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Magnetically.Tunable Microwave Filters Using

Single#Crystal YttriumJron~Garnet Resonators*

PHILIP S. CARTER, JR.~, MEMBER, IRE

May

5’ummary-A new type of magnetically-tunable band-pass micro-

wave filter that makes use of ferromagnetic resonance in single-

crystal yttrium iron garnet is presented. The 3-db bandwidth can be

adjusted from about 6 Mc to 100 Mc at X band, and the center fre-

quency can be tuned over a wide range of frequencies, by means of a

varying dc field. A theoretical analysis of the operation and behavior

of thk type of filter is presented. Descriptions of single-resonator

and two-resonator filters which can be tuned over the X-band fre-

quency range are given and experimental data are presented showing

their tuning range, insertion loss, and bandwidth.

I. INTRODUCTION

w

ITH the increased use of continuously tunable

microwave receivers, there has been a’ demand

for a nonmechanically tuned, narrow-band filter

which is tunable over a broad band of frequencies in the

microwave frequency range. Previous attempts to solve

this problem have included the use of cavities contain-

taining ferroelectrics,l ‘[Varicaps” or voltage-tuned

back-biased diodes,2,s and ferrites.l–b In general, tun-

ing ranges of a few per cent are possible using these tech-

niques while maintaining a high unloaded resonator

Q(QJ.
The main difficulty with previous tuning techniques

is high losses, which are greatly reduced by the use of

the ferromagnetic material, yttrium-iron-garnet (YIG).

Single crystals of this material (now available commer-

cially) show extremely low losses when used as the

resonant elements in a band-pass (or band-reject) filter.

The Qu of this material considered as a resonator is typi-

cally between 2000 and 4000 at X-band frequencies and

* Recei\,ed by the PGMTT, July 15, 1960; revised manuscript
received, March 6, 1961. Sponsored by the U. S. Army Signal Re-
search and Development Lab., Fort Moumouth, NT. J., under Con-
tract hTo. DA 36-039-74862. A shorter version of this paper was pre-
sented at the 1960 IRE International Convention (1960 IRE INTER-
NATIONAL CONVENTION RECORD, pt. 3, pp. 130–135).
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therefore compares favorably with transmission-line

and hollow-cavity resonators.

This new approach to the problem of nonmechanical

tuning makes use of the equivalence between a resonant

circuit, such as an inductively coupled cavity or lumped-

element series-resonant circuit, and an inductively

coupled magnetic resonator biased with a dc magnetic

field.

This equivalent circuit was first worked out analyti-

cally by Bloembergen and Pound’ and was first applied

by DeGrasses to the design of an S-band limiter, using a

single-crystal YIG resonator.

The tunability feature results from the fact that the

resonant frequency is nearly a linear function of dc mag-

netic biasing field. This feature allows a very broad tun-

ing range, limited mainly by the bandwidth of the

microwave coupling structure employed.

The first part of this paper consists of a mathematical

analysis of the equivalent circuit of a ferromagnetic

resonator coupled to external loads by means of loops,

transmission lines, and waveguides. Analytical formulas

for the external Q(Qe) of the ferromagnetic resonator are

given for loops, strip-transmission-lines and TEIO mode

rectangular waveguide. A formula is given which re-

lates the unloaded Q(QU) of the ferrite resonator to the

properties of the ferrite (damping time and gyromag-

netic ratio).

The second part of this paper consists of descriptions

of, and performance data taken on, two types of mag-

netically tunable filters operating in the X-band region

and above. These are: 1) a single-resonator filter which

has a tuning range from 7.0 kMc to 11.2 kMc, and 2) a

two-resonator filter whose tuning range extends from

8.2 to 14.0 khlc.

II. BASIC PRINCIPLE OF OPERATION

The basic idea of the magnetic resonance filter is

illustrated in Fig. 1. Two coils have their axes at right

angles to each other, and a small ferrite sample is placed

at the intersection of the coil axes. When the sample is

not magnetized, no power is transferred between the

coils because the loop axes are perpendicular to each

7 N. Bloembergen and R. 1’. Pound, ‘i Radiation damping in mag-
netic resonance experiments, ” Phys. Rez., vol. 95, pp. 8–12; JLIIy 1,
19.$’!-.

