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1
DOUBLE-CAVITY MICROWAYVE FILTER
BACKGROUND OF THE INVENTION
. The present invention relates to improved magneti-
cally tunable filters and more particularly to magneti-
cally tunable band-pass filters operating in the micro-
wave region and utilizing ferrimagnetic resonators.

In the field of electrical filters, band-pass filters are
of particular importance in many diverse clectrical sys-
tems where it is desired to pass certain frequency bands
with high selectivity over a wide range of frequency. In
certain arcas of communication systems it is frequently
desirable to have filters that exhibit the above selectiv-
ity and in addition are capable of switching between
frequency bands in a relatively rapid manner while re-
taining a high coupling efficiency over the wide range
of frequency. It has also been desirable to be able to
construct the filters with only simple modifications to
known waveguide structure in order to reduce the com-
plexity and still maintain low cost and high quality op-
eration. In accomplishing the above objects prior
known techniques have met with limited success result-
ing in filters having .less than optimum operational
characteristics, particularly in the X-band of the micro-
wave region.

In one known prior art technique according to U.S.
Pat. No. 3,268,838, adjacent waveguides are coupled
through specially aligned slots by a pair of yttrium-iron-
garnet (YIG) resonator spheres. While the band-pass
of this type filter can be controlled by adjusting the res-
onance of the coupling spheres with a magnetic bias
field, the structure has been only partially successful in
providing optimal filter conditions. The use of YIG
spheres, for example, limits the range of adjustment to
a very narrow region and requires a specially reduced
waveguide section to increase coupling efficiency.
Even with this special configuration, problems are en-
countered with spurious response due to the proximity
of the metal walls of the waveguide. While the range of
operation and quality of responsc may be extended by
changing the dimensions of the spheres, the material of
the spheres, or the physical construction of the wave-
guide, such limitations do not allow much flexibility in
filter operation.

In other known techniques, single resonator configu-
rations have suffered from similar restrictions while re-
quiring additional mechanical mounting structure and
special auxiliary equipment. In particular, Y1G disk res-
onators formed as “bulk™ films or as single crystals,
have been used to construct a filter in a manner similar
to the above mentioned patent. However, special
mounting and alignment requirements have been nec-
essary to give only a limited response over a restricted
range of frequency. In addition. the bulk and crystal de-
vices tend to have unfavorable aspect ratios (generally,
sample diameter or lateral dimension = thickness)
which cause non-uniform characteristics and. unpre-
dictable results in filter operation. Particularly signifi-
cant are limitations on coupling efficiency, band defini-
tions and range and ease of frequency adjustment.

With the advent of chemical vapor deposition (CVD)
and liquid-phase epitaxy (LPE) technologies. it has
been possible to obtain high quality YIG films for mi-
crowave use. Bandstop and band-pass filters in the
2GH range have been developed using single Y1G disks
epitaxilly evaporated on gadolinium-gallium-garnet
(GGG) substrates. However, even with such improved
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devices, there has been little success with operationé in
the X-band (8-12.5 GHz) and beyond, and relatively
little success in achieving increased adjustment capa-
bility over an extended frequency range.

Accordingly the present invention has been devel-
oped to overcome the specific shortcomings of the
above known and similar techniques and to provide a
filter having fewer elements while still providing more
rcliable and versatile operational characteristics.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide an improved filter which is simple and inexpen-
sive in construction and tunable over a relatively wide
range of frequency.

Another object of the invention is to provide a filter
having improved and reproducible response character-
istics for operation in the microwave region, particu-
larly in the X-band.

A further object of the invention is to provide a band-
pass filter using thin film ferrimagnetic resonators.

Still another object of the invention is to provide a
magnetically tunable filter whose response characteris-
tics can be varied by changing the orientation of a mag-
netic field.

Yet another object of the invention is to provide a
band-pass filter wherein the passband is centered at
resonance and which provides high coupling and low
insertion loss within the pass-band and relatively high
rejection outside the pass-band.

