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I. INTRODUCTION
A. Purpose of Investigation

The burpose of this investigation was to study in analytical and
experimental detail the application of low-loss, single-cr&stal yttrium-
iron-garnet (YIG) materials operating at ferrimagnetic resonance in
coaxial coupling structures. Since an inductively coupled magnetic
resonator biased with a dc magnetic field is equivalent to a high-Q-
indﬁctively coupled lumped parameter resonant circuit, both band pass and
band reject filters can be constructed using these ferrite resonators.
The main application of these filters would be for use as tunable pre-
selectors in uhf and microwave receivers. Power limiters, circulators,
isolators and other microwave devices using the magnetic properties of
YIG can also be constructed but such applications were beyond the scope
of this investigation.

In previous band pass applications the transmission structures
(coaxial, stripline or waveguide) have been constructed so that the YIG
resonator was located at a point of high magnetic field intensity. The
input and output lines were electromagnetically coupled to the YIG
resonator but were not coupled to each other in the absencs of the
resonator. In most band reject applications the YIG resonator produced
a discéntinuity at ferrimagnetic resonance.

The purpose of this study was to investigate a coaxial coupling
structure containing an iris which permitted electromagnetic coupling be~
tween input and output transmission lines. As a result of both aperture

and YIG resonat~r coupling, a "discriminator' transmission characteristic



was obtained. At the two extremes of aperture coupling, represented by
either a very small iris aperture or a uniform line without an iris, the

device behaves as either a band pass or band reject filter, respectively.
B. Applications

In many of the most modern systems concepts in the microwave field
it is desirable to use narrow-band filters capable of rapid tuning or
sweeping over frequency ranges of an octave or greater. Narrow-band
filters consisting of quarter— or half-wavelength coaxial lines, cavities,
etc., are seriously limited in these applications by the accuracy and
speed of mechanical tuning. Ferrimagnetic resonators are of interest
because they can be used in the construction of electronically tunable
filters whose pass (reject) band center frequencies can be varied by
changing the strength of a biasing dc magnetic field. The unloaded Q
of these resonators compares favorably with the Q's of transmission-line
and hollow cavity resonators.

In a qualitative sense, the basic principle of operation of a band
pass ferrimagnetic resonator filter with maximum attenuation away from
resonance 1is illustrated in Figure 1. A small ferrite ellipsoid
(typically a sphere 0.015 to 0.1 inch in diameter) is placed at the inter-
section of two coils which ;re physically placed along the x- and y-axes
so that there is no mutual coupling between them. Without.a dc magnetic
bias field there is no interaction between the coils and the ferrite
ellipsoid. However, when a dc magnetic field is applied along the z-axis,
the ferrite becomes magnetized with its magnetic moment vector aligned

parallel with the dc magnetic field. Then an rf driving current in one



resonator

Figure 1. Coupling principle for a
ferrimagnetic resonator filter



coil, say the x-axis coil, couples with the magnetic. moment of the ferrite
ellipsoid and causes the magnetic moment vector to precess about the z~
axis. The precession of the magnetic moment couples with the y-axis coil
and induces a voltage. The induced voltage is largest when the signal
frequency is at the ferrimagnetic resonance frequency of the ferrite.
This frequency is a function of the intensity of the dc magnetic field
and the detailed shape of the ellipsoid. The magnitude of the coupled
response away from resonance is determined by the degree of coupling
between the coils and the magnetic moment of the ferrite ellipsoid and by
the internal losses of the ferrite. Since the ferrimagnetic resonance
frequency depends primarily upon the d¢ magnetic¢ field iatensity, tuning
can be accomplished by varying the applied field; the frequency range is
limited mainly by the bandwidth of the coupling configuration.

Ferrite materials have been used in microwave devices since the mid~
1950's (1, 2, 3), but early materials were polycrystalline in nature and
also electromagnetic coupling between the ferrite and microwave fields was
very loose. Consequently the effect of the ferrite was usually satis-
factorily treated as a perturbation of the normal field problem. The use
of single-crystal YIG spheres and tight coupling was first reported in
1959 by De Grasse (4) who used tuned stripline coupling structures. The
structure, shown in Figure 2, contained crossed stripline input and output
transmission lines terminated in short circuits. The intefsection of the
lines was located at a distance from the shorted ends corresponding to
one-half wavelength at the center of the tuning range. The YIG sphere,

located at the intersection, was therefore at a point of high magnetic



~ low-loss
YIG sphere

Figure 2., Stripline coupling structure
used by DeGrasse (4)



field. To obtain coupling between the magnetic moment of the YIG and the
microwave fields of the two transmission lines, the dc magnetic bias field
was aligned vertically.

A practical problem associated with this structure is of interest.
Since the physical lengths of transmission line between the intersection
and the shorted ends are fixed, the resonator will not remain at a point
of nearly maximum magnetic field as frequency is varied. This variation
in coupling will limit the practical tuning range. Nevertheless, this
technique for concentrating the microwave magnetic field is used widely
in magnetically tunable coupling structures.

Since 1959 a numbervof investigators have reported their work, in-
cluding Carter (5, 6), Patel (7), Kotzebue (8) and others (9, 10). The
coupling principle for a single-resonator waveguide filter investigated
by Carter at 8 to 1l gigacycles per second (gc/s) is shown in Figure 3.
In this case the cross—-sections of the two waveguides have been rotated
ninety degrees so that transverse electromagnetic fields in the input
guide will be unable to propagate in the output waveguide. The dc mag-
netic bias field is applied along the common axis of the waveguides by
using E~plane circular bends and a 'C"~type electromagnet. The coupling
arrangement is analogous to the crossed loops since the YIG sphere is
mounteq in a styrofoam support in the open region common to the input and
output waveguides. The depth of penetration as well as reéonator and
guide sizes can be varied to control coupling. 1In this structure the
position of the resonator remains at a point of nearly maximum magnetic
field as frequency is varied, therefore this form of coupling is preferable

where a broad tuning range is desired.
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Coupling principle for waveguide ferrimagnetic resonator filter



Carter (6) has also described a two-resonator filter tunable between
8 and 14 gc/s as shown in Figure 4. Coupling between the resonators is
accomplished by a long-slot iris in a 0.010~inch thick conducting wall
which separates the input and output waveguides. The long vertical
coupling slot permits the vertical components of rf magnetic moment to be
coupled through their external fields, but prevents the horizontal magnetic
fields of the waveguide and the horizontal magnetic moments from being |
coupled.

Standard band pass devices tunable over a frequency octave are being
bgilt commercially in frequency ranges from one to 18 gc¢/s with instan-
taneous bandwidths from 10 to 50 megacycles per second (mc/s) and inser-
tion losses of approximately one decibel (db) per stage. Research and
development-is continuing to extend the frequency range to both higher and

lower frequencies and to increase the range of control to several octaves.
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Figure 4. Two-resonator 8 to 14 gc/s filter
described by Carter (6)
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II., PROPERTIES OF FERRIMAGNETIC RESONATOR MATERIALS

According to Harrison and Hodges (l1), approximately one-half of the
metal ions in the periodic table have been put in the crystal structure of
garnets, but only a few of these are ferrimagnetic above room temperature.
The following single-crystal materials have possible use as ferrimagnetic
resonators and are of interest at this time (12 thru 15):

(a) Yttrium-iron-garnet (YIG),

(b) Gallium-substituted yttrium-iron-garnet (Ga-YIG),

(c) Lithium ferrite and

(d) Barium ferrite.
The YIG material has been.most useful to date. Since the detailed theory
of ferrimagnetic resonance can be found in Lax and Button (16), Dekker
(17) or vafious other references, only a gqualitative description of
ferrimagnetic resonance and some basic formulas and concepts useful in the

design of magnetically tunable filters will be presented here.
A. Qualitative Description of Ferrimagnetic Resonance

In the "quasi-classical' theory, the magnetic moment of the electron
arises from its spinning motion, thus the electron can be regarded as a
spinning magnetic top. If an electron is placed in a static magnetic
field that is not parallel to its magnetic moment vector, the torque
exerted on the electron by the magnetic field causes the electron to
precess about the axis of the field at the Larmor angular frequency
Wo = Ho YHge (L

where Hy is the permeatility of free space, y 1is the gyromagnetic
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ratio of the electron spin and HdC is the applied dc magnetic field in-
tensity. For a magnetic field intensity expressed in4oerstedsl, the
frequency in mc/s is
(fodme = 2.8 Hye. (2)

The magnetic moment of the electron is represented in Figure 5(A) by
the vector Me precessing about the applied dc magnetic field. This
rotating magnetic moment produces a circularly polarized magnetic field
in a plane perpendicular to the applied field. If a circularly polarized
microwave H-field is applied as indicated by the rotating h+ vector ip
Figure 5(B), the electron spin absorbs energy from the field. The nearer
the frequency of the microwave field is to the natural precession fre-
quency, the greater will be the energy absorbed by the spin. However, if
a circularly polarized field is applied with polarization in the opposite
direction as indicated by the rotating h- vector in Figure S(C),‘the
electron will not absorb energy from the applied field éven if the signal
is at the natural precession frequency. Thus, the absorption of energy,
or resonance phenomenon, is non-reciprocal.