8 R. JV. DeGrasse, “Low-loss gyromagnetic coupling through
single crystal garnets, ” 7. AppJ. Phys., SUppI. to vol. 30, pp. 155 S--
156S; April, 1959.
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Fig. l—Magnetic resonauce filter.

other and there is no interaction with the ferrite. When

a dc field HO is applied along the z axis, and an RF driv-

ing current ize$” t is applied to the terminals of the x coil,

the magnetic moments of the electrons in the ferrite

precess around the x axis, producing an RF magnetic

moment along the y axis and inducing a voltage in the y

circuit. The precession angle is largest and thus the in-

duced voltage in the y-coil is maximum, at ferromag-

netic resonance given by UO =po~~o for a spherical fer-

rite, g where ~ is the gyromagnetic ratio and is very

close to 1.759X 1011 for electrons in most ferrites. The

drop-off in response away from resonance is determined

by the degree of coupling of the external loads R. and

Rv and the internal losses in the ferrite. It is shown in

Section III that the equivalent circuit of this device is

a resonant circuit, inductively coupled to the output

lines or loads. This circuit is also a gyrator; the phase

shift in one direction through the circuit differs from the

phase shift in the other direction by 180°.

One requirement on the resonator in a low-insertion-

Ioss, narrow-band-pass filter is that Qu be high. Although

it is necessary to specify the application in more detail

in order to specify what exactly is meant by c[high-Q~, ”

it may be stated in general that Qu’s of several hundred

or higher are useful for filter design. QU’S of this order

are obtained at microwave frequencies with single-

crystal-y ttriurn-iron-garnet.

The second requirement to obtain low insertion loss

in a narrow-band, band-pass filter is that the external Q,

Q. of the resonators be considerably lo~ver than Qti. It

was not apparent from previous work by DeGrasse8

that sufficiently low Q. could be obtained over a wide

tuning range. It is shown below that sufficient coupling

can actually be obtained without the use of the narrow-

band impedance matching employed by DeGrasse. 8

Two other characteristics of single crystal ferromag-

netic resonators must be considered in designing a mag-

netically tunable filter: 1) magnetocrystalline aniso-

tropy, and 2) the higher-order magnetostatic modes.

Their effects on filter characteristics and design are dis-

cussed below.

q These quantities are defined in Section 11I.

111. ANALYSIS .~ND NIEASUREMENT OF COUPLING CHAR-

ACTERISTICS AND EQUIVALENT CIRCUITS o~ FERRITE

RESONATORS IN LUMPED-ELEMENT CIRCUITS,

TRANSMISSION LINES, AND

WAVEGUIDES

In the following analysis, the ferrite resonator is as-

sumed to be small enough that the RF field is substan-

tially uniform throughout the volume of the sample and

therefore that higher-order modes are not excited. AISO

magnetocrystalline anisotropy is neglected. In this case,

with the dc magnetic field Ho applied along the z-axis,

the RF magnetizations in the x and y directions are

given by the following relations :10

m. = x..’ h. i- x.~e JIY,

~‘mU = Xu.” i%.+ xwe Zu>

where

m== x component of RF magnetization

rite,

mU = y component of RF magnetization

rite,

iiz = x component of applied RF field,

lZV= y component of applied RF field,

(la)

(lb)

within fer-

within fer-

~zre = Xvve = ~ — -Y(Y — y) component of effective RF

tensor, susceptibility,ll

xzL!e= —x?/. ~ = X–Y(Y –x) component of effective RF

tensor susceptibility.

Flammerl’ has developed analytical formulas for the

effective susceptibility that include the loss in the fer-

rite. These expressions were derived using the Bloch-

Bloembergen13 formulation of the equations of motion

of magnetization, including the effect of the shape-de-

pendent demagnetizing factors N., N%,, and N, for a

10 NI Ks “llit~ are “~ed here and throughout this paper.
n The effective or external scl~ceptibility is the ratio of lhe RF

magnetic moment to the applied RF magnetic field (not the RF
magnetic field inside the ferrite).

IZ C. Flammer, “Resonance Phenomena in Ferrites, ” Stanford
Research Inst., Menlo Park, Calif. unpublished metnorandunl; 1956.
Stanford plans to publish this memorandum in the near future.