In a typical embodiment of the invention, the above
objects are accomplished by positioning the end cavi-
ties of two X-band waveguides adjacent to one another,
and orienting the cavities such that microwave energy
introduced into the input section will have an RF mag-
netic field direction orthogonal to the RF magnetic
field direction in the output cavity. An opening, pro-
vided in the adjacent walls of the cavities, will not nor-
mally couple energy from the input waveguide to the
output waveguide due to the orientation of the cavities.
The two cavities are coupled, however, by inserting a
ferrimagnetic resonator into the opening. The resona-
tor according to the invention, is formed by depositing
highly reproducible films of YIG on opposed parallel
surfaces of a GGG substrate by well known CVD and
LPE techniques. In the filterstructure, one of the films
is positioned in each of the cavities and oriented such
that the input RF magnetic field direction is parallel to
the film surface. An external DC magnetic bias field is
then applied in a direction normal to the input RF mag-
netic field direction and made adjustable in angle rela-
tive to the film surface. By fixing the magnitude of the
bias field and varying the angle « relative to the film
surface, the frequency of resonance, and, thus, the fre-
quency of transmitted energy, can be adjusted for an-
gles of « ranging from 0°< & < 90°. Such adjustment
can be made to vary the frequency over a range of 8~15
GHz, for example. An additional coupling screw can be
inserted into the proximity of the YIG surface in the
output cavity and adjusted to maximize coupling of mi-
crowave energy between the two cavities.

Other objects, advantages and novel features of the
invention will become apparent from the following de-
tailed description of the invention when considered in
connection with the accompaning drawings wherein:
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SRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective, view of a particular' embodi-
ment of the invention illustrating the basic arrangement
" of the elements for forming a microwave filter.
FIG. 2 is a detailed diagram showing a partial cross
sectional side view of the resonator-coupling arrange-
ment used in the filter of FIG. 1.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1, a band-pass filter con-
structed according to the present invention is. shown
having an input portion 1 and an output portion 2. The
input and output portions are formed as first and sec-
ond cavities constructed from shorted end sections of
X-band rectangular waveguides. The input and output
cavities are designed to receive microwave energy as
RF input from the input waveguide, and transmit en-
ergy to output circuitry by way of a connecting wave-
guide from the output cavity. The shorted end cavities
are positioned in adjacent.overlapping relationship and
provided with a connecting passage 6 between the two
cavities. The connecting passage 6 is located at the
point of maximum amplitude of the RF magnetic fields
and with the opening in the input cavity located where
the field (H,5) is parallel to the length of the cavity.

In this particular example the adjacent waveguide
walls were machined to provide a common wall, gener-
ally illustrated at 14, having a 0.05 inch thickness and
a 0.100 inch diameter hole forming the connecting pas-
sage 6. The cavities are arranged so that the RF mag-
netic fields (H,n, and H,.p, FIG. 2) on each side of the
adjacent walls are orthogonal to one another to prevent
direct coupling of the RF energy through the connect-
ing passage 6. A flange and iris plate structure is lo-
cated in each waveguide section, as shown in the draw-
ing, to allow adjustment for maximum voltage transmis-
sion through the cavities in a manner well known in the
art. o

Positioned in the connecting passage 6 is a ferrimag-
netic resonator sample 3. The sample, as shown in FIG.
2, is of double layer configuration formed from a sub-
strate 7 having two opposed parallel surfaces on each
of which is deposited a uniform ferrimagnetic film 8. In
the present example the substrate 7 is composed of
gadoliniumgallium- garnet (GGG) but may be of any
material capable of supporting the ferrimagnetic film
which in the present example is yttrium-iron-garnet.
The film layers are 2x in thickness although the thick-
ness can be varied to give a high aspect ratio as will be
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later explained. The films are preferably deposited -

