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Ferrite-Loaded, Circularly Polarized

Microwave Cavity Filters*
W. L. WHIRRYT axp C. E. NELSONT

Summary~-Circularly polarized cavities have made possible a
group of compact, high-Q, microwave waveguide filters having useful
directional properties. When these cavity filters are ferrite loaded,
frequency sensitive circulators result and magnetic tuning becomes
possible. This paper presents several new three- and four-port fer-
rite-loaded filters, some with 3-db waveguide couplers, which can
be used as tunable band-pass filters, tunable band-rejection filters, or
as passive, selective duplexers. As duplexers, they can be operated
at a fixed frequency or can be magnetically tuned over a one to five
per cent frequency range at X band depending upon the allowable
loss. Experimental loss, bandwidth, isolation, and tuning data are
presented. Temperature stability and power handling capacity are
also discussed.

INTRODUCTION

( ‘/{AVIT]ES utilizing degenerate modes phased to
produce circularly polarized microwave mag-
netic fields at some point in the cavity have been

used extensively to measure ferrite permeability param-

eters. The circularly polarized cavity fields have been
excited in several ways. A quarter-wave plate in a cir-
cular or square waveguide can be used to produce cir-
cularly polarized waveguide fields which are then
coupled through a small aperture to the cavity.’=® Two
apertures, which are 90 electrical degrees apart in the
cavity have been used to excite orthogonal linear modes;
by exciting them 90° apart in time phase circular polari-
zation results. A single aperture has also been used to
couple into a degenerate cavity with a ferrite placed in
a region where a circularly polarized magnetic field can
exist.*~ When a magnetic field is applied to the ferrite,
the cavity degeneracy is removed in the sense that the
resonant frequencies for positive and negative circular
polarization separate. The single aperture thus sees two
resonant frequencies, and at each of these resonances,
couples primarily to only one sense of polarization. For
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some applications such as the tunable, band-pass filter,
only one resonant frequency is desired, and a multiport
filter which can distinguish between directions of field
rotation is desirable.

In most of these experiments for the determination of
ferrite properties, the desire has been to make the polari-
zation at the ferrite as nearly circular as possible and to
keep the ferrite samples as small as possible to increase
the accuracy of the perturbation calculations. The
coupling apertures used were generally much smaller
than required for microwave filter applications.

Circularly polarized cavities have recently been in-
corporated as microwave circuit elements, and several
compact, nearly reflectionless microwave filters have
resulted.”® The use of circular polarization in effect re-
places two cavities and associated connecting plumbing
with a single cavity. (Two previous filters requiring two
cavities are described by Lewis and Tillotson!® and
Bowers and Curtis.!* Another reflectionless filter re-
quiring only one cavity is described by Klopfenstein and
Epstein.'?) In general, these filters have used coupling
from two waveguide field components—for example,
H, and H,—through a single aperture. This symmetrical
type of coupling makes it possible to essentially elimi-
nate reflections in the waveguide over a wide band of
frequencies including the cavity resonant frequency.
This property greatly simplifies cascading of the cavity
filters. Band-pass and band-elimination filters have been
built using these cavities, but perhaps the most interest-
ing filter is a four-port device which can be used as a
reflectionless, channel-separation filter.

Ferrite loading has been applied to these filters®® with
the object of producing tunable, nonreciprocal micro-
wave elements while preserving the desirable features
of the low-loss cavity. (Ferrite tuning of linear cavity
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mode filters is described.®* 1% One can show from per-
turbation theory that for a given mode, a symmetric
ferrite placed at a point where the rf magnetic field is
circularly polarized should give a greater total magnetic
tuning range for a given allowable loss than a ferrite
placed at a point of linearly polarized rf magnetic field.
The above presumes a ferrite with small zero field mag-
netic loss which will allow the total tuning range to in-
clude zero field.

Ferrite-loaded band-elimination filters have been con-
structed using the TE; and the TMyy circular cylindri-
cal modes. Ferrite-loaded four-port filters have been
described using the TEj;s and TMiyp modes with cou-
pling to the end of the cylindrical cavity. These devices
can be used as magnetically-tunable band-pass filters
or as selective, passive duplexers.