IS N. Bloembergen, ‘[Magnetic resonance in ferrites, ” PUOC. I1~E,

vol. 4-!, pp. 12.59–1269; October, 1956. [t has been pointed out by
Flammer that (5) in this reference contains a n error. The term
– Me/y should be deleted.
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general ellipsoidal sarnple.li These formulas for the effec-

tive tensor susceptibility are

[
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in which

t

w., =/Ja-filIo = ~d’lo,
dJa=pl)~Ho,
-f = gyromagnetic ratio = g(e/2m),

N., IV., N.= effective demagnetizing factors in x, y,

and z directions,

7 = Bloch-Bloembergen phenomenological

relaxation time,

g = Land6 “g” factor~2.00 for electrons in

most ferrites,

e/m = ratio of charge e to mass m of electron,

= 1.759X 10+” coulombs/kg,

JIO = saturation magnetization in amperes per

meter,

,M = intrinsic permeability of free space

= 1.256x 10–6 henries per meter,

.HO = applied dc field in amperes per meter.

For a spherical geometry, Na = N. = N. = ~; and (2)

becomes after some algebraic reduction and elimination

of terms of order 1/T2 or smaller,
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“ C. Kittel, ‘(OU the theory of ferromagnetic resouauce abscn-p-
tion, ” PIzys. RerJ., vol. 73, pp. 155-161; January 15, 1948.

)

The complete detailed equivalent circuit15 of the ferro-

magnetic resonator located at the intersection of the two

loops is shown in Fig. 2. It consists of a resonant circuit

coupled inductively to the signal source ix, to the source

impedance R ,, and to the load impedance R.. In addi-

tion to the series-resonant circuit, there is a nonrecipro-

cal phase shifter which produces, with the coil arrange-

ment shown in Fig. 1, an additional negative 90° phase

shift in the output voltage across Ru. With the signal

generator connected to the y terminals an additional

positive 90° phase shift is produced across Rz.

The complete analytical formulation of the circuit

representation of the ferromagnetic resonator has been

carried out for the following cases:

1)

2)

3)

4)

Ferromagnetic resonator located at the intersection

of the axes of the two orthogonal loops shown in

Fig. 1.

Resonator located at a position of an equivalent

short circuit along a short-circuited two-wire

TEfi:I-mode transmission line, shown in Fig. 3(b).

Same as case 2 in a strip-center-conductor line.

Resonator located at a position of an equivalent

short circuit at the center of a short-circuitecl

TElo-mode waveguide.

15p, S. Carter, Jr. and ~. I,. Matthaei, “Design Criteria fOr kli-

crowave Filters and Coupling Structures, ” Stanford Research Inst.,
MenIo Park, Calif. Tech. Rept. 8, SRI Project 2326, Contract No.
DA 36-039 SC-74862; September, 1959.



1967 Carter: Magnetically-Tunable Microwave Filters 255

~o.i = 28x 106X HO(OERSTEOS)
Z.v-ic

Qu= ~- 2000-4000 FOR
SINGLE CRYSTAL YI G

Fig 2—Equivalent circuit of magnetic resonance filter.
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In each case the complete equivalent circuit of the

ferromagnetic resonator ~oupled- to the external circuit

is expressed in terms of the unloaded Q. of the resonator

and the coupled or external Q..l”

The unloaded Q,, of the ferromagnetic resonator is a

property of the ferromagnetic material and is independ-

ent of the external circuit.17 An analytical fOrmUla for

Qu derived from the equivalent circuit is given by”

Q. = (@O– l~@m)T/2 = ‘0 ;::Mo , (4)

w, C, G. Montgomery, ,R. H. Di~ke, and E. M. Purcell, “princi-

ples of Microwave Circuits, ” M.1.T., Rad. Lab. Ser. No. 8, Mc-
Graw-Hill Book Co., Inc., New York, N. 1’., pp. 228-239; 1948.