using well known chemical-vapor-deposition (CVD) or
liquid-phase-epitaxy (LPE) techniques an example of
which is described in the article “Magnetic Oxide
Films,” IEEE Trans. Magnetics MAG-5, 717 (1969).
In the present configuration, even with the ferrimag-
netic sample 3 positioned in the passage 6, very little
leakage or coupling occurs between the input and out-
put cavities due to the orthogonal arrangement of the
adjacent RF magnetic field components. However, ac-
cording to the present invention, coupling can be con-
trolled by utilizing particular characteristics of the fer-
rimagnetic sample 3. The resonance characteristics of
ferrimagnetic materials are well known and will there-

fore not be discussed in great detail. Generally how--

ever, ferrimagnetic materials display resonance at a fre-
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quency which will be dependent on the magnitude of
a DC magnetic bias field applied to the material as ex-
ampled in U.S. Pat. No. 3,268,838. By varying the mag-
nitude of the field, the frequency at which resonance
accurs can.be adjusted over a range of frequencies. In
film materials (contrasted with YIG spheres), as is
known in the art, resonance frequency depends not
only on the magnitude of the DC field, but also on the
direction of the field relative to the surface of the film.
Thus, even when a constant magnitude DC magnetic
field is applied to a film of ferrimagnetic material, the
frequency of resonance can be varied solely by chang-
ing the angle of the magnetic field relative to the sur-
face of the film. ‘ ' ’

Turning again to FIG. 1, the above double layer reso-
nator structure 3 is positioned in the passage 6 and the
cavities positioned between the poles 11 and 12 of an
electromagnet. The electromagnet ‘is' designed to pro-
vide an-adjustable and relatively uniform DC magnetic
field directed onto the entire surface of the ferrimag-
netic material of sample 3, in a direction normal to the
direction of the input RF magnetic field direction H ;.
In addition, the electromagnet is constructed in any
conventional manner to enable the poles to be rotated
about an axis a extending through the center of the
sample and parallel to the length of the waveguide so
that rotation of the poles allows the DC magnetic field
direction to be varied relative to the film surface over
at least an angle « of 0° < a < 90° where 90° is normal
to the surface and 0%is parallel to the surface.

The sample itself is positioned in the passage 6 such
that one film is positioned in each of the cavities and
the film surfaces are substantially parallel to the adja-
cent walls of the waveguide (FIG. 2). In the present ex-
ample the substrate 7 had dimensions of 0.02 in. thick-
ness by lmm X Imm compared to a wall thickness of
0.05 in. A 5 mil(or 125u) brass shim 9 was therefore
inserted to form part of the common wall for mounting
the sample 3. The sample was attached to a piece of
mica 10 (using a light grease) which. in turn was
mounted on several Teflon pieces 13 to form a bridge
whose height allowed a YIG film to be positioned in
each cavity. While the special arrangement was neces-
sary for the particular sample used, it is obvious that
other mounting techniques could be employed for sam-
ples and waveguides of different dimensions provided
that the end result is a film positioned in each cavity at
the point of maximum amplitude of the RF magnetic
fields.

The above configuration can now be operated as a
band-pass filter, according to the present invention, uti-
lizing the resonant characteristics of the ferrimagnetic
materials as previously described. The magnitude of
the applied DC magnetic field (Hp,) is set at a constant
value and the input waveguide coupled to receive the
RF energy to be filtered. For energy of frequencies
other than those causing resonance in the film, there
will be only a very low leakage coupling of the input
and output cavities. However, for energy having a fre-
quency for which the film displays resonance, the en-
ergy will be coupled by the double layer sample 3 to the
output cavity. The bandwidth of the frequencies passed
will be a band centered on the resonant frequency. This
center frequency can then be adjusted by varying the
angle a of the DC magnetic field between 0° and 90° for
a constant value of the magnetic field. Naturally, by
changing the magnitude of the DC field,.a different
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range of adjustments can be realized for variations in
the angle of the DC field. ‘