When a macroscopic sample of a ferrimagnetic material is placed in
a dc magnetic field and.subjected to a microwave magnetic field it will
display a similar gyromagnetic resonance phenomenon. However, the fre-
quency.of resonance will differ from that of a free electron due to mutual

interactions between the electron spins within the material and a

IThe most commonly used unit for magnetic field intensity has been
the oersted. The value can be converted to MKS units by use of the con-
version Hdc (in ampere-turns/meter) = 79.5 Hdc (in oersteds).
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difference between the fields inside the material and those applied
externally. The field differences are caused by shape demagnetizing
. effects, magnetié anisotropy, crystalline imperfectiomns, etc. |

The resonance conditions and microwave susceptibility of a macro-~
scopic sample of the material can be obtained by starting with the
equation of motion of the magnetic moment. The modified Landau-Lifshitz
representation may be written in MKS units as

d/dt =y XD - @/|M]) (@ x dM/dt), (3)
where SE is the magnetic moment per unit wvolume, Yy is the gyromagnetic
ratio of the electron spin (as before), o is the phenomenological damp-
ing constant and ‘ﬁ is the veﬁtor sum of all the magnetic fields seen by
the spinning electrons. The damping term is most accurate when the dc
field is sufficient to saturate the material and will be discussed briefly
later.

To eva}uate the magnetic field inside a finite ferrimagnetic sample
in the presence of an‘electromagnetic field, it is necessary in principle
to solve the associated boundary-valve problem. This task is complicated
and often impossible in practice. However, if the ferrite samples are
small compared with a wavelength, the field inside the sample has uniform
intensity although it differs from.the extefnal field because of the dis-
continqity of the no;mal component of the susceptibility at the boundary.
For arbitrary shapes the problem is still difficult to solve, but
solutions have been obtained for small ellipsoidal samples in a uniform
external field (18). The inﬁernal field is then given by

- - Pxy -
H=Hye =N ‘M, (4)
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L34 b .
where N * M is an opposing internal field due to the presence of magnetic

dipoles induced on the surface by the applied field. The demagnetizing
tensor ﬁi is a measure of this induction and depends on the ratio of the
ellipsoidal dimensions. The components of ﬁ' satisfy the relation

.Nx + N, + N, = 1. (NOTE: Additional terms can be introduced in Equation

y
4 to account for the demagnetizing effects caused by magnetic anisotropy,

but they will be neglected here.)

In general, both the magnetic moment and magnetic field vectors con-

tain static and alternating components which may be written as

— — — [}
M= MS + mert (5)
and
N N S jut
Hoxt = Hage * he =, (6)

where ﬁ; is the saturation magnetization vector per unit volume and ;;
and ﬁh are rf quantities at the angular frequency w . Substituting
these expressions into Equation 4, the internal field becomes

Hefge - o + G-N-medvt, @
The ac equation to determine the microwave susceptibility of the medium
and to evaluate the resonance conditions can be found in its most general
form by substituting Equations 5 and 7 into Equation 3 and expanding the

resulting equation in terms of the exponential components. If Mg >>m and

Hdc>>h and all terms of higher order than the first power in the small
quantities ?: and ;; are neglected, this development is known as the
linear or small-signal approximation. The dc equation also obtained from
this expansion indicates that to the first order the internal dc field and

the magnetization are in the same direction.
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For arbitrarily oriented fields, the results obtained above are very
involved expressions. In most practical cases, the dc magnetic field is
applied parallel to one of the principal geometrical axes, say the z-a*is,
and the rf field H. is usually applied in the x-y plane. Therefore the
solution for arbitrarily oriented fields is not of great interest. Tﬂe
equation of motion of the magnetization vector determines the resonance

conditions and also relates the rf magnetization vector to the microwave

magnetic field vector.

1. Resonance conditions

The problem of determining the conditions of resonance in macroscopic
samples of ferrimagnetic materials has been solved (19) and the result is
embodied in Kittel's equation which neélects magnetic anisotropy and
assumes the sample has been uniformly magnetized to saturation with the
dc field applied parallel to the z-axis; i.e.,

W% = [gg + O = W) M1 [Hg, + (N - N,) M] 8
where the parameters have been defined previously. This equation shows
hqw coﬁplicated the resonance condition in a macroscopic sample is when
cqmpared to the free electron equation. The demagnetizing factors in
Equation 8 depend only upon the geometry of the sample. If anisotropy
is considered (particularly in the case of single-crystal materials),
other factors related to crystal orientation must be intrpduced. The

demagnetizing factors and resonance conditions for several idealized

shapes are listed in Table 1 (20).

2. Susceptibility tensor

The vector relationship between the rf magnetization and the
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Table 1. Demagnetizing factors and resonance conditions for ferrimagnetic
resonators of idealized shape

Shape Demagnetizing factor Resonance condition
N N N
X y z
Disc (Hg. normal) 0 0 1 y(HdC - Ms)
Sphere 1/3 1/3 1/3 YHy
1/2
Plane (Hdc parallel) 0 1 0 Y[Hdc (Hdc + MS)]
Rod (Hy. parallel) 1/2 1/2 0 y(Hge + Mg/2)

microwave magnetic fields is usually expressed in terms of the suscep-

tibility tensor ?: defined by

-~ © N
m = Xext °
r . 7
X1 -jk 0
= |ix x, O b (9)
0 0] 1 J

In Equation 9, the rf magnetization vector has been related to the ex-
ternal microwave fields rather than the internal fields. Patel (7) has
given the components of the external susceptibility tensor for a saturated
ferrimagnetic sample of arbitrary shape as

wglog + oy (N = N)) + jual + a®uplo, + 0, (0 = N)T g0
D

X1:=

wm[wo + wm(Nx - Nz) + jwal + azwm[wo + w(Nx - Nz)] ,(11)
D




K = _Wqpw N (12)

where
D = [wo + wn(Nx ~ Nz) + juwallwo + um(Ny ~ Nz) + jwa]
-0l + a2{w2 + [wo + wn(Nx = Nz)][wo + wn(Ny - Nz]} ,
wo = YH4cs, wp = YMg and the dc magnetic bias has been directed along the
z—axis. These expressions can easily be simplifizd by inserting the
values of the demagnetizing factors for the particular ellipsoidal shape

used. For a sphere,

X1 = X2% Yolm (13)
woz - w2 + ijwoa

and

wol - wl + 2jwwod

B. Parameters of Ferrimagnetic Resonator Materials
In the previous section describing the ferrimagnetic resonance, a
number of parameters were introduced. Several of these parameters and
others related to them influence the practical application of ferrimag-

netic resonators, therefore further discussion of their characteristics is

warranted.

1. Saturation magnetization

The saturation magnetization Mg is a function of the number of
electron spins in the material per unit volume and is defined as that net
-value of magnetization which corresponds to maximum alignment of all

magnetic spins at a given temperature?. For yttrium-iron-garnet (YIG),



18

4mMg is 1750 gauss at room temperature (11). For lithium ferrite, 4mMg
is about 3550 gauss (14). If gallium is substituted into the crystal
structure of YIG, 4mMg may be varied from about 300 to 1750 gauss by

" controlling the doping level (11). Other forms of doping and materials
are possible (21 thru 25). As will be shown later, it will be easier to

couple to a material with a large Mg, but it may also restrict the lowest

operating frequency.

2. Resonance conditions

The resonance conditions for the general ellipsoid, neglecting ani-
sotropy, have been obtained from the Kittel equation and were presented
earlier. The resonance frequency depends upon the applied field intensity
and the shape dependent demagnetizing factors. Referring to Table 1, the
resonance frequency of the sphere is the same as that of a free electron,
while the rod cannot in theory resonate below a frequency determined by
YMg/2. The lowest resonance frequency for a given external field is
obtained by using a disc. Conversely, the disc requires a larger external
field to obtain a given ferrimagnetic resonance frequency.

To tune a ferrimagnetic resonator to successively lower frequencies,
the intensity of the applied field Hg. necessary to give resonance must

be similarly reduced. When the applied field becomes so low as to be

2The most commonly used unit for saturation magnetization is the
gaussian unit and is given as &4wMg gauss. The value can be converted

to MKS units by use of the conversion
Mg (in ampere-turns/meter) = 79.5 x 4nwMg (in gauss).
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approximately equal to or less than the internal demagnetizing field, the
resonator ceases to function. Since the internal demagnetizing field is
determined by Mg and the geometric demagnetizing factors, the minimum
resonant frequency is determined by the saturation magnetization and the
resonator shape. For YIG the minimum resonance frequency for a spherical
sample is about 1.63 gc/s. Although the shape of the resonator can have
considerable effect on the resonance frequency, the sphere is generally.
+he most practical since it is easiest to prepare with precision. A
practical way to obtain lower minimum resonance frequencies is to use

materials having a lower saturation magnetization such as Ga-YIG.