17 This iS true for the essentially unperturbed resonator located a

sufficient distance from the boundaries of the waveguide. For close
wall-to-resouator spacings, resistive losses due to image currents in
the waveguide walls and the detuning effects of these images are sig-
nificant to the resonance characteristics.

where AP is the line width given by

AHi=~.
‘yIJr

Eq. (4) predicts low values of unloaded QU for lc~w

resonant frequencies, and also predicts, in particular,

that Qu will reach zero at value of dc field and RF fre-

quency given by tio = NZu~. For a spherical YIG reso-

nator, this low cutoff frequency occurs at ~. = wJ3 X 27r

= 1670 Mc. Measurements made of Qu in the frequency

range of this cutoff support this theory .18

Eq. (4) predicts that Qu depends on N,ti.,. In particu-

lar, a long-rod geometry with the dc magnetic field

along the axis of the rod (so that N~ = O) should yield a

maximum value of Qu. This effect of the shape on (QU

has not yet been measured. Finally, (4) shows that, for

a constant relaxation time ~, Qu is higher in the case of a

lower saturation magnetization material. For frequen-

cies below around 2000 Mc, a 1ow-M’O, narrow-linewidth

material is desirable. This requirement is discussed in

Section VII.

The external or coupled Q. depends upon the volume

of the ferromagnetic resonator V~, its saturation mag-

netization MO, and the type and geometry of the cou-

pling structure. Formulas for Q. have been derived for the

four cases listed. The resulting formulas, tabulated in

Fig. 3, may be applied to the calculation of the Q. of the

uniform precessional mode of any ellipsoidally shaped

magnetic resonator (rods, disks, etc).

The formulas for Q. given in Fig. 3 were derived us-

ing two different methods: The first, which employs the

reciprocity theorem, lb is valid for lumped-parameter

coupling devices such as loops, and for TEM-mode

transmission lines. The equation for Q, of the magnetic

resonator in the TElo-mode rectangular waveguide

[Fig. 3(d) ] was derived using a more general coupling

formula cliscussed by Slater.1~ For the waveguide case,

a linearly-polarized magnetic moment was assumed. The

RF magnetic moment of a magnetic resonator is in gen-

eral elliptically polarized, therefore, both perpendicular

components of RF magnetic moment can interact with

an elliptically polarized waveguide field. The formula

for Q. given above is thus valid only when the magnetic

sample is located in the linearly-polarized field at the

center of the guide. 20

IS p. s, carter, Jr. and C. Flammer, “Uuloaded Q of single

crystal garnet resonator as a function of frequency, ” IRE TRANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-8 ( Corre-
spondence), pp. 570–57 1; September, 1960. ,, ~. van Nostrand cO-,

‘~ J. C. Slater, (fMiCrow~Ve Electronics,

Inc.. New York, N. Y., ch. 7, p. 150; 1950.
Z’OReceIltlv while this paper was being revised, the author was

made aware df a more general scattering formula which is applicable
in the case where the ellipsoidal sample is at an arbitrary position in
the guide. See H. J. Shaw and L. K. Anderson, “Ferrim.agnetic reso,~
nance in ferrites, ” in “Interaction of Microwaves vnth Matter,
hlicrowave Laboratory, Stanford University, Stanford, Calif., Tech
Status Rept. No. 9, Section 1, Contract AF 49(638)-415; May 1–JuIY
31, 1960.

,,
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Measurements were made of the Q. of single-crystal

>71G resonators in strip transmission line and TEIO-mode

rectangular waveguide, and the results of these nleasui-e-

lnents are show]] in Figs. 4 and 5 Fig. 4 shows measure-

ments made on spherical single-crystal YIG resonators

of various diameters mounted on a wafer of polyfoam

in a section of one-quarter height, standard width, X-

band, rectangular waveguide. The waveguide was short-

circuited and the YIG sphere was mounted one-half

wavelength from the short circuit. The measurements

were made in this configuration at 10.0 kMc, using the

impedance method clescribed by Ginzton.2L The solid

curve represents the theoretical formula for Q.. Close

agreement between the experimental and theoretical

values is evident. Jhrhen resonator diameters greater

than about 0.070 inch were used, measurement accuracy

was diminished by the high degree of coupling between

the external circuit and the higher-order magnetostatic

modes. The effect of the higher-order modes on filter

performance is discussed in Section IV.