The TE2 mode, with coupling apertures at each end
of the circular cylinder, requires that the ferrite be sup-
ported in the center of the cavity, making the applica-
tion of the dc magnetic field from a permanent magnet
difficult. The TMy, mode is desirable for use with fer-
rites because a long rod can be located in the circularly
polarized magnetic field and yet remain magnetically
small in a perturbation sense.® For ease of ferrite sup-
port and to allow the magnetic air gap to be as small as
possible, it is convenient to have both ends of the
cylindrical cavity free. This paper describes several four-
port filters which meet these requirements. Three-port
variations are then described; these, when ferrite
loaded, will perform many of the useful functions of the
four-port filters.

Four-PorT FILTERS UsiNG DirEcTIONAL COUPLERS

By using two 3-db directional waveguide couplers to
satisfy the power splitting and 90° phase shift require-
ments for exciting circular polarization with two aper-
tures, a group of compact, four-port, single-cavity, re-
flectionless filters has been developed which are well
suited to ferrite loading. One version is shown in Fig.
1(a): a degenerate T My, circular cavity is coupled mag-
netically by four apertures to four rectangular wave-
guides. One 3-db side-wall coupler is used on each side,
as shown. Apertures 1 and 3 couple to one TMiy cavity
mode and apertures 2 and 4 couple to the orthogonal
TMi0 mode. The frequency sensitivity of the quarter-
wave aperture-short distance could be eliminated by
coupling to the end of the waveguides. Energy entering
port A will be divided by the 3-db coupler. One half of
the incident input energy reaches aperture 1 and the
other half arrives at aperture 2, lagging that at aperture
1 by 90° in time. Thus, a counterclockwise rotating
cavity mode tends to be excited. At or near resonance,
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Fig. 1(a)—Four-port, circularly polarized filter using
two 3-db couplers.

energy will be coupled out of apertures 3 and 4 and
will be 90° out of time phase so that addition occurs in
arm D and cancellation in arm C.

Consider the behavior of the cavity without the fer-
rite, or with the ferrite demagnetized. In terms of linear
modes; two orthogonal cavity modes which have equal
amplitudes but are 90° out of time phase are excited by
apertures 1 and 2. There are band-pass filters between
apertures 1 and 3 and between 2 and 4. At the cavity
resonant frequency (each mode will be resonant at the
same frequency), energy will be coupled out apertures
3 and 4 and will be of the proper phase so that addition
occurs in arm D and cancellation occurs in arm C.
Ideally, energy reflected at apertures 1 and 2 and at the
short circuits, both on and off resonance, will add in
arm B and cancel in arm A. Therefore, there is a re-
flectionless, band-pass filter between ports 4 and D, and
a band-elimination filter between ports 4 and B. The
characteristics are, of course, reciprocal and symmetri-
cal with respect to any port, in this case.

When a longitudinally magnetized ferrite rod is
placed in the center of the cavity, the normal modes of
the cavity become rotating field patterns with different
resonant frequencies for positive and negative senses of
rotation.! Energy entering port 4 will tend to couple
into a clockwise rotating mode, which corresponds to
positive circular polarization with resonant frequency
f~ for the direction of dc magnetic field shown. Energy
entering port B will tend to excite negative circular
polarization, resonant at f_. At f.,, the filter is essentially
a four-port circulator with energy circulating between
ports in a clockwise direction. At f_, energy circulates
in a counterclockwise direction. A magnetically tunable
band-pass cavity acts in series with legs A—-D and B—C.
Far from resonance, the device is no longer a circulator,
and a waveguide path which will take high power exists
between ports A and B and between ports C and D.

For an experimental model of this filter, curves of fre-
quency shift due to the ferrite vs applied dc field are
shown in Fig. 1(b) for three Ferramic R-1 rods of differ-
ent sizes. The rods are slightly shorter than the length
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Fig. 1(c)—Resonant frequency, port 4 to port D,
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of the cavity in each case. The curves have the general
shape of the effective permeability curves for circular
polarization. The way in which the {requency shift for
the larger diameter rod is departing from a simple per-
turbation might be roughly seen by comparing the ratio
of the frequency shifts due to the large and small ferrites
at a given magnetic field, to the ratio of their volumes.
At a field of — 500 oersteds, the 0.188-inch-diameter rod
gives nearly 50 per cent more frequency shift than
would be predicted from the shift for the 0.126-inch-
diameter rod and the increase in volume. At 4500
oersteds, it dives approximately 30 per cent more. For
positive fields greater than about 1300 oersteds, the
larger rods give less frequency shift thau would be ex-
pected. The different value of f, for each rod is due pri-
marily to the zero field permeability of the ferrite. Be-
cause of the severe effect of ferromagnetic resonance

cavity. The frequency shift at a given dc field is ceen to
be slightly larger than for the shorter R-1 rod, as ex-
pected.