Using the particular waveguide and double layer con-
figuration according to the present invention, improved
coupling ‘and incredsed frequency variations can be
achieved over a wider range of frequencies, particu-
larly the X-band frequencies, where the prior art has
met with limited success. For example, witha DC field
(H pe-) of 4500 Oersteds, the present filter can be turned
with high selectivity over a range of 8-15 CHz and be-
yond by varying the angle a of the DC ficid relative to
* the film surface 8 between (0°and 90°, The double film
configuration was found to provide sharp resonance
with improved coupling efficiency. The value of cou-
pling on-resonance was found to be an excellent
95-100.times greater than the coupling off-resonance,
which off-resonance coupling was generally found to
be relatively constant over all angles of . Maximum
coupling was found to occur at an angle @ = 72° with
a minimum insertion loss of 32dB. In addition, by way
of example, for a center frequency of 9GHz, the filter
was found to have a bandwidth of 6MHz and a loaded
Q of 1500 for the YIG films used. With the advent of
narrow linewidth, YIG films deposited by LPE tech-
niques, it is expected that the coupling ratio and inser-
tion loss can be even further improved: .
~ As was noted previously, the aspect ration of the film

should be maintained at a high value. This is required

since the range of adjustment and the band selectivity
under the control of the DC magnetic field, are largely
dependent on the aspect ratio of the film, generally ex-
hibiting more favorable characteristics as the value of
the aspect ratio increases. Using improved CVD and
LPE techniques, it is possible to obtain the required as-
pect ratios to provide highly selective tuning over the
entire X-band, while at the same time reducing the
physical requirements (e.g. dimensions and auxiliary
structure) of the filter itself. Compared to a YIG sphere
having an aspect ratio of 1 where little or no adjustment
can be obtained by varying the DC field angle, films de-
posited by CVD and LPE techniques and having aspect
ratios much greater than 1 (100-1000 for example),
will provide a very wide and selective range of tuning.
By way of example, a sphere subjected to a 2000 Oer-
sted field can only be tuned slightly away from a reso-
nant frequency of about 6GHz while a filter using a film
according to the present invention can be tuned over
‘a’range of % to 8GHz using the same 2000 Oersted
field. Thus the capabilities of the present double layer
configuration extend not only to the X-band region but
to a wide variety of other ranges of frequency rendering
the filter structure highly versatile.

In addition to the previously described structure, the
present invention incorporates a coupling screw 4 to
“further improve the coupling characteristics of the fil-
ter. A one-thirtysecond in. diameter brass screw was
inserted into the output cavity and made adjustable
along an axis normal to the surface of the film 8 (FIG.
2). By adjusting the spacing between the end of the
screw and the film surface, the coupling at resonance
can be maximized.

The filter devicé of the present invention was tested

in a particular configuration where the input cavity was
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excited by a 9.02 GHz input frequency developing a. ¢

TE 0 mode in the input cavity and a TE 4, mode in the
output cavity. A crystal detector connected to the out-
put waveguide measured the coupling voltage as the
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DC magnetic field direction and magnitude were var-
ied. The YIG films were positioned at A/2 from the
shorted end of the input cavity and A from the shorted
end of the output cavity at the point of maximum RF
magnetic field (H,n and H,) for the particular modes
generated. The coupling screw was adjusted to give
maximum transmitted voltage without the application
of the DC magnetic field. It was found that resonance

‘occured for nearly all angles of « of the range of 0° <

a < 90° for different values of the static DC field at the
9.02 GHz frequency. As is well known, this is equiva-
lent of using a fixed amplitude DC field and tuning the
filter by changing the angle between the DC field and
surface of the YIG film, where the film is magnetized
for all values of a. o o ‘

As can be seen from the above description, the pres-
ent invention provides a relatively simplée and inexpen-
sive microwave filter that does not require special aux-
iliary equipmemnt or waveguide configurations, yet al-
lows for versatile operation in a quick and _efficient
manner. In addition, as was previously noted, the dou-
ble layer configuration employs improved CVD and

"LPE deposition techniques which provide additional

benefits in construction and operation. Not only are the
filter characteristics improved by use of the above
CVD and LPE techniques, but the deposition methods
lend themselves to highly reproducible microcircuitry
techniques which result in filters of lower cost and
more predictable characteristics over filters using me-
chanically formed garnet resonators of the prior art.