Fig. 5 shows measurements of Q, of a strip-transmis-

sion-line coupling circuit. The strip-transmission-line

configuration (Fig. 5) has a 0.500-inch-wide 0.020 -inch-

thick center conductor spaced 0.135 inch from the outer

conductor on both sides of the center conductor. The

inside width of the outer conductor is 1.00 inch. Q. was

measured at a resonant frequency, ~.= 3000 Mc. In

these measurements the YIG resonator was mounted

close to the short-circuited end of the strip transmis-

sion line—the position occupied by the resonator in a

magnetically tunable filter where a broad tuning range is

desired—since this remains a position of nearly maxi-

mum magnetic field as the frequency is varied. The min-

imum distance between the sphere and the short-cir-

cuited end is prescribed by the maximum allowable

coupling to higher-order modes. With the resonator

touching the short-circuit, appreciable coupling to

higher-order modes occurs. In the case shown in Fig. 5

with O. 125-inch spacing between the resonator and the

end wall, experiment showed that the coupling to

higher-order modes was very loose, i.e., Qe >15,000, for

the most strongly coupled higher-order mode. The

coupling to the uniform precession resonance at 3000 Mc

was not measurably decreased by this O. 125-inch spac-

ing.

The theoretical values for Q, of the strip transmission

line are shown in Fig. 5 as the solid-line curve. This

curve was calculated using the formula given in Fig.

3(c), which is very accurate where w>>dl and dz, but not

quite so accurate where w = 0.500 inch and dl = d2 = 0.135

inch (as in Fig. 5). An empirical correction was applied

to improve the accuracy of this formula by replacing w

in Fig. 3(c) by a slightly larger value, w’, which takes

into account the fringing of the field at the edge of the

‘1 E. L. Ginzton, “hIicrowave Measurements, ” McGra\v-Hill
Book Co., Inc., New York, N. Y., ch. 9, pp. 405-417; 1957.
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Fig. 4—Theoretical and experimental Q. of YIG resonators in re-
duced-height (one-quarter), standard-width X-hand waveguide
at 10,000 Mc.
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Fig. 5—Theoretical and experimental values of Q. of YIG resonator
using stripliue coupling at 3000 Mc.

strip center conductor. This corrected width w’ was ob-

tained as follows: the characteristic impedance Zo’ oi

the actual configuration shown in Fig. 5 was obtained

from an accurate formulaz2 which includes the effect of

the finite thickness of the center conductor and the

fringing of the field at the two edges. This value of char-

acteristic impedance Zo’ was then used to compute an~

effective strip width w’, based on the parallel-plane

formula, i.e.,

again using the actual conductor spacings dl and dz,

where qo= 377 ohms.

The agreement between the measured and theoretical

values of Q. was quite good (Fig. 5). The measured val-

ues of Qe differ appreciably from the calculated values

only for the largest values of YIG sphere diameter

22S. B. Cohn, “Problems in strip transmission lines, ” IRE TRANS.
ON MICSLOTVAV~ THEORY AND TECHNICYJES, vol. MTT-3, pp. 119--
126; March, 1955.
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(around 0.090 inch). For these largest-sphere diameters

the measured value of Q,, is also sensitive to the exact

location of the sphere with respect to the conducting

walls. This shows that the boundary conditions imposed

on the motion of the magnetization by the conducting

surfaces of the strip transmission line affect the coupling

,appreciably.

The strip transmission line offers more design flexibil-

ity than the waveguicle. Examination of the formula in

Fig. 3(c) for the Q, of a strip transmission line shows

that it is possible to adjust both the characteristic im-

pedance of the line and Q, independently, by adjusting

the strip outer conductor width w and the ground-plane

spacings dl and d2.

IV. DEVELOPMIZNT OF A SINGLE-RESONATOR

TUNABLE FILTER

A single-resonator tunable filter using waveguide

coupling was constructed which is tunable over the X-

band frequency range from 7.00 khlc to 11.00 kMc.

The coupling arrangement (Fig. 6) is analogous to the

crossed loops in Fig. 1. The single-crystal YIG sphere

is mounted on a st!lrofoarn support in the open iris

region common to both the input and output wave-

guides. The depth of this region of interpenetration, as

well as the guide height and resonator size, can be varied

to control the coupling between the guides and the

resonator. The bias field is applied along the common

axis of the guides.