3. Phenomenological damping constant

The phenomenological damping constant o is a parameter introduced
into the Landau-Lifshitz formulation of the equation of motion for the

magnetization to account for losses. Its value at resonance is obtained

from the expression (7)

2(1)0 2 HdC

o _yM _ _AH (15)

where A4OH is the line width of the magnetic sample. The line width
appearing in this expression is defined in various ways, but basically

it is the width of the ferrimagnetic resonance response obtained by
holding the signal frequency constant and varying the applied dc field.
vAlthough the damping constant a will be used in this dissertation to
simplify the mathematical format, the line width is a parameter used more

frequently in practice because it can be obtained directly by measurement.
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4, Line width

Ferrimagnetic resonance is determined experimentally by placing the
ferrite material in a microwave cavity and observing the absorption of
energy as the applied dc magnetic field is varied and the signal fre-
quency is kept constant (26, 27, 28).: Broadening of the resonance line
(as it is called) is usually caused by interactions of the electron spins
with each other and the crystal lattice. Therefore the line width may be
affected by imperfections, inhomogeneity, strains, porosity, surface
roughness, ionic substitutions and geometrical demagnetizing effects.

The damping mechanisms are not fully understood and are the subject of
much research.

Since there is greater lattice coupling in a single-crystal material
as coﬁpared to a pélycrystalline ferrite, the 1ine width is narrower. The
line width of polycrystalline YIG is about 40 to 50 oersteds, while the

highly polished single-crystal YIG may have a line width of less than one

oersted.

5. Unloaded Q

Associated with the ferrimagnetic resonance phenomenon is the para-
meter called unloaded Q(Q,). Patel (7) has derived the formula for Qu
from the basic definition

Qu = W Energy stored in the sample . (16)

Power lost in the sample
He assumed that the material was saturated by a field in the 2z direction
and that ‘M was uniform throughout the sample., For an ellipsoid of

revolution about the z-axis, he obtained
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H, + (N - N )M ‘
Qu = dc ( t z) s - (17)
AH

where N, is the transverse demagnetizing factor and N, is the
demagnetizing factor in the 2z direction. It can be seen that the un-
loaded Q of the resonator depends upon its line width, saturation
magnetization and shape as well as the applied dc field. For a sphere

where N_=N_= 1/3,

t A
Q = HBde = Yo, (18)
AR vAH

According to Carter and Flammer (29), the unloaded Q of YIG will in-
crease with frequency up to about 5 to 10 gc/s, but then the curve of Qu
levels out. According to Douthett and Kaufman (30), useful Q's appear
to be possible up to about 60 gc/s. In practice, the unloaded Q will be

degraded by image currents flowing in metallic walls near the resonator.

6. Magnetic anisotropy and orientation of crystal axes

The only internal field opposing the external field which we have
considered thus far has been that c:eated by geometrical effects.
Another source that can be treated as though it were another intermnal
magnetic field arises from the anisotropy energy which céuses preferential
alignment of magnetic dipoles along certain crystalline directions. Be-
cause the material is easier to magnetize along some crystal axes than
along others, the ferrimagnetic resonance frequency of the resonator will
be influenced to some extent by the orientation of the crystal axes with
respect to the biasing dc magnetic field.

Materials such as YIG and Ga-YIG have cubic crystalline structure and,

therefore, have three sets of principal crystal axes as shown in Figure 6.
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Figure 6. Directions of hard, easy and intermediate axes
of magnetization for cubic crystal with negative
anisotropy
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There are three [100] axes, six [110] axes and four [1l1l] axes in each
single crystal. With a negative first-order anisotropy constant Kl/Ms’
o;ientation'of Hdc along the [111] axes of a sphere gives resonance at
a lower field strength than that indicated in Table 1. Orientation along
the [100] axes gives an intermediate effect. If K;/Mg 1is positive, the
role of the axes is reversed.

If a sphere of YIG is rotated about & [110] crystal axis that is
perpendicular to Hy, as illustrated in Figure 6, the sphere at different

times will have a [100], [110] or [111] axis parallel to Hgy.- Since the

field strength for resonance will cover all possible values as the
resonator is rotated, this arrangement provides a practical means to com-

pensate for the detuning effects of metallic boundaries, surface rough-

ness, etc.

C. Higher-order Magnetostatic Modes

In the desired uniform precession resonance mode of ferrimagnetic
resonators, all electron spins within the material precess with the same
phase. However, higher-order modes, in which the phases of the preces-
sions in parts of the resonator'are different from the phases in other
parts, can occur (31, 32). These higher-order modes cause the resonator
to have more than one resonant frequency for a given intensity of biasing
magnetic field. These phase differences between the spins may be caused
by non-uniformity in either the applied biasing dc¢ field or the microwave
magnetic field. Sirnce metallic boundaries are required near ferrimagnetic
resonators in order to couple to them, disturbing effects which tend to

excite higher-order magnetostatic modes are always present. Therefore
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care must be exercised in the construction of the coupling structure to
make the magnetic fields as uniform as possible.

Fletcher and Solt (33) found that the coupling to higher-order
magnetostatic modes is related to the ratio of the diameter d of the
sphere and the wavelength XA of the signal frequency. Reducing the ratio
d/a reduces the coupling to higher-order modes. Thus it is desirable
to use ferrimagnetic resonators as small as possible consistent with

obtaining adequate coupling to the external circuits at the uniform

precession mode.
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III. INVESTIGATION

Whereas a number of researchers have investigated band pass and band
reject filters using YIG resonators in coaxial, stripline and waveguide
structures, the input and output transmission lines have either been
common (band reject) or constructed to minimize the coupling between the
lines in the absence of the YIG (band pass). In the latter case, the
fields of the input and output lines were orthogonal at the aperture be-
tween the two lines which contained the YIG. Due to the physical proper-
ties of the resonator, these band pass devices were non-reciprocal in the
sense that the phase shift in one direction of propagation was +90° and
in the other was -90°, If the input and output lines are common, the
devices were non—?eciprocal only if the magnetic fields were elliptically
polarized.

The investigation here was concerned with a structure that will
permit various degrees of coupling between the fields of the input and
output lines. The coupling was controlled by an aperture in an iris dia-
phragm on the transverse croés-section of the transmission line. Since the
transmission of electromagnetic energy between an antenna and receiver at
the lower microwave frequencies is most commonly done with a coaxial cable,
that geometry was chosen for study. It should be apparent that the

. results of this investigation can be extended to cover the other forms of

microwave construction (stripline, waveguide, etc.).
A, Description of Coaxial Coupling Structures

The coupling structure which was investigated for this dissertation
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was a coaxial configuration with an iris discontinuipy. The purpose of in-
veétigating this form of structure was to obtain a controllable amount of
coupling between the input and output transmission lines, while attempting
to avoid some of the practical problems of mechanical design.

To minimize off-resonance coupling, most earlier investigators con-
structed their filters so that the fields in the input and output lines
were orthogonal. This usually required the coupling structure to consist
of shorted transmission lines crossed at the point of high magnetic field
intensity. The ferrimagnetic resonator was placed at the intersection.

If the transmission lines had a closed configuration (coaxial or wave=-
guide), coupling between the two lines was accomplished By placing an
aperture in the walls of the lines at the common point of intersection.
Since the shorted lengths of line were multiples of ome-half wavelenéth
at the signal frequency, the structure was frequency sensitive. These
shorted lengths of line and the crossed configuration tend to increase
the physical dimensions of the structure and limit the flexibility in
the design of the dc magnetic biasing arrangement. The coupling principle
illustrated in Figure 3 eliminated the shorted sections of transmission
line and that source of frequency dependence, but also tended to limit
the flexibility in the design of the dc magnetic biasing arrangement.
However, in all cases the coupling between the input and output trans-
mission lines without the ferrimagnetic resonator was minimized.

The problem of design flexibility for the dc magnetic biasing
arrangement appears to be uﬁavoidable. However, the requirement to mini-

mize coupling without the resonator seems to be too stringent in some
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applications. Thus the effects of field coupling in .addition to resonator
coupling have been investigated.

Figure 7 is a sketch illustrating the geometry and construction of
the coaxial coupling structure. A thin conducting iris perpendicular to
the axis of the coaxial line contacts the inner and outer conductors. If
the iris completely covers the surface of the cross-section, it represents
a short circuit on the line and no energy will be propagated beyond the
iris. To permit coupling, an aperture which may be of arbitrary shape is
placed in the iris. As the area of this aperture increases, more and more
energy at a given signal frequency passes through the iris, therefore the
coupling between the input and output lines can be controlled by varying
thé size of the aperture.

The purpose of the YIG resonator is of course to provide another form
of coupling between the input and output lines. To accomplish this the
YIG is physically located in the aperture so that the plane of the iris
intersects the center of the resonator, which for this investigation has
been a sphere. The position of the sphere determines the amount of
coupling between the magnetic fields of the microwave signal and the
ferrimagnetic resonator. A dielectric support contains a tapped hole at
a specified radial distance from the axis of the line. The sphere is
attached to a dielectric screw by means of an epoxy adhesive, and can
therefore be positioned with respect to the plane of the iris by rotating
the screw. |

The dc magnetic bias for the ferrimagnetic resonator is obtained by

placing a solenoidal electromagnet about the entire structure. Since the
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magnetic field intensity of the solenoid is uniform over its internal
cross—-section, the field applied to the ferrite sphere is independent of
its position relative to the cross—section of the transmission line. The
easy magnetization axis of the sphere is oriented with respect to the axis
of the dielectric screw by placing it in a strong magnetic field during
the application of the adhesive. In this way, the easy axis of ghe sphere
is aligned parallel to the dc magnetic field.