While the present invention has been described with
particular reference to use with microwave wave-
guides, it is evident that the same principles can be ap-
plied to filters at lower frequencies, for example, with
striplines. In addition, while the invention has been de-
scribed with reference to particular dimensions the
same could be varied (under different conditions) in a
manner consistent with the teachings of this invention.

A further modification that can be made to the filter
structure of FIG. 1 is the incorporation of an adjustable
shorted end section in output cavity 2. The adjustable
short could be used to permit tuning of the output cav-
ity to the resonant frequency of the input cavity. Such
adjustment tends to increase the coupling ratio (cou-
pling on-resonance to coupling off-resonance) by a fac-
tor of 2 but is not essential to the performance of the
improved filter as described,

Obviously many other modifications and variations
are possible in light of the above teachings. It is there-
fore to be understood that within the scope of the ap-
pended claims the invention may be practiced other-
wise than as specifically described.

What is claimed and desired to be secured by Letters
Patent of the United States is: ) .

1. A magnetically tunable band-pass filter compris-
ing:

a first microwave input portion for receiving micro-

wave energy;

a second microwave output portion for transmitting
microwave energy, said first and second portions
being mounted adjacent to one another and con-
nected by an opening therebetween;

a ferrimagnetic resonator positioned in said opening
and comprising a substrate having opposed parallel
surfaces with a ferrimagnetic material deposited
uniformly over said opposed surfaces, said resona-
tor being positioned such that one of said surfaces
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" extends into said input portion and the other into

the output portion; and

magnetic means for applymg a magnetic ﬁeld to sard

- resonator and varying the angle of the field relative

to the surface of said ferrimagnetic material.

2. The apparatus of claim 1 wherein said input.and
output portions are formed from a pair of shorted end
waveguides mounted in adjacent overlapping relation-
ship having a connecting passage as said opening there-
between.

3. The apparatus. of claim 2 wherein. the wavegurdes‘

are oriented such that the radio frequency magnetic
field components in the input and output.waveguides
are orthogonal to one another to prevent direct cou-
. pling of energy through the passage.

4. The apparatus of claim 1 wherein the substrate is
formed from gadolinium- -gallium-garnet and the ferri-
magnetic material from yttrium-iron-garnet.

5. The apparatus of claim 1 wherem the resonator is
so positioned in said .opening that the surface of the fer-

‘rimagnetic material in the input portion.is substantially

. parallel to the direction. of the magnetic ﬁeld compo-
nent of radio frequency energy.

6. The apparatus of claim 5 wherein the means for
applying said magnetic field applies a DC field in a di-
rection normal to the direction of the magnetic field
component of radio frequency energy in the input por-
tion.

7. The apparatus of claim 6 wherein the means for
varying the DC magnetic field varies the DC field over
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an angle of at least 0° to 90° relative to the surface of
the ferrimagnetic material.

8. The apparatus of claim 1 further including a means
positioned adjacent the surface of said ferrimagnetic
material in the output portion for increasing the cou-
pling through said resonator.

9. The apparatus of claim 8 wherein sald means com-
pnses a coupling screw adjustably mounted along an
axis normal to the surface of said ferrimagnetic mate-
rial. ‘

10. The apparatus of claim 1 wherein the ferrimzig-'
netic material has an aspect ratio of 100-1000.

11. A magnetlcally tunable band-pass filter compris-
ing: "~

a first microwave input portion for recewmg micro-
wave energy;

a second microwave output portion for tmnsmmmg
microwave energy, said first and second portions
being mounted adjacent to one another and con-
nected by an opening therebetween:

a fernmagneuc resonator positioned in said opening

" and ¢omprising a substrate having opposed parallel
surfaces with a fernmagnetrc material deposited
uniformly over said opposed surfaces, said resona-:
tor being positioned such that one of said surfaces
extends into said input portion and the other into
the output portion; and

magnetxc means for applying a \armble magmtude

‘magnetic ﬁeld to said resonator.
* * * * *
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