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Fig. 6. Return loss versus (Bl) of SO–75-Q matching sections.

~~ax~O.0493. Using Table I, we first obtain by linear

interpolation

B = 3.3727 and (fil)min = 4.2302.

(dl)min determines the minimum length for given lowest

frequency, whereas B determines with G(B, Q the im-

pedarce variation. Table II shows values of the char=

acteristic impedance 2. along the x coordinate of the

near-optimum taper as computed with the aid of Table

I and by linear interpolation. The error made due t:o the

interpolation is less than 0.2 percent.

Fig. 5 depicts the impedance variation along the axis

of the transmission line for the optimum and near-

optimum taper. It is worthwhile to note that the near-

optimum taper needs a minimum length of 0.6733 X,

whereas the value for the optimum taper is 0.5871 h.

This is an increase by only less than 13 percent. In Fig-.

6, the return loss for the near-optimum matching section

has been plotted to be compared with the performance

of

[1]

[2]

[3]

[4]

[5]

[6]
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the optimum Dolph–Chebyshev Taper.
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Propagation Characteristics of a Rectangular Waveguide

Containing a Cylindrical Rod of Magnetized Ferrite

TOSHIO YOSHIDA, MASAYOSHI UME:NO, AND SHICHIRO MIKI

Abstract—With an axially magnetized cylindrical ferrite rod
inserted into a rectangular waveguide parallel to the E-field of the

dominant (TEIo) mode, the electromagnetic field amplitudes inside
the ferrite rod and the transmission and reflection coefficients are
numerically obtained by means of a digital computer and their
results are shown in figures. At resonance, the distributions of RF
magnetization and electric field have good symmetrical patterns in

the cross section of the rod.
The experimental results of the transmission and reflection co-

efficients agree well with the theoretical values.
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1. INTRODUCTION

T

HE RESONANCE phenomena of ferrite samples

have been investigated by a number of authors.

Among these investigations, the problems con-

cerning propagation characteristics and field distribu-

tions in the waveguide containing a ferrite sample are of

intere:jt in view of both experiments and theories, be-

cause they are important to the studies of the nonre-

ciprocal devices and the conversion from electromag-

netic waves to magnetic waves [1]. However, the field

distribution inside the ferrite sample and the detailed

transmission and reflection coefficients have not beerr

report ed.
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h’1 uch fundamental information on these problems is

obtained by studying the case of the waveguide con-

taining a circular cylindrical ferrite rod inserted parallel

to the i%field of the dominant mode in a rectangular

waveguide and axially magnetized by an external static

magnetic field.

An analysis of this situation was discussed first by

Epstein and Berk [2]. They successively introduced the

scattered wave from the rod and the mirrored waves

from the guide walls to satisfy the boundary conditions.

However, it would not only be difficult but unfeasible

to obtain an approximate solution of higher order than

the first, because of its cumbersome nature. But in

order to obtain more precisely the field distributions

inside the rod and the transmission and reflection co-

efficients, we need the higher order approximate or

rigorous solution. Okamoto et al. obtained the rigorous

solution of this problem by taking account of an infinite

number of images of the rod with respect to the guide

walls [3]. However, they did not give any results of

numerical computation about the field distributions.

In this paper the numerical results for the transmis-

sion and reflection coefficients and the amplitude of the

field inside the rod [4] are shown. We illustrate clearly

in figures two types of resonance phenomena: the mag-

netostatic mode and the standing wave mode.

II. COMPUTED RESULTS

The general theory has been formulated in [3], and

therefore it is not repeated here. However, in practical

computations it is necessary to note that in the notation

of [3, eq. (17)],

<::l; :; ;;::::”’ {f’ = 1 “ “ “ I ~1 <1 (1)PY Ij, =–l . . . it]> 1(2)

where (sin-’ t)p and (V1 – t’)p denote the principal

roots of sin–l t and <1 — tz, respectively.

In this section, the results are shown for both the

transmission and reflection coefficients and tha EM field

distributions, which are computed by means of a digital

computer.

In the lossy ferrite sample, v and K in [3, eq. (4)] are

expressed by

(WH + j/T,e@M
/.4=1+

(WI + j/Tre1)2 – ~’

au~
(3)

K = (COH+ j/7re,)’ – w’

where Trel denotes the relaxation time in Landau–

Lifshitz form. They are complex where the imaginary

parts of p and K are associated with the ferrite losses.

However, in this section we shall consider the case of

Iossless ferrite (rr.l = ~ ) so that we may more strongly

illustrate the resonance ~henomena. The results for the

Matched

\
K1ystro. Ferrzte rod

(rad.us y )

/

- z,--=-

-Y

Static magnet,.

