiol, F. E.: Anisotropic slabs in rectangular wave-

guides, IEEE MTT-18, 1970, pp. 461-467.

Gilbert, T. L.: A Lagrangian formulation of the gyro-

magnetic equation of the magnetization field. Physi-

cal Review, Vol. 100, 195S, p. 1243.

Landau, L., Lifshitz, E.: On the theory of dispersionof

magnetic permeability in ferromagnetic bodies. Physik.

Z. Sowjetunion, Vol. 8, 1935, p. 153.
Seidel, H.: The character of waveguide modes in gy-

romagnetic media. The Bell System Technical Journal,

1957, pp. 409-425.

764