Figs. 1(d) and 1(e) illustrate the insertion loss at reso-
nance and bandwidth of the tunable band-pass filter be-
tween ports A and D for the long ferrite rod. The higher
loss and larger bandwidth at zero field are due to stray
coupling and consequent loss in the unwanted sense of
circular polarization, since both senses are resonant at
the same frequency with the ferrite unmagnetized. The
loss and bandwidth could undoubtedly be reduced by
closer mechanical tolerances. When magnetized, the
ferrite actually improves the performance of this filter.
For larger negative fields than are shown in the curves,
the insertion loss and bandwidth for negative circular
polarization rise rapidly. This is presumably due to the
component of positive circular polarization present off
the cavity axis. For most applications, this effect is un-
important.

The insertion loss of the band-pass filter and the un-
loaded cavity Q, including ferrite losses, for a given fre-
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quency shift are plotted in Fig. 1(f) for the three shorter
ferrites. The empty cavity, without ferrite, has an un-
loaded Q of approximately 9000. Each window has a
window-coupling factor, Q,, of 3000 for coupling to a
linear cavity mode or a Q, of 6000 for coupling to a
single rotating mode using a magnetized ferrite. When
coupling to a rotating mode, the two windows on one
side of the filter give a combined window Q of 3000. It
can be seen that a tuning range of 175 mc can be ob-
tained with an unloaded Q near 6000 using the smallest
diameter ferrite, while a tuning range of 550 mc can be
obtained with an unloaded Q of 3000 to 4000 using the
largest diameter rod. This behavior is the result of the
ferrite permeability and loss characteristics considered
as perturbations, but the broadening and flattening of
the central portion of the curve for the larger rods is
aided by the way in which the operation is departing
from a simple perturbation.

As this filter is a circulator at resonance, it might also
be used as a selective, passive duplexer. The transmitter
is connected to port 4 and operates at f_. The antenna
is connected to port B and the receiver to port C. Energy
from the transmitter encounters a cavity off resonance
and is reflected to the antenna. Incoming energy from
the antenna at f_ sees a resonant cavity and is coupled
out port C. Since reflections from the antenna reach the
receiver directly, this system requires a very well
matched antenna to operate without some additional
protective tr device for the receiver. There is some re-
mote possibility of using the cavity itself as the tr
switch. The duplexer can be operated at a fixed fre-
quency or it can be tuned over a limited range by vary-
ing the dc field. Zero field must be avoided. To minimize
antenna-receiver losses, the 0.125-inch-diameter X1.69-
inch ferrite was used in the experimental cavity. From
Figs. 1(c)-1(e), it is seen that for fixed-frequency op-
eration with minimum loss and bandwidth, transmis-
sion through the cavity should be via negative circular
polarization with magnetic fields between about 100
and 1000 oersteds. Over this range, stray variations in
magnetic field have little effect on the resonant fre-
quency. A small Alnico 5 permanent magnet (4 by § by
2% inches) was chosen which gave an effective field of
approximately 175 oersteds. At this field strength the
nonuniformity of the field was found to have little
effect on loss. The separation between the resonant fre-
quencies for positive and negative polarization was
about 150 me, and the loss between transmitter and
antenna was 0.2 db. The loss between antenna
and receiver was 1.36 db and the bandwidth was
7.0 mc. The theoretical cavity-wall losses for silver
would produce a loss of 0.85 db. Normally, the cavity-
wall losses are from 25 to 40 per cent higher than this
value. Therefore, in this case the added loss due 1o the
ferrite 1s small. Fig. 1(g) shows the isolation between
transmitter and receiver for a perfectly matched an-
tenna, as a function of frequency. At the operating fre-
quency the isolation, before any attempts at maximizing
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it, was only 23 db. Fig. 1(g) is'included because it gives
a good indication of the way in which stray coupling is
occurring between transmitter and receiver. The large
dip near the operating frequency f_ is mainly due to
energy transmitted through the cavity via negative
circular polarization. This energy can reach the cavity
because of imperfect power division and phase errors
in the left-hand 3-db coupler, unequal coupling-hole
sizes in apertures 1 and 2, and phase errors due to un-
equal line lengths or coupling holes not spatially at 90°.
By correcting the phase and equalizing the power divi-
sion on the transmitter side, the isolation was raised
above 40 db at the operating frequency. The smaller dip
in Fig. 1(g) near Af= +80 mc, is a measure of the energy
coupled through the cavity by positive circular polariza-
tion. This energy is directly coupled into the cavity
which is off resonance to this frequency and can reach
the receiver only through phase and power-splitting
errors occurring on the right-hand side of %he filter.