YIG SPHERE IN REGION OF INTER-PENETRATION OF TWO GUIDES

SHORT-CIRCUITING ENO WALLS

+%a!li$ijfifi!-~ SIGNAL
OUT

—~
HO (ALONG AXIS OF GUIOES)

Fig. 6—Coupling principle of single-resonator waveguide filter.

Figs. 7 and 8 show the construction of the experi-

mental single-resonator filter employing a standard-

width X-band waveguide. The half-height (b= 0.200

inch) coupling sections used in this experimental filter

are followed by E-plane circular bends (mean radius

= 0.300 inch). These E-plane bends permit the use of a

“c” type electromagnet for biasing along the axis of

transmission of the guide. Immediately following the

E-plane bends are 2.20-inch-long straight tapel-s joining

the haif-height sections to the full-height X-band input

and output guides. The interpenetration of the two

guides was accomplished by milling out 0.035-inch-deep

slots in the face of the opposite section, as shown in Figs.

7 and 8.
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Fig. 7—Construction of half-section of single-resonator
wal-eguicfe filter.

I

Fig. 8—Experimental single-resonator filter.

The measured responses when this single-resonator

filter was tuned to resonate successively at 8.20, 9.00,

10.00, and 11.00 kMc are shown in Fig. 9. Table I shows

the measured insertion losses at these frequencies and

also at 7.00 kMc, 3-db bandwidths, and the peak re-

sponse of the strongest subsidiary mode, and the values

of Qu calculated from the insertion loss and bandwidth

data (using equations given by Ginztonzs).

A prominent feature of this single-resonator filter re-

sponse is the presence of many subsidiary responses

which are due to higher-order magnetostatic resonances

within the ferromagnetic sample. These resonances,

which were first analyzed by Walker,24 result from the

28Ginztoll, op. cit., pp. 403–405.
24L. R. IValker, “ Magnetostatic modes in ferromagnetic reso.

nance, ” Phys. Rev., vol. 105; January 15, 1957.
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T.4BLE I

PERFOR~A~CE OF SINGLE-RESONATOR FIUrER

Insertion Loss
f (l< MC) at R~~b~nce

7.00 2.0
8.20 1.5
9.00 1.2

10.00 1.3
11.00 1.1

3-db
Bandwidth

(M.)

Lot measurec

;:
25
28

—
Strongest Mag-
netostatic Mode

Q.
Response (db

Below Transmis-
sion at Main
Resonance)

3;0 –77
3400 –18
3200 –23
3200 –17

nonuniform motion of the magnetization within the

ferromagnetic sample and the resulting dipolar interac-

tions between the magnetic moments. Walker showed

that the resonances are characterized by: 1) independ-

ence of the size of the sample, i.e., they depend on the

shape only, and 2) occurrence only at frequencies given

by

Mo
@o+70—2@> @o,

2

where

Wo = ToHo.

Thus the resonant frequencies of the nonuniform reso-

nances lie somewhere within a spectrum which is

yoitIO/2 cycles wide. For yttrium-iron-garnet in which

the saturation magnetization JIO is approximately

1395 X 10Z amperes per meter, the width of this fre-

quency band is 24!50 Mc. Coupling to these nonuni-

form modes occurs when the RF coupling field is non-

uniform over the dimensions of the sample. The maxi-

mum allowable response to higher-order modes thus

dictates the Iargest-ferromagnetic resonator that can be

used in a specific coupling circuit. I n practice, this re-

striction limits the diameter of the spherical resonator

used in the present X-band single-resonator filter to

less than 0.100 inch.

The spurious responses due to the higher-order nlag-

netostatic modes are greatly reduced by the use of two

or more ferrirnagnetic resonators coupled directly to-

gether by means of their external RF fields. This is cie-

scribed in detail in Section VI.

A characteristic of this single-resonator filter response

using TEIO-mode waveguide coupling is the increase of

the bandwidth and the decrease of the insertion loss as

the center frequency is raised. This increase in band-

width, and decrease in insertion loss, is due to the cle-

crease of the external Q. of the waveguide coupling cir-

cuit as the frequency increases. Variation of the band-

width over the tuning range is minimized by the use of

a constant characteristic impedance coupling circuit,

such as the TEhf-mode strip transmission line shown in

Fig. 3(c).