The aperture in the iris is a pie-shaped sector cut from the ring
contacting the inner and oufer conductors of the coaxial line. The size
of the angle containing the open sector determines the off-resonance
coupling. Minimum coupling is represented by an aperture angle that is
only large enough td clear the ferrite  sphere. Maximum coupling is

represented by complete elimination of the iris. This latter case is also

the arrangement for a band reject filter.

B. Analytic Determination of Transmission Characteristics

The determination of the transmission characteristics of a coaxial
line structure requires the solution of the scalar Helmholtz equation in
cylindrical polar coordinates (34). 1In general the field solutions con-
tain a TEM wave and higher-order TE and TM modes. The wavelengths of the
higher-order modes are related to the radial dimensions of the line.
Therefore, if the dimensions of the line are small compared to the prin-
cipgl wave length, the fields of these higher-order modes will decay
rapidly.

Since in practice the dimensions are selected so that the higher-

order modes do nect propagate, the problem is simplified by comnsidering
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only the TEM mode to exist. The YIG spheres normally used are indeed
small relative to the dominant mode in the line, but their response to

the propagating wave is very strong due to their high Q. By utilizing the
external tensor of magnetic susceptibility, the higher oscillation modes
near the YIG sphere will be accounted for by means of the demagnetizing
form factors.

To determine the transmission characteristics for the coaxial struc-
ture described above, we will assume that the total field within the line
consists of the superposition of all fields; i.e., it will consist of the
incident field on the line, the reflected field from the iris and the
excitation field of the magnetic dipole source in the sphere. We will
also assume that the walls of the line are perfect conductors. The
analysis will be carried out in three steps and is applicable to all
materials that exhibit ferrimagnetic resonance.

1. An approach to the determination of iris characteristics without YIG
using insertion loss data

The equivalent circuits for numerous forms of geometric discontinui-
ties in transmission lines have been developed by Schwinger, Levine, and
others (35). The equivalent circuits were derived using approximate
perturbation, variational or integration methods. In general the equiva-
lent circuit for a lossless discontinuity in a transmission line is a I
or T reactance network. If the discontinuity is a thin iris whose
thickness is very much less than a wavelength at the signal frequency, the
equivalent circuit reduces to a single shunt reactance which.will be

either inductive or capacitive depending upon the field configurations
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required to satisfy the boundary conditions. For an iris connecting the
inner and outer conductors of a coaxial line, the reactance is inductive
and the equivalent circuit for an infinite line becomes that shown in
Figure 8. Using this equivalent circuit, the power transmitted to the
load can be determined by straight-forward transmission line analysis
techniques.

Since the infinite transmission line beyond the discontinuity is
equivalent to a matched line, the transmission line between the generator
and Xo is terminated by the parallel combination of an inductive re-
actance on and the characteristic impedance Z,. Assuming that the

characteristic impedance is real, the terminating impedance is

Z, - X5 Zg . (19)
ZO + jXO

The current reflection coefficient, which is the negative of the voltage

reflection coefficient, is defined as

by = Z, 4 (20)
ZL + Zo
and for this termination becomes
0y — Zo . (21)
Z, + JZXO

The standing wave ratio of the transmission line is defined as

(22)

s _ Lrle,l

1=~ |o,]
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It is a real number greater than unity and upon substitution for p,

becomes

2 2v1/2
S (Zc + 4Xo ) + Zo (23)

(2,2 + 4x,2)1/2 - 7
The ratio of the power in the load to the power incident on the line

is defined as

12 4 (24)

N (1 + S)ﬁ

where To is the transmission coefficient. It also can be solved in
terms of the magnitude of the shunt reactance and the characteristic

impedance of the line:
2 2 -
| aXo (25)
z 2 + 43 2

o o

Using this expression, it is possible to solve for X, in terms of

2
|T,|” and Z,: , 2
X, _ + % | To] . (26)
2 1~ |T,]

Since ITOI2 X 1 the finite magnitude of the reactance X, is always
real. The character of the reactance, capacitive or inductive, has been
lost in this analysis, but it was understood to be inductive. The power
ratio ITOI2 can be measured experimentally with relative ease. There-

fore, we will define the reciprocal of ITOI2 as the initial attenuation

oo and use this parameter in subsequent analytical evaluations rather

than calculate the equivalent shunt reactance.
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2. The ferrimagnetic resonator in an infinite coaxial line without iris
discontinuity o

In examining the interaction between a ferrite and a transmission
line, either of two approaches may be used: (1) Solve the boundary value
problem relating the magnetic permeability of the ferrite to the frequency
w and the constant internal field HiO in a given form, or (2) treat the
variable magnetization of the ferrite.as a whole to be a coupled resomant
system. The first approach is useful in a limited number of cases and
usually leads to complicated calculations. The treatment of the ferrite
as a resonant system coupled to other resonant systems has been developed
by Bloembergen and Pound (36). Most subsequent contributions calculate
the parameters of the small ferrite ellipsoid on the latter basis because
it usually does not lead to mathematicél difficulties. Maslennikova (37)
solved the problem of a magnetized ferrite sphere placed in the field of
a TEM-mode transmission line utilizipg a general electrodynamic method
developed by Gurevich (38) which determines the reflection and trans-
mission coefficients of the line with the sphere present. A similar
solution will be presentéd here, then the method will be extended to apply
to the coaxial transmission line with an iris discontinuity.

The method of Gurevich considers the variable magnetization of the
ellipsoid to be a resonant system which is exciting an electromagnetic
field (fadiation field) in the transmission line and at the same time is
being excited by a "self-consistent" field made up of the unparturbed

- -
field h, of the line and this radiation field h, . The magnetization

of the sphere is related to these two fields by the external magnetic
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susceptibility tensor of the ferrite x as follows
—n

m

PEREN -
= X (he + hr). (27)
The problem is solved by first calculating the radiation field excited in
the line by a variable magnetization source ;kt) = ﬁ;gjwt concentrated
in the volume of the sphere, and then calculating the magnetization of the
sphere caused by the unperturbed and radiation fields. In the remainder
of this dissertation, time-independent field amplitudes will be symbolized

by capital letters.

a. Radiation field The excitation of the fields in a lossless

coaxial transmission line by a given intensity of magnetization can be

found by solving the scalar Helmholtz equation

1 3 _a_g) + 1 3%H + 3% +k¥H=M (28)
p op \9p 37 392 322

in cylindrical polar coordinates (p, ¢, z) and applying the boundary
conditions that the normal derivatives of H wvanish at all conducting
surfaces. However, the fields of the TEM mode are well known so it will
beimore convenient to determine the effective coupling of the ferrite by
starting with these known fields.

Referring to Figure 9, we know that a radiated TEM mode propagating

to the right of the sphere consists of a single transverse magnetic

component described by

> -3 -jkz, - ~
H..gq € jkz = H¢a J ze¢ =_§L_ e~jkz & (29)
™

where I is the total current flowing in the center conductor, p 1is the
radial distance from the center of the line and é¢ is the unit vector in

the ¢ direction. Since the fields satisfy Maxwell's equations except in
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the plane containing the sphere, the electric field is

e -jkz o T X & Ye—jkz = ~-jkz
E, 4 e NG ) €] nol € & (30)
2mp

where n_ 1is the characteristic impedance of free space, éz is the

unit vector in the 2z direction and ép is the unit vector in the »p

direction.

The power propagating down the line can be determined by means of

the Poynting vector,

- - > %
Prad =1/2 Ré'j; (Erad X Hrad) ds (31)

- -ty
where Hr:d is the complex conjugate of H,.,q and s is the cross-

sectional area of the coaxial line. Solving for Prad'

- 27 r2 .A *
Prad = 1/2 Re [“oI ep] x[ I é¢] pdpdo
o Jr; 27p 2mp

= n012 (ln rz/rl) éz
4

2
z,1 (32)

2

(123

since the characteristic impedance of a coaxial line is no(1ln rp/ry)/2m.