The input vswr of the filter is less than 1.25 over the
range of the couplers. At resonance it drops to 1.1. In
tentative tests, the device operated at a transmitter-
pulsed peak power of 250 kw without breakdown into a
load vswr in arm B of 1.1.
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Fig. 1(h) shows the variation in cavity resonant fre-
quency vs temperature with the small Alnico S per-
manent magnet in place. As would be expected, for
transmission on negative circular polarization, the fre-
quency drift was slightly less than that for the brass
cavity without ferrite. For positive circular polarization
at this field the drift for the {errite-loaded cavity was
approximately four times larger. By proper choice of
cavity mode and magnet configuration, low-expansion
ferromagnetic alloys, such as invar, can be used to re-
duce this drift as in normal cavity design. Electrical
temperature compensation is also possible.

Many variations of this filter are possible by using
top- or side-wall couplers and other cavity modes. For
example, Fig. 2 shows one version using only two aper-
tures. In this arrangement, energy is reflected from the
cavity near resonance and emerges {rom port B. Off
resonance, the rf energy does not see the cavity and adds
at port C.

TuREE-PORT FERRITE-LOADED FILTERS

For duplexer operation, the previous four-port filters
have an unused arm which must be terminated in a load.
In lossless nonreciprocal devices it is possible to have
three- as well as four-port networks which are theoreti-
cally matched looking into all ports, and the resulting
three-port circulators have the proper characteristics
for passive duplexer operation, again assuming a very
well matched antenna. It does not appear possible to
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build a two-port, tunable, band-pass filter using a cir-
cularly polarized cavity which will have only one reso-
nant, transmission frequency, unless nonreciprocal or
nonlossless elements in the cavity-waveguide coupling
system are allowed. A three-port filter should thus be
the simplest configuration for this purpose. As will be
seen, however, difficulty arises in trying to tune through
the zero dc field condition. With these characteristics in
mind, several three-port filters were investigated.

Fig. 3(a) illustrates a three-port filter which uses fer-
rite-loaded, degenerate, circular, TMu, cavity modes.
The coupling aperture in waveguide A-B is placed at
the point of circularly polarized magnetic field in the
waveguide. Waveguide C is magnetically coupled to the
TMiye cavity mode. Energy entering port 4 tends to
excite a positive circularly polarized TM;iy cavity mode
and energy entering B, a negative circularly polarized
mode for the dc magnetic field shown. Port C couples
energy out of the linearly polarized component of these
fields shown by the solid lines in the top view in Fig.
3(a). Port C thus has equal coupling to either positive
or negative sense of cavity field rotation. The magnetic
field at the wall of the cavity is, of course, linearly po-
larized in either case. The position of arm C around the
cavity does not alter the operation of the filter.

The filter has nonreciprocal directional properties
similar to those of the four-port filter previously de-
scribed. The filter is band-pass at one frequency from 4
to C or from C to B and band elimination from 4 to B.
The filter is band-pass at another frequency from B to
C or from C to A and band elimination from B to 4.
These are the directional properties of a three-port cir-
culator which circulates the energy between ports in one
direction at or near f; and in the opposite direction at
or near f . Far from resonance, ports 4 and B are
directly connected and port C is decoupled.

For an experimental, X-band model, the resonant
frequency for maximum transmission through the band-
pass filter from port 4 to port C as a function of dc
magnetic field is shown in Fig. 3(b). It is seen in Figs.
3(c) and 3(d) that losses are a minimum for transmis-
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sion via negative circular polarization and rise rapidly
with appreciable positive dc fields. As before, for trans-
mission via negative circular polarization the resonant
frequency is nearly independent of applied field below
about — 100 oersteds, while the insertion loss remains
low between —100 and — 1000 oersteds. With transmis-
sion by positive circular polarization a limited tuning
range is possible before the insertion loss begins to rise
because of ferrite resonance losses.