Fig. 1. Rectangular waveguide inserted with a
cylindrical ferrite rod.
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Fig. 2. Amplitudes of transmission coefficient (solid line) and re-
flection coefficient (dotted line) as a function of internal static
magnetic field intensity.

case of the thin rod inserted at the center of the wave-

guide (xO = a/2) are considered here (see Fig. 1). For the

numerical values of parameters, we chose the case that

the saturation magnetization 4TM. = 1200 G, the di-

electric constant .s, = 14.0, the radius of rod p = 1.0 mm,

the frequency u/27r = 4.0 GHz, and the width of the

rectangular waveguide a = 58.1 mm.

The infinite series hnp represented by [3, eq. (33) ] is

extremely slowly convergent and is not suitable for the

numerical computation. Therefore, we transformed it to

the rapiclly convergent series by using Euler’s trans-

formation of series [5] and obtained its value. Then we

solve the equations with P = O, + 1, t 2, +3, and i 4

in [3, eq. (33) ] (truncation size equals 4). Also, in the

case of truncation size 15, the same numerical solution

was obtained; therefore, it seems that the coefficients

A, and Bp were determined with adequate accuracy.

A. Transmission and Reelection Coejicients

In Fig. 2, the amplitudes of the computed transmis-

sion and reflection coefficients are shown as a function

of internal static magnetic field. The transmission and

reflection coefficients have minima and maxima, respec-

tively, in 964, 955, 952, 951, . . . Oe and 842 Oe. In

fields far lower than 842 Oe and far higher than 964 Oe,

the amplitude of the reflection coefficient is approxi-

mately constant (&O. 1), which implies that in these

regions the ferrite rod acts as a dielectric material rather

than as a ferromagnetic one. Moreover, the amplitude
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Fig.4. RF magnetic field distribution onthexy cross section of the

ferrite rod (attimet=O). yisthe propagation direction. (a) 600
Oe. (b) 8420e (resonance). (c) 871 Oe. (d) 947 Oe. (e) 951 Oe
(resonance). (f)9520e (resonance). (g)9550e (resonance). (h)
964 C~e(resonance). (i) 1200 Oe.

Fig. 3. RF magnetization distribution on the W’ cross section of the
ferrite rod (attimet=O). (a)6000e. (b)8420e (resonance).(c)
8710e. (d)9470e. (e)9510e (resonance). (f)9520e (resonance).
(g) 955 Oe (resonance). (h) 964 Oe (resonance). (i) 1200 Oe.

of the reflection coefficient for fields between 871 and

947 Oe is small compared with the value in the case of a

dielectric material. Particularly in 871 and 947 Oe, the

reflection coefficient becomes almost completely zero.

In the lossless case, the transmission coefficient ~zl

and the reflection coefficient .S1l must satisfy the follow-

ing relation [6]:

[s,,1’+1s2,1’=1 (4)

which is the energy conservation law. In practice, our

computed results satisfy (4) with the accuracy of 10–6

X10-8 at all static magnetic field values. This means

that our computation is performed with adequate ac-

curacy. The results of Okamoto et al. satisfied (4) only

within the accuracy of 10–1N10–2 (our computation is

performed in the case kop = 0.0837).

B. Jlagnetization and Magnetic Field Distributions

We can obtain the RF magnetization and magnetic

field fr~m [3, eq. (8)] and Maxwell’s equations. Fig. 3

shows the RF magnetization distribution (at time t = O)

inside the rod. At field values where the amplitude of

transmission (reflection) coefficient is a minimum (max-

imum), the computed magnetization amplitude be-

comes very large compared with the amplitude in other

fields, suggesting that resonance occurs. The magnetiza-

tion distribution for the resonance in 842 Oe is uniform

and the distributions for the resonances in 964, 955,

952, and 951 Oe, etc., have good symmetrical patterns.

The m~gnetization at an arbitrary point in the rod is

circularly polarized counterclockwise with a period of

27r/Q. ‘l’he RF magnetic field distribution inside the rod

is shown in Fig. 4. At resonance, it has a good symmetri-
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Fig. 5. Electric field (E:) distribution on the diameter YY’of the cross section of the ferrite rod (at time t= O). [Amplitude (solid line);
phase (dotted line) .](a) 6000e. (b) 8380e. (c)8420e. (d)8480e. (e)8710e. (f)9470e. (g)9510e (h) 9520e. (i)9550e. (j)9640e.
(k) 978 Oe. (1) 1200 Oe.

cal pattern as well as the magnetization distribution.