We may also express the power of this field incident to the right as
— -y poadit N
Prad = Ko(Ho - Hy )ez,, (33)
where Ho 1s the magnitude of the magnetic field component at the posi-

tion of the sphere without the resonator and Ko is a coupling constant

given by the structure and the position of the sphere. Since at this

point
Ho = _L_ &g, (34)
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the power in the radiation field is

- 2 2
_ KI PO Sal
Prad = ——%——7— €z =_0_ €, (35)
4t ro 2

from which we can determine the coupling constant KO,
Ky = 2w220r02 . (36)
Now it is necessary to relate the strength of the radiated TEM mode
to the magnetic dipole of the sphere. Since the reciprocity principle
permits us to interchange the role of the source between the magnetization
of the sphere and the TEM field, we may write the power coupled to the
sphere by the radiation field as

- -

Prag = - jubo v M * H__ &, , (37)
where the total magnetic dipole moment in the volume vy has been assumed
to be contained at the point (ro, 0, 0). We also assume that the dimen=-
sions of the sphere are sufficiently small so that the ferrimagnetic
material is uniformly magnetized. Thus, if we consider a new Cartesian
coordinate system (x', y', 2z') with its origin at the center of the sphere,
its z'-axis parallel with the axis of the transmission line and its y'-
axis parallel with the transverse radial vector from the center of the
transmission line through the center of the sphere, only the x component
of the magnetization will couple to a TEM magnetic field (see Figure 10).
Therefore, Equation 37 becomes

a
Prag = jwuo Ve MX rad éz . (38)
It is now possible to determine the amplitude of the TEM field

excited by the magnetization of the sphere by means of Equations 33, 36

and 38:
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Figure 10. Coordinate systems used to determine radiation
field excited by ferrimagnetic resonator in a
coaxial transmission line
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— RS - R . n
Prad = KO(Hrad H 1:ad)ez = Juug Ve MoH 4 ¢,
o rad Jubg Vg My
Heaq = ° jmuo Ve M
K
o}
= = jwuo Vf MX
21¢ r02 Z (39)
o
Letting the parameter
v
a=__ "o V¢ | (40)
sz T 2 YA
o o
the radiation field can be expressed as
Hpaqg = - jwa,MX . (41)

By a similar procedure it is possible to show that there is a like
radiation field propagating to the left of the sphere.

Having determined the radiation fields excited by the magnetization
of the ferrite, it is now possible to find the reflection and transmission

coefficients and thus the filter characteristics of the band reject

configuration.
b. Reflection coefficient Referring to Figure 9, the reflection

coefficient T 1is specified by the formula

ikz .
= Heaqg 0% J Brog oi2kz | (42)

~-jkz
Hine € Hine

where k = 2w/wavelength is the wave number.
From Equations 41 and 27,

H = - JwaMx = - Jwaxl(Hinc + Hrad)

rad

so that
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Hag = = Juwaxy | (43)
Hinc 1+ jwax1
therefore, )
I = - jwax1 €j2kz . (44)
1+ jwaxl

With the dc¢ magnetic bias field applied in the +z direction,

the diagonal component of the susceptibility tensor for a ferrite sphere

is given by Equation 17,

X] = W . an

2 _ 2 .
Wy we + Jwaoa

Substituting this expression into Equation 44 above, we obtain for

the reflection coefficient

P e - jwaupu, gj2kz (45)
woz - W+ Juw (20 + aw ) :
c. Transmission coefficient The transmission coefficient T for
the band reject configuration is specified by the formula
e (g tHpe e Hraq | (46)
Hinc emdkz Hine

If we substitute Equation 43 for the ratio, the transmission coefficient

becomes

T = 1 . (47)
1+ jwaxy '

Equations 44 and 47 correspond to those developed for the band reject
filter by Maslennikova (37). To obtain the complete expression it is once
again necessary to substitute for x;- Thus, the final form for the

transmission coefficient becomes



42

2 _ 2 + 12
T= W ~ W T I ) (48)

w02 - w2 + jow (20 + awy)

The attenuation o, which we will define as the reciprocal of ITI , can

then be expressed as

2
- (w02 - w2)2 + m2m02(2a + awm) . (49)
(moz - w2)2 + 4w2w02a2

Gy

Assuming that this expression describes the characteristics of the
filter for all frequencies, we can determine whether the filter is truly
band reject by some rather simple tests. If w<<w, or w>>uy» the value
of the expression approaches unity so there is no attenuation through the

filter. However, at ferrimagnetic resonance w = w, and the expression

reduces to

Q.

r = (1 + awg/2a)2. (50)

w =
wO

Combining Equations 15 and 18, we find that o = 1/2Qu. Therefore, sub-

stituting for o and a, the attenuation at resonance becomes

Or

w:

2
= [1 + HoViunQy . (51)
Wo Z_ 2 ‘

Try 2y
This expression is always greater than one, so the filter will indeed
provide a band reject characteristic.

Equation 51 also provides a qﬁantitative description of how the
variou; parameters of the sphere and coupling structure influence the
attenuation at resonance. Increasing the volume of the sphere, the sat-
uration magnetization or unloaded Q will increase the attenuation, while

increasing the radial position of the sphere or the characteristic im-

pedance of the line will decrease the attenuation. The freedom of choice
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that we can actually exercise will depend upon the frequency range and

practical Limitations of mechanical design.

3. The ferrimagnetic resonator in an infinite coaxial line with
iris discontinuity

The analysis of a ferrimagnetic resonator in an infinite coaxial line
with an iris discontinuity follows the same method as the previously
analyzed system without a discontinuity, but in this case the analysis
must also take into consideration the field reflected from the conducting
iris. As before, we will assume that only a TEM wave is propagated. To
simplify the analysis, we will consider the sphere to be symmetrically lo-
cated in the center of the aperture.

a. Radiation field First, let us consider the reflection and

transmission coefficients for the structure without the ferrimagnetic

resonator. Referring to Figure 11, the reflection coefficient in this

case is
' = Heefl eJkz _ Hpogg €j2kz = poejZkz

e~dkz  Hin.

5 (52)

Hine

where Hrefl is the field reflected from the discontinuity, H;,. 18 the

incident field and p, is the reflection coefficient defined in Equation

20 and determined by Equation 21.

The transmission coefficient is

-..'k
T' = Heged €79%% = Hfeed (53)

_'k
emlk2 Hinc

Hinc
Since the field feeding through the aperture Heood is the difference
between the incident and reflected fields on the source side of the

aperture, it is expressed as
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with iris discontinuity
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v = Hine " Hrefl o1 - Bregr -

(54)

|
pasey
|
©
o

When the magnetized sphere is placed in the aperture of the iris, we
assume as before that the total field is a superposition of the component
fields without the resonator and the radiation fields excited by the
resonator. However, the fields coupling to the magnetization of the
sphere are more complex than those of the band reject filter. Since the
plane of the iris bisects the resonator, the magnetic fields in each half
of the sphere are not the same. The incident field, reflected field and
radiation field cotiple to the left hemisphere (in Figure 11), while the
feedthrough field and radiation field couple to the right hemisphere. At
the bisecting plane the magnetic fields are continuous. If the resonator
is small, we may assume that the exchange forces within the sphere are
sufficiently strong to keep all microscopic magnetic dipoles aligned so
that the approximate total coupling to the resonator is the sum of all

field contributions. Then, the magnetization becomes

M, = X (Hypo * Hrefl + Hpag) + X1 (Hfeed *+ Hrad)
2

<

left half right half
= Xl (Hinc + Hrad) . (55)
The radiation field, which is obtained by using Equation 41, becomes
Hrag = = jua My
o T Jwaxg
— Hinc (56)

1+ jwaxl



46

and is the same as the radiation field for the band reject configuration.
It is readily apparent that this result would not have been obtained if
the sphere were not centered in the aperture. We can now proceed to the
determination of the reflection and transmission coefficients for this

structure.

b. Reflection coefficient The reflection coefficient for the

resonator configuration with an iris is specified by the formula

jkz H H 5 2]
[ = (Hrefl + Hrad) € = refl + rad EJ‘&Z. (57)

-jkz .
Hinc € Hinc Hinc

By substituting Equations 52 and 56, it becomes

r =Py = J(1 - duwax; (58)

1+ j
jwax,

If by = 0, which would correspond to the case of an infinite line
without a discontinuity, the reflection coefficient reduces to Equation

44 which describes the band reject filter.

c. Transmission coefficient The transmission coefficient for the

iris configuration is specified by the formula
+ H -jkz
T = (ered rad) €

-jkz
Hinc €

and by similar substitutions as before becomes

T = 1 - po(l + jwaxp) . (59)
1+ jwax1
If p_ = 0, the transmission coefficient reduces, as expected, to

Equation 47 and describes the band reject filter. Substituting for X1

and Po
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(1 _ Z, )(1 + jaw,w o )
. 2 _ .2 .
_ ZO + ZJXO W we + ZmeOa

jawguwpw
1 +
2 2 .
Wy — Wt 2jwwyo

. 2 _ .2y
- 4xowwoa + J[2X0(wO w<) Zoawowmw]

(2, + 25X ) {w 2 - o2 + jo u(aw + 24)] (60)

Therefore, the attenuation of the coaxial structure with an iris is

described by

[Zo(wo2 - mz) - 2Xowwo(awm + 2a)]2

+ [ZXO(w02 - wz) + Zowow(awm + 2a)]2

16X szw 2a2
[¢) o}

2 2 2
+ [ZXO(wo -w°) - Zoawwowm] (61)

The behavior of Equation 61 as frequency is varied is somewhat more
complex than the behavior displayed by Equation 49, but a few simple
observations are possible. If w<<wy or  w>>w,, the equation is

asymptotic to
2 2
Lo * Xy (62)

s

4
Q

<< r >> 2
WSSy w>>q 4XO

which is simply the attenuation of the transmission line and iris without
a resonator; i.e., it is the reciprocal of Equation 25. If Xo is small,

the attenuation is very large. At w = Wy > Equation 61 becomes
' 2 2 2
- (Zo + 4Xo )(awm + 2a) ,

o 168,207 + 2 %82 2 (63)

Gy
w=uw

which indicates that the attenuation at resonance is determined by the

iris reactance as well as the sphere and transmission line



characteristics. If aw and 2a are of the same order of magnitude

'

and XO<<ZO, the expression further reduces to

Gy
(64)

2
= wo = (1+ 2a/awm)— ,
N <<Z
o) o

> €

which is independent of Xo. Since Equation 62 shows the attenuation far
from resonance to be very high for small Xo and Equation 64 shows the
attenuation to be much less at resonance, the filter displays a band pass
characteristic. On the other hand, if XO>>ZO, Equation 63 simplifies to
the band reject expression of Equation 50. The second term of Equation 64
is the reciprocal of the second term of Equation 50, therefore, the con-
ditions that increased the resonance attenuation for the band reject
filter will decrease the resonance attenuation, or insertion loss, for the
band pass filter. Both results are consistent with conventional filter
theory.