This filter might also be used as a selective duplexer,
The transmitter would be connected to port B, the an-
tenna to port 4, and the receiver to port C. The fre-
quency curve in Fig. 3(b) gives the operating frequency
for a given dc field from a permanent magnet. The in-
sertion loss and bandwidth curves in Figs. 3(c) and (d)
are then the loss and bandwidth between the antenna
and receiver. Energy from the transmitter sees a cavity
off resonance and passes to the antenna with negligible
loss. Energy from the antenna sees the cavity on reso-
nance and is passed to the receiver.

It can be seen from Figs. 3(c)-3(d) that an effective
magnetic field of —175 oersteds again gives nearly
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minimum losses and a reasonable frequency separation
between f, and f_.

When a small permanent magnet is used, energy en-
tering arm B from the transmitter sees a cavity that is
100 mc off resonance, and any energy reaching the re-
ceiver in arm C by this path is attenuated over 30 db.
This isolation of receiver from transmitter is shown as a
function of frequency in Fig. 3(e). The curve closely
follows the calculated coupling through a cavity off
resonance except for the peak near the frequency of
maximum A to C transmission. This cancellation is
probably caused by stray coupling due to asymmetries
in the cavity and coupling holes.

The vswr looking into arm B is less than 1.10 over a
10 per cent bandwidth at X band, including both reso-
nances.

A theoretical analysis of the filter shows that there isa
definite relation between coupling-hole diameters for
minimum insertion loss, as would be expected. The holes
in the filter just presented were near to the optimum
size. A small adjustment in hole diameter did reduce the
insertion loss from 1.6 to 1.2 db, but it raised the band-
width from 6.7 to 8.6 mc.

It is interesting to consider the characteristics of the
filter looking from the receiver into arm C. Energy en-
tering this port can couple into the cavity at either of the
two resonant frequencies of the circularly polarized
cavity modes. The side-coupling hole has the proper
symmetry for coupling into the linearly polarized T Mg
mode shown by the solid lines in Fig. 3(a). The ferrite
then couples energy from this mode into the orthogonal
mode which lags or leads by 90° in time. Consequently,
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Fig. 3(e)—Isolation, port B to port C,
vs frequency.

a nearly pure circularly polarized cavity field results at
each resonant frequency when they are well separated.
Off resonance, the excited cavity field is small, and
essentially all energy entering C is reflected. With zero
dc field, there is no coupling through the ferrite; hence,
only the single linearly polarized mode is excited which
couples equally out ports 4 and B. This single mode
could also be decomposed into oppositely rotating fields
which would then couple equally out of ports 4 and B.
This division accounts for the increased loss and band-
width seen in Fig. 3(c) at zero field. It should also be
noted that the vswr looking into ports 4 and B rises at
zero field because the two linear cavity modes are not
loaded equally and consequently their reflections do not
cancel in the main guide.

The input vswr looking into port C at resonance for
the negative circularly polarized fields is 1.3. This value
could theoretically be made 1.0 with only a negligible
increase in loss with the same bandwidth by a slight in-
crease in coupling-hole size at port C and a slight reduc-
tion in the other coupling-hole size.

Fig. 4 shows a three-port filter using one 3-db side-
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Fig. 4—Ferrite loaded, three-port filter using one 3-db coupler.

wall coupler. The over-all characteristics with respect to
ports A, B, and C are similar to those of the previous
three-port filter. The power-handling capacity is prob-
ably slightly higher, and a closed magnetic circuit can
be more easily used. As with the other three-port filter,
the isolation is dependent upon the off-resonance char-
acteristic of the cavity and is not aided by the added
directivity of a second 3-db coupler.

CONCLUSION

By exciting circularly polarized modes in microwave
cavities, a new group of compact filters is made avail-
able. By ferrite-loading cavities, these filters become
tunable and nonreciprocal. This paper has presented
preliminary experimental data on these ferrite-loaded
filters to indicate some of their general properties. For
the ferrite sizes used, the ferrite losses in the filters are
less than the cavity-wall losses when operating away
from ferromagnetic resonance; therefore, these losses
should not restrict the use of ferrites in microwave
cavity filters.
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