The magnetic field distribution can be understood by

considering the magnetization in Fig. 3.

C. Electric Field Distribution

The electric field distribution (at time t = O) on the

diameter YY’ (x = a/2) of the xy cross section is illus-

trated in Fig. 5 (y is the propagation direction). The

amplitude of electric field E.’ at resonance is very large

compared with the amplitude of the incident electric

field Eo(= 1).

In view of the physical meaning for resonances, we

review [3, eq. (8)], which represents the electric field

inside the rod. In Fig. 6, the values of k and kp are shown

as a function of static magnetic field. The values of k

and kp at the representative resonances and the nearest

zerosj~. (n=l, 2, , . . ) of the Bessel function to these

values of kp are tabulated in Table 1.

At the resonances in 964, 955, 952, and 951 Oe, etc.

(values of k are real), the electric field is trapped in the

rod and forms the standing wave with large amplitude.

This resonance is one of the standing wave modes

(volume modes). This may be seen from the fact that

we can find the zero of the Bessel function, which ap-

proximately agrees with the value of kp. In Fig. 5 (g)-(j),

the electric field amplitude is a maximum where the

direction of magnetization is reversed in Fig. 3.

On the other hand, at the resonance in 842 Oe the

electric field is trapped on the rod surface and its ampli-

1oo- -10

k (cm-’) hf

50- -5

magmm.ry

Od,
$949

-0
800 850 900 950 1000

stat m Magnet L. Fie-ld (0.1

Fig. 6. k and kp (P= 0.1) as a function of static
magnetic field intensity.

TABLE I

kp AND THE NEAREST ZERO TO kp

Static magnetic The nearest zero
field (O. ) ko to ~p,

842 0.81 J —

950 8.62 J- = 8.65

951 6.96 J,, = 7.02

952 5.49 J- . ?.52

95!3 3.75 ,, = 3.83

964 2.33 j,, = 2.40
J

tude decreases toward the center of the rod (a surface

mode). This may be understood by considering that the

value of k is imaginary. The RF magnetization distribu-

tion for this resonance is uniform, as described in Sec-
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tion II-B, and this resonance is one of the magneto-

static modes.

Disregarding the size effect [7] (kop~O), the reso-

nance field 17,0 of the magnetostatic mode for the infinite

long circular cylindrical rod is given by the following

relation [8] (y the gyromagnetic ratio):

H,o = : – 27rM. = 828 Oe. (5)
‘Y

Also, this relation can be easily obtained from the mag-

netostatic equation (rod El= O). Fig. 7 shows the reso-

nance field H, computed in our analysis and given [7,

eq. (16)] when the radius of the rod is changed. When

p~O, the computed resonance field approaches H,o.

The shift from H,o of the resonance field may be ex-

plained by the size effect.

In Fig. 5 (b)–(d), there exists a reduction in the electric

field on the shadow side ( l“) of the rod. This seems to

be a ‘(shadow” effect because the reduction decreases in

a thinner rod.

II 1. EXPERIMENTAL RESULTS

We measured the amplitudes of the transmission and

reflection coefficients for a lossy ferrite rod. The experi-

ments were performed at 4.0 GHz for a polycrystalline

ferrite rod: p = 1.0 mm, 4mlll, = 1340 G, and e,= 14.0.

In Fig. 8, the experimental results are shown for the

case in which the rod is located at the center of the

waveguide. Also in Fig. 8, the theoretical values in

which ~,.l = 4.OX 10–9 s (losses were included in the

analysis) are shown for comparison with the experi-

mental results. In this figure, many peaks in Fig. 2 dis-

appear by relaxation processes, and then only two repre-

sentati ve peaks remain.

The experimental results agree well with the theoreti-

cal values. The slight difference in them may be due to

the fact that the theoretical values are obtained by

neglecting the anisotropy magnetic field in the ferrite.

IV. CONCLUSION

For the axially magnetized circular cylindrical ferrite

rod inswted parallel to the E-field of the TE1O modle in

the rectangular waveguide, the transmission and reflec-

tion codlicients and the electromagnetic field inside the

rod were numerically computed and their results are

shown in figures. We illustrated two types of resonance

phenomena: the magnetostatic mode and the standing

wave mode.

The experimental results of transmission and reflec-

tion coefficients agree well with the theoretical values.

We think this kind of study might be a great help in

attacking the problems of the excitation of spin wave

and its propagation in ferrite, and also of the interac-

tions cf electromagnetic waves between ferrites and

semiconductors [9], [10 ] and of the nonreciprocal

devices.
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