To examine in detail the character of the band pass expression for a
range of frequencies near ferrimagnetic resonznce and a number of param~
eter variations, Equation 61 was programmed for solution by means of an
IBM 7074 computer and plotted by means of an S-C 4020 computer recorder.
The results obtained are presented in Figures 12 through 19. Lines
between the computer generated dots were drawn manually. In all cases
the saFuration magnetization 4ﬂMS, which appears implicitly in wg,
was 1040 gauss and the characteristic impedance Z, of the line was 50
ohms. Attenuation was plotted on a logarithmic or decibel scale.

In Figure 12, the attenuation of the structure as a function of

frequency deviation away from the ferrimagnetic resonance frequency of
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Computer solutions to Equation 61 for
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2.5 gc/s has been plotted for several values of aperture attenuation o
‘The sphere was located at a radial distance r, = 0.170 inch and the line
width, which appears implicitly in a, was 0.39 oersted. For the band
reject case, which corresponds to a, = 0, the attenuation at ferri-
magnetic resonance was 5.18 db. For all cases in which an iris provides
an initial attenuation a  #0, the response displays a "discriminatox"
characteristic. Attenuation greater than the initial value would be

" classified as a band reject response, attenuation less than the initial
value would be classified as a band pass responsé. Although the total
response appears to be symmetrical about the attenuation of the iris, the
logarithmic scale exaggerates the band reject portion of the curves.

In Figure 13, similar characteristics have.been plotted for the
sphere located at a radial distance r, = 0.085 inch, which corresponds
to an increase in the coupling between the magnetization of the sphere and
the electromagnetic fields in the transmission line. The higher coupling
causes higher peak attenuation for the band reject case and lower
insertion loss for the band pass situations.

Since coupling between the magnetization of the sphere and the
fields of the line manifests itself in the analytical parameter a, the
attenuation versus frequency deviation characteristics have also been
plotteé for a fixed value of ag and several values of a.

In practice the ferrimagnetic sphere will be located in close
proximity to conducting walls; therefore, degradation of the unloaded Q
of the resonator is unavoidable. To determine the effects of a lower

Qu’ the computations presented in Figures 12, 13 and 14 were repeated
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with AH = 0.78 oersted or twice its original value.. These data are
presented in Figures 15, 16 and 17, respectively. As expected, the
response curves are broader than before and the maximum and minimum
attenuations do not deviate as far from the initial values of attenuation.
An examination of the figures will also show that a lower Q, reduces the
differences between minimum and maximum attenuations of the response
curves in the same manner as a smaller value of a. However, a lower Q,
broadens the response curves much more than a reduction in coupling.
Figures 18 and 19 demonstrate the effect of the ferrimagnetic reso-
nance frequency upon the response behavior. 1In Figure 18 the resonance

frequency was 2 gc/s and in Figure 19 it was 4 gc/s. In both cases,

a = 20 db. The response curves maintain their general shape, but
o

coupling effectively increases with increased frequency.
C. Development of Mathematical Model for YIG Sphere
in Aperture of Coaxial Iris Discontinuity

The equivalent circuit for a YIG resonator mounted in an orthogonal
coupling structure has been developed by Carter (6) and others (7).
Comstock (39) developed an equivalent circuit for a YIG resonator in a
band reject application. None of these equivalent circuits adequately
describe the YiG resonator and coupling structure which includes an iris
discontinuity in the transmission line. To develop the mathematical model
for the coaxial structure déscribed herein, we postulate the circuit of
Figure 20 to represent the system near ferrimagnetic resonance. The
series RLC circuit represents the ferrimagnetic resonator, the inductive

reactance X0 represents the iris discontinuity in the transmission line
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Figure 20. Equivalent circuit postulated for YIG sphere mounted
in coaxial coupling structure with iris discontinuity
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and the identical transformers located on each side of the iris reactance
represent the symmgtrical coupling to the input and output transmission
lines (YIG centered in the aperture).

Qualitatively, the circuit satisfies the two extremes of coupling for
the physical system. First, if there is no iris discontinuity in the
transmission line, the structure behaves as a band reject filter. In this
case X 1is infinite and the circuit indeed reduces to the equivalent
circuit of a band reject filter. Second, if the aperture in the iris
discontinuity is extremely small, coupling between the input and output
transmission lines can only be accomplished through the YIG resonator. In
this case Xo is essentially zero and coupling exists only through the
mutual inductance of the resonator circuit. A quantitative description
can be made by determining the transmission coefficient of the equivalent
circuit and comparing it term by term with the transmission coefficient
previously obtained by means of the field analysis.

For the circuit of Figure 20, the voltage transmission coefficient

equivalent may be defined as

T(jw) = V2 = 2 Zol3 | (65)
Vl Eg

The output voltage is referred to the voltage at the terminal 1-1' rather
than the voltage at the generator to be consistent with the previous field
analysis in which the output was referred to the incident field.

The loop current equations for the circuit,

[Zo + iXo + Ju(Ly+ M i3 - JuM iy - jX iz = Eg (66)
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- M § o+ [R+ el + 204 - J/uC) i, - juM i, =0 67)
- JX i - JeM i, + [Z) + X+ jw(l; +M)] iy =0, (68)
can be simplified by making the following assumptions based on the fact

that the resonator has a very high unloaded Q:

1/2
X >>uly, X >>uM, L>>M, o = (1/LC) . (69)

The circuit determinant A then becomes

Z, + jX, - juM - 3%,
A= - juM R+ jL(w? - u 2)/u - juM , (70)
- X - juM z + iX,

which can be solved to obtain

) , 202 4 : 2,2
A (Z0 + J2X0> [ZOR + 20eMe + j ZoL (w Wy Y/wl. (71)

The current 13 is obtained by the expression

Zo + on - jwM Eg
- juM R + jL(uu2 - moz)/w 0
5 - - iX, - juwM 0
3
A

which yields .
i3 o = w2 + X [R + LG? = wp?)/w] : (72)
(z, + 32X )[Z R + 2022 + jZOL(w2 - woz)/w]

i

Eg
Therefore, the transmission coefficient for the circuit of Figure 20
becomes

TGuy = 2ol w2M2 + JX_[R + JL(w? - w ?)/u]} . 73

(z, + j2X ) [Z R + 202M2 + jZOL(wZ - woz)/w]



62

To compare Equation 73 with Equation 60, the expression obtained by
the field analysis, it is necessary to multiply numerator and denominator

by j -L-; thus

Z L
o

T(jw) = 2{- wXOR/L + j[Xo(woz - wz) - LU3M2/L]} . (74)
(2o + 12%,) (w2 - w2 + ju(R + 2w2M2/Z,) /L]

If

2wya = R/L, (75)
and

Zyawoy = 2w2M2 /1. , (76)
then Equation 74 is equivalent to Equation 60.

We can examine the conditions imposed by Equations 75 and 76 in other

forms.. Substituting for o« and inverting, Equation 75 becomes

Qu = woL/R, (77)

which clearly emphasizes the equivalence between the ferrimagnetic
resonator and a lumped parameter circuit. Substituting for a, Equation
76 becomes

2nm2
UoVEWoWn = 20Me (78)
2n2r02 L

The equivalence 1s not so obvious in this expression, but the fact that
the self inductance and mutual coupling are functions of geometrical

factors only indicates a striking similarity.
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IV. EXPERIMENTAL FINDINGS

To experimentally verify some of the analytical results obtained for
the coaxial coupling structure with a single resonmator, the assembly
sketched in Figure 7 was constructed. The diameters of the brass coaxial
conductors were made identical to those of standard General Radio test
accessories so that.GR Type 874 fittings could be used to attach external
cables. Irises for controlling the coupling where chemically etched from
0.003-inch thick sheets of beryllium-copper. Screw-type fittings for the
inner and outer conductors were employed to clamp the edges of the iris so
that leakage would be kept to a minimum. The dielectric support was a
. 1/4-inch thick doughnut made from a Rexolite3 rod. Photographs of the
completed coaxial assembly and its comﬁonent parts are shown in Figures

21 and 22.