Another important aspect of the behavior of a YIG

resonator is the saturation occurring at high power

levels. This effect is explained in terms of the nonlinear

coupling between the uniform mode and, the short-

wavelength “spin waves,)’ and has been investigated

and explained by Suhl. 25’26 This saturation effect was

found by experiment to limit the peak power of the X-

band single-resonator filter to less than about 15 watts.

This effect has been discussed further and experimental

results have been presented by Carter and Matthaei.27

Considerably lower saturation thresholds occur at lower

frequencies in the S-band range, both in theorync and in

experiments

It has been shownzs that Qu is critically dependent on

the achievement of a high surface polish on a yttrium-

iron-garnet sphere. The spheres used here were ground

and polished by a simple tumbling procedure which has

been described by Bond.2g The spheres were ground to

shape from the raw crystals by tumbling, using No. 120

grade silicon carbide abrasive paper. They were then

ground and polished using this same tumbling tech-

nique with successively finer grades of abrasive grinding

paper and powder, as follows:

silicon carbide, No. 360, No. 600, No. 900,

emery polishing paper, No. 2/0 and No. 4/0,

Linde fine abrasive, No. B-5125.

~’ H. Suhl, “The non-linear behavior of ferrites at high signal
levels, ” PROC. IRE, vol. 44, pp. 1270-1284; October, 1956.

x H. Suhl, “The theory of ferromagnetic resonance at high signal
powers, ” J. Phys. Ck.wz. Solids, vol. 1, pp. 209–217; January, 1957.

27 P. S. Carter, G. L. Matthaei, “Design Cr
Filters and CoUnlin~ Stn,rt,, res.” Stanfo
Park, Calif., Fin
SC-74862; Januam- 1961

28 R. C. LeC

:iteria for Microwave
.~d Research Inst., Menlo

~l--Raept. SRI Pr~ject 2.326, Contract No. DA 36-039
... , . . . .
l-aw, E. G. Spencer, and C. S. Porter, ‘(Ferromag-

netic resonance line in yttrium-iron-garnet single crystals, ” Phys.
Rev., vol. 110, pp. 1311–1313; June 15, 1958.

29 w, L. Bond. ~~Making smal] ~DhereS. ‘> Rev. $’~~. ~fif~~., ICII. 22,

pp. 344–345; May, 1951, - A
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V. DEVELOPMENT OF A TWO-RESONATOR FILTER

Fig. 10 shows the application of two garnet spheres to

form a two-resonator filter. Coupling between the

resonators is provided by the long-slot iris in a O.OIO-

inch-thick conducting wall separating the input and out-

put waveguides.30 The long vertical coupling slot per-

mits the vertical components of RF magnetic moment

to be coupled together through their external RF fields,

and prevents the horizontal magnetic fields of the wave-

guides and horizontal RF magnetic moments from be-

ing coupled together appreciably.

The two spheres are synchronously tuned by mount-

ing them in dielectric capsules so that they can turn in

any direction. Application of a dc biasing magnetic field

results in a torque that causes one of the ‘(easy axes” of

magnetization to align itself along the dc magnetic field.

Thus, detuning that would be caused b)- nlagnetocrys-

talline anisOtr0py31 is easily eliminated.

Fig. 11 shows the disassembled two-resonator filter

with the coupling iris, and the garnet spheres in 0.080 -

inch-diameter dielectric capsules. The capsules mounted

on polystyrene rods are adjusted to vary the spacing of

the spheres. Two 90° E-plane bends make it possible to

use a “c’’-type electromagnet.

In this experimental model, the input and output

guides are standard-height X-band guides. Here, as for

the single-resonator filter, the guide height or the sphere

diameter can be varied to obtain the desired filter re-

sponse. The two YIG spheres used in this model were

0.064 inch and 0.060 inch in diameter.

Fig. 12 shows the measured responses of the two-

resonator filter tuned to 8.23 kMc, 9.49 khlc, 10.99 kMc,

12.00 khlc, 13.00 khlc, and 14.25 kMc. The initial ad-

j ustment of the filter was made at 9.49 klbic by varying

the coupling slot dimensions and the spacing of the

resonators to give the slightly overcoupled response

with greater than 35-db insertion loss at frequencies far

removed from the 9.49-kMc center frequency. This last

requirement, i.e., on rejection loss at frequencies far re-

moved from resonance, limits the maximum width of

the coupling slot, since the coupling between the guides

in the absence of the garnet resonators is proportional

to the width of the slot. The isolation obtained in this

way can be calculated from the slot dimensions.32,ss The

slot dimensions used in this filter were 0.070 inch by

0.300 inch and were determined experimentally to give

greater than 35-db off-channel rejection. The spacing be-

tween the centers of the YIG spheres was 0.164 inch.

It was found that almost any desired degree of over-

coupling could be obtained by closer spacing of the gar-

SOThe use of polarized slot coupling was suggested by E. ~1. T.

Jones of Stanford Research Inst., Menlo Park, Calif.
“ C. Kittel, ‘[On the theory of ferromagnetic resonance absorp-

tion, ” Phys. Rev., vol. 73, pp. 155-161; January 15, 1948.
32H. A. Bethe, “Lumped Constants for Small Irises, ” NI. I.T.

Rad. Lab., Cambridge, Mass., Rept. No. 43-22; March 24, 1943.
33S. B. Cohn, “Microwave coupling by large apertures, ” PROC.

IRE, 1,01.40, pp. 696–699; June, 1952.
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net spheres. The 3-db and 10-db bandwidths are nearly

constant at about 32 Mc and 56 Mc, respectively, as the

center frequency is changed with varying frequency.

The trends observed in Fig. 12 are: 1) a decrease of

the degree of over-coupling with increasing frequency,

2) an approximately constant bandwidth throughout

the tuning range, and 3) a decrease of insertion loss with

increasing frequency. These trends are attributed to the

same effect which caused the increase in bandwidth of

the single-resonator filter, i.e., the increase, with in-

creasing frequency, of the coupling between the reso-

nators and the waveguides.

The maximum tuning range of this experimental two-

resonator filter appears to be limited by the leakage at

15.5 kMc through the coupling slot. This is shown in

Fig. 13, which is a plot over a broadband of the re-

sponse of the filter tuned to 12 kMc. This leakage is due

to resonance of the slot at 15.5 khlc; it is then one-half

wavelength long, and it couples energy between the two

guides since it is not exactly parallel to the electric field

of the waveguide. Evidently this slot response might be

reduced by more accurate construction—this slot was

cut by hand. Also, a shorter, wider slot might give

nearly the same response and insertion loss, while mov-

ing the half-wave slot resonance to a higher frequency.

Fig. 14 shows the response of the two-resonator filter

down to – 30 db below the peak response, with the

center frequency at 11.0 kMc. No spurious responses

are evident here, as they were with the single resonator

filter. This greater rejection of the higher-order modes is

explained by the fact that the RF fields of the higher-

order modes decrease very rapidly with distance away

from the spheres, more rapidly than do the RF fields of

the uniform mode. The higher-order modes of the two

resonators are therefore coupled together very weakly

through their external RF fields, making the insertion

loss of these modes very high compared to that of the

uniform mode. The absence of spurious responses in the

two-resonator filter is an important advantage of this

type of filter over the single-resonator type.

VI, FUTtTR E DEVELOPMENTS

A number of useful extensions can be made of this

type of tunable filter. It appears that filters can be con-

structed at frequencies lower and higher than X-band

frequencies, and employing strip-transmission-line and

coaxial-line coupling structures. Filters operating at

lower frequencies (below .$band) will require a narrow-

line-width magnetic material with a lower saturation

magnetization than the yttrium-iron-garnet employed

here. One material which appears to satisfy these re-

quirements is gallium-substituted yttrium-iron-garnet.3*

M E. G. Spencer and R. C. LeGraw, “Line width narrowing in
gallium substituted yttrium iron garnet, ” Bu,ll. A wt. PLYs. Sot., Ser. 2,
vol. 5, pt. 1, p. 58; January 27, 1960.
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It appears possible to extend the tuning range of

these filters beyond that reported here. T’his can pre-

sumably be accomplished by the use of ridged-wave-

guide, strip-transmission-line, and other inherently-

wide-band coupling structures.
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