Samples of Ga-YIG spheres were purchased from Airtron, Morris Plaims,
New Jersey. The saturation magnetizations and line widths of the spheres
were measured by Airtron and the data furnished with the samples. Table 2
lists the characteristics of the three spheres available. Each sphere
was mounted on the tip of a 2-56 nylon screw by means of an epoxy ad-
hesive. One of the easy axes of magnetization was aligned parallel with
the axis of the screw by placing the sphere in the field of a strong
electromagnet. In this operation the axis of the screw was placed
parallel to the field and the strength of the magnetic field required to

cause alignment was determined by using a microscope to observe the motion

3Registered trademark
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Figure 21. Assembled coaxial structure for Ga-YIG
filter with aperture coupling

Figure 22, Disassembled coaxial structure with several
apertures; r, = 0.170 inch
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Table 2. Ferrimagnetic properties of Ga-YIG spheres.used to obtain
experimental data

Saturation
Serial Diameter Magnetization Line Width Q, at
Number d (inches) M (gauss) AH (oersteds) 2.5 ge/s
4Ga-8 0.051 1040 0.39 2290
17Ga~5 0.0502 985 0.45 1985
17Ga-8 0.0504 985 0.45 1985

of the Ga-YIG sphere.

Magnetic bias for the experiments was supplied by a solenoidal
electromagnet placed around the coaxial structure. The solenoid was
designed to provide a large region of uniform field intemsity without
regard for efficiency. Power for the electromagnet was obtained from a
0-10 ampere current-regulated Harrison Labs 809A power source. Regulation
of the power supply was rated at 10 milliamperes, ripple at 5 milliamperes.

Experimental measurements were made over a range of frequencies about
2.5 gc/s. A block diagram of the test apparatus used to measure the
attenuation ar is shown in Figure 23. Considerable difficulty was
experienced in-obtaining accurate quantitative data due to instrumentation
limitations. However, qualitative verification of the analytical results
was obtained with relative ease.

Referring to the block diagram, a Hewlett Packard Model 616B, which

covers the 1.8 to 4.2 gc/s frequency range and has a maximum power output



2-4 gc/s

Sig. Gen.

e — — gy

Mech.
Sweep

Freq. Power
Meter Supply
I T
TWT 10-db | Ga-YIe | Load &
Pad LﬁFilter | Detector
X-y Log.
Recorder Converter
Figure 23.

Block diagram of test apparatus

99
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of about one milliwatt (mw), was fed into a Hewlett Packard Model 491C
traveling-wave-tube (TWT) microwave amplifier which has a maximum gain of
about 30 db. To avoid saturating the amplifier, the gain of the TIWT was
reduced so that the TWT output was only 100 mw. A 10-db attenuator was
attached to the output of the TIWT as a precaution to prevent reflections
from the ferrimagnetic resonator filter from disturbing the signal source.
The final 10-mw signal was then applied to the experimental filter. The
frequency of the signal was measured by an F~R Machine Works Type N410A
frequency meter.

To measure the filter characteristics, a Hewlett Packard Model 423A
microwave load and detector was connected to the output of the filter.
The dc voltage from the detector was fed to a Moseley Model 60 DM loga-
rithmic converter which changed the linear output of the detector to a
decibel equivalent., The output of the logarithmic converter was then fed
to the y-axis input of a Moseley Model 2, two-axis recorder. A General
Radio Type 1750~A mechanical sweep mechanism was used to sweep the fre-
quency of the signal generator and also provide a sweep voltage for the
x—-axis input of the x-y recorder. By scaling the y-axis of the recorder
in decibels and the x-axis in mec/s, it was possible to obtain a graphical
display of the response through the ferrimagnetic resonator filter.

PFecise measurements of the response characteristics were not possible
due to several reasons: (1) Power supply drift, (2) residual amplitude
and frequency modulation appearing on the signal source, (3) very low fre-
quency response of the logarithmic converter and x-y recorder, and (4)

numerous mechanical instabilities. However, the response shapes were
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repeatable; maximum and minimum attenuations were wiFhin +1 db for most
tests. Experimental errors and deviations from calculated values were
greatest for the measurements performed with high values of intial
attenuation.

Figures 24 through 27 are reproductions of the experimental response
characteristics obtained using sphere serial number 4Ga-8 mounted at the
radial distance ro = 0.170 inch. These four curves correspond to
%, =0 db, 5 db, 10 db and 20 db. The peak variations in attenuation,

a and «_. are compared with their analytical counterparts from

max min’

Figures 12 and 15 in Table 3.

Table 3. Comparison of calculated and experimental peak values of attenu-
ation for r, = 0.170 inch (all values in db)

Initial attenuation Calculated, Qu Experimental Calculated, Qu/2
Calec. % Exp. % “nax “min “max “min “max “min
0 0 5.2 - 4.9 - 3.0 -
5 5.1 12.0 3.1 11.5 3.2 9.1 3.9
10 10.0 20.0 5.2 18.8 6.0 16.0 7.0
20 20.2 38.4 6.7 27.3 10.2 32.8  10.1
22.4 ' 30.0  10.7
30 - 58.2 7.0 36.0 12.4 52.2 10.7
In practice, %nin from Table 3 would correspond to insertion loss

for the band pass filter. For o, less than 20 db, all measured values
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Experimental filter characteristics for

Figure 24,

170 inch and ey = 0 db

I, = 0.

10 db

O

Experimental filter characteristics for

Figure 25,

0.170 inch and ag = 5 db
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of Onin vere between the two calculated values determined by Q, and
Qu/2. The frequency differeﬂces between two points of equal attenuation on
the experimental responses were, in general, wider than the corresponding
differences on the analytical plots of Figure 12. Since the sphere was
Qithin 0.023 inch of the center conductor, it is reasonable that the
proximity of the transmission line caused degrada;ion of the resonator.
However, one should not overlook the fact that less coupling will affect
the amplitude of oin in much the same way.

In practice, O ax from Table 3 would correspond to a band reject
filter. For values of initial attenuation less than 20 db, the wvalues of
Orax Were also between the two calculated values. This result is con-

. sistent with the conclusion that the uriloaded Q had been degraded. For
initial attenuations of 20 db and 30 db the measured values of Omax

appear to be well behaved, but they differ considerably from the cal-
culated values. This indicates that the field analysis does not adequately
predict the behavior of the O ax for large values of initial atten-

uation. Since this situation is of little practical interest, it was
not pursued further in this investigation.

To demonstrate the effect of tighter coupling, a second coaxial
structure with reduced dimensions was constfucted so that the sphere
could be mounted at r, = 0.085 inch. The complete assembly and its
component parts are shown in Figure 28. The center conductor was tapered
to a diameter of 0.098 inch and the inner surface of the outer conductor
was also tapered to maintain a 50-ohm characteristic impedance. As

before, irises were chemically etched from 0.003-inch thick beryllium-

copper sheets.
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Figure 28. Disassembled coaxial structure with taper
to increase coupling; r, = 0.085 inch

10 db

5 db

Figure 29. Experimental filter characreristics for

r. = 0.085 inch. and without iris

o
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Figures 29 and 30 are reproductions of the experimental response
characteristics for o = 0 db and 20 db and r, = 0.085 inch. These
curves are compared to their respective analytical curves'presented in
Figures 13 and 16. As e#pected the maximum attenuation for the band
reject filter (see Figure 29) increased as a result of tighter coupling,
but the value of 10.9 db differed from the predicted value of 12.6 db by
a greater margin than that of the previously described structure when
I, = 0.170 inch. This result is reasonable. Since the sphere was
located less than 0.010 inch from both the inner and outer conductors, a
much lower Qu than before could be expected. A second factor must also
be considered and that is the assumption that the resonator was located in
a uniform magnetic field. 1In this structure, the dimensions of the line
were - reduced considerably while the diameter of the sphere remained fixed.
Therefore, the field of the TEM mode could not be uniform throughout the
volume of sphere. The experimental results indicate that the consequences
of a non-uniform field are not severe, but the need for tighter coupling
in practice may make stripline structures more attractive for band reject

applications.

The reduced Qu of the resonator is very apparent in the response
characteristic of Figure 30, where o was 18.6 db, o . Was 30.1 ab,
Omin WwWas 5.2 db and the frequency difference between these two atten-
uations was 27 mc/s. (Each vertical mark on the 20-db line represents
6.25 me/s.) The value of ooin indicates an unloaded Q 1less than

either of the values used for calculations. Nevertheless, the value of

¢ iy Was lower than the corresponding value obtained for r, = 0.170 inch
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which verifies that coupling can be increased by reducing the radial
position of the sphere.

Since previéus investigators have used coupling structures featuring
orthogonal coupling of the input and output fields within the resonator, a
similar structure was'assembled using coaxial elements. The assembled
structure and its component parts are shown in Figures 31 and 32. The
coupling aperture was located in an iris at the common ends of the input
and output coaxial transmission lines. The axes of the lines were dis-
placed so that the radius vector of one line was perpendicular to the
radius vector of the other line at the center of the aperture. A brass
block supported the two sections of line and the iris. This structure
approximates a structure with zero coupling in the absence of a resonator.
However, the field analysis and transmission equations developed
previously are no longer applicable because the electromagnetic fields do
not couple to the magnetic moment of the resonator in the same manner.

In the orthogonal structure the fields of the input line couple to the

X component of.magnetization, while the fields of the output line couple
to the y component of magnetization. In the analysis for this study
the fields of both the input and output lines were coupled to the x
component.

The experimental response curve of the orthogonally coupled
structure is shown in Figure 33. As expected, only a baﬁd pass character-
istic was observed because the initial attenuation was beyond the capa-
bilities of the measurementlset-up. The effective bandwidth of the

filter was wider than for the structures investigated previously, but the
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Figure 31, Assembled coaxial structure for Ga-YIG filter
with orthogonal aperture coupling

Figure 32, Disassembled coaxial structure and aperture
for orthogonal coupling; r, = 0.170 inch
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insertion loss was also an impractical 15 db whereas’ a useful value would
be much lower. The radial position of the sphere was r, = 0.170 inch,
therefore, the insertion loss could be improved by tighter coupling. 1In
practice, the displaced axes of this structure create a problem for the
design of a dc magnetic bias which may be difficult to overcome.

For all measurements with small apertures, the position of the sphere
was found to be important in obtaining best performance. For a 90°
aperture and r = 0.170 inch, %nin for the structure of Figure 7 would
increase 2 to 3 db when the sphere was placed close to the edge of the
aperture. This increase in attenuation was probably due to higher induced
currents in the conducting iris causing an increase in the losses within
the Ga~-YIG material. When the sphere was withdrawn from the aperture
about 0,025 inch along the axis of the line, the minimum attenuation
increased about 2 db. Theoretically, there should have been no coupling
to the output line in this case. Therefore, these results indicate that
there is some fringing of the fields through the aperture. For large
apertures, the effects were less significant.

The axial position of the sphere was extremely critical for the
orthogonal structure. The aperture was a 0.125-inch diameter circle and
the insertion loss would change 10 to 15 dbvfor a movement of about 0,010
inch in the axial position.

In all of the above measurements, the responses were essentially
symmetfical when the source and load were interchanged. Similarly, the

magnitudes of the responses were not affected by reversing the polarity

of the dc magnetic bias on the filter.
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As a final qualitative experiment, the remaining two resonators
listed in Table 2 were mounted on opposite sides of the plane of the iris

of the first coaxial structure investigated. Typical two-resonator band

pass filter responses ranging from under-coupling to over-coupling could
be obtained by varying the axial position of the two spheres, thus

suggesting an area for future investigation.
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V. CONCLUSIONS

The investigation reported in the preceeding pages was concerned with
determining the response characteristics of a magnetically biased ferri-
magnetic resonator located in the aperture of an iris in a coaxial trans-
mission line. The problem was solved analytically by determining the
reflection and transmission coefficients of the system. In the analysis
the resonator was assumed to be magnetically saturated along the direction
of the axis of the transmission line and the microwave field was assumed
to consist of only the TEM mode and to be uniform throughout the volume of
" the sphere. Numerical results were obtained for various values of initial
iris attenuation, coupling and ferrimagnetic resonance frequency. These
results showed that a band pass and band reject characteristic could be
obtaihed'and that the attenuation, when plotted on a logarithmic scale as
a function of the frequency deviation away from the ferrimagnetic reso-
nance frequency, followed a discriminator-shaped curve which was essen-
tially symmetric about the initial iris attenuation.

A mathematical model and equivalent circuit of the coaxial system was
developed for the range of frequencies mnear the ferrimagnetic resonance
frequency. The equivalent circuit consisted of an inductively coupled
lumped parameter resomnant circuit, which was analogous to the ferri-
magnetic resonator, and a shunt inductance which was analogous to the iris
discontinuity. For a large aperture, the shunt inductance would be very
large and the equivalent circuit would behave as a band reject filter.

For a very small aperture, the shunt inductance would also become small

and the equivalent circuit would behave as a band pass filter. For
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intermediate aperture sizes, the circuit would produce the "discriminator"
characteristic.

Experimental efforts during this investigation verified all predicted
results fof small values of initial attenuation, although reduced Q, was
observed. For large values of initial attenuation, the differences be-
tween the experimental results and analytical predictions for maximum
attenuation were significant. These differences were probably caused by
the existence of higher~order modes within the sphere and/or line which
were disregarded in thelanalytical approximations. The need to analyze
these differences is not warranted by practical necessity.

The equivalence between the magnetically-biased ferrimagnetic reso-
nator and a lumped parameter resonant circuit was established. Magnetic
coupling begween the resonator and the transmission line was shown to be a
function of resonator position, saturation magnetization and volume, and
the geometry of the transmission line. For a fixed coaxial geometry,
coupling was increased by decreasing the radial position of the sphere or
increasing the other sphere parameters. Conventional filter theory could
be utilized to develop specified filter characteristics. Since the ferri-
magnetic resonance frequency of the resonator was determined by an ex-
ternally applied dc magnetic bias field, thé response characteristics
could be shifted to other microwave frequencies by electronic means in
practice.

The high unloaded Q of single-crystal ferrimagnetic materials at
microwave frequencies makes them particularly attractive for application

in electronically-tuned band pass and band reject filters. The results of
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this investigation suggest a number of possible applications and areas for
future investigation..

One possible application is the use of the "discriminator'" character-.
istic as the frequency detector for a feedback control loop to stabilize
and sweep the frequency of a backward wave oscillator (BWO).

At the present state of the art most frequency discriminators at
microwave frequencies are constructed using an array of transmission line
phase shifting and coupling elements. Since the physical dimensions of
the elements determine the frequency and phase characteristics, each
discriminator must be designed for a particular application and is useful
over a limited frequency range. The size is inversely proportional to
the microwave frequency and may occupy several hundred cubic inches of
volume. As frequency references for the purpose of stabilizing a BWO,
transmission line discriminators are useful but they can not be rapidly
swept over a range of frequencies. Therefore, they can not be used in new

7
frequency scanning system applicationms.

Two electronically-tuned discriminators for scanning applications are
just now being developed: The Pound discriminator and the two-resonator
type that operates on the same principle as some low radio frequency dis-
criminators. The Pound discriminator detecfs a wobbulated BWO signal that
has been applied to a YIG filter. A feedback loop maximizes the second
harmonic of the wobbulation frequency that is produced when the BWO fre-
quency sweeps across the filter characteristic. Therefore, the feedback

loop locks the BWO to the YIG resonance frequency. The other discriminator

type utilizes two ferrimagnetic bandpass filteré tuned to slightly
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different resonance frequencies. The signal to be controlled is fed to
each filter in parallél and detected in both outputs. By reversing the
polarity of one of the detectors and combining the dc outputs, the voltage
préduces a discriminator characteristic as the controlled frequency is
swept through the ferrimagnetic resonance frequencies of the two filters.
By using this dc voltage in a feedback control system, the BWO frequency
can be stabilized at the center of the discriminator characteristic. To
sweep the BWO over a range of frequencies in either type, the dc magnetic

bias that determines the ferrimagnetic resonance frequencies of the

resonators can be electronically varied.

-~

A number of practical problems exist with each type. The wobbulation
system for the Pound discriminator requires additional circuitry. The
filters and detectors of the two-resonator electronically-tuned dis-~
criminator must be physically matched in order to track a large frequency
range and a number of transmission line coupling elements are still
required. The results reported in this investigation indicate that the
"discriminator'" characteristic of a single resonator located in an iris
may perform the same function and simplify the comstruction and control
problems. Wobbulation circuitry and tracking would no longer be necessary.
Since only one resonator is required, the discriminator would be reduced
in sizg to essentially one-half the volume of the two-resonator system.

Another application related to the one just described is the utiliza-
tion of the structure as a true frequency discriminator for the detection
of frequency modulated micrbwave signals. In the application above, the

linearity of the output was not extremely important. For detection of
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frequency modulated signals, phase and amplitude lingarity are important.
Therefore, the responée characteristics of the structure described herein
must be investigated in greater detail at low values of initial attenuation
to determine whether or not the output was sufficiently linear for un-
distorted detection of data and/or voice signals.

Other applications related to electronically-tuned band pass and band
reject filters are definitely possible. There are undoubtedly a large
number of othexr possibilities unknown at the present time which may appear
during future investigations. Areas of research which warrant considexr-
ation for futuré investigation include: (1) A more rigorous analysis of
the approximations applied to the electromagnetic field problem which
were introduced by the resonator being placed at the center of the
aperture, (2) development of transmission and reflection coefficient
equations for analogous stripline and waveguide structures, (3) an exami-
nation of the effects of aperture shape on the experimental attenuation
characteristics, (4) investigation of multiple-resonator filters, and

(5) investigation of multiple-resonator, multiple-iris filters.
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