New Self Biased Circulators

High internal (anisotropy) magnetic fields in ferrites are exploited to design microstrip
and waveguide junction circulators near 31 GHz which provide over 20 dB isolation,
below 1 dB loss, vet require no external magnets.
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his paper describes our development of mil-

limeter wave junction circulators using as

the nonreciprocal (gyrotropic) element ma-
terials of the magnetoplumbite (or hexagonal-fer-
rite, or uniaxial-ferrite) type. Qur principal objec-
tive has been to explore the feasibility of
eliminating altogether the need for an external dc
bias magnet, This idea has been appealing and dis-
cussed in the literature as long as these distinctive
materials themselves have been available for micro-
wave applications, since the 1950’s.

Today, system design has been transformed by
the introduction of microwave integrated circuits
with components on a miniature scale. But success
in the miniaturization of nonreciprocal devices has
lagged far behind, to the point where the circula-
tors, for example, now tend to appear as hulking
monsters beside the intricate but miniature circuits
they are intended to serve.

Systems designed today use miniature scale
integrated circuits but the miniaturization of
nonreciprocal devices has lagged far behind.




To be sure, some inexorable physical laws stand
in the way — such as the elementary relation be-
tween frequency and wavelength. Plenty of room
still exists, however, for design efficiency and inge-
nuity within those constraints. Indeed, great pro-
gress has been achieved and is continuing in the
effort to minimize size and weight, as may be seen
in modern products of the ferrite device industry.

Elimination of the external magnet is a
significant step toward more compact
circulators.

Nonetheless, elimination of the external magnet
serves as a very significant step toward more com-
pact device designs. In this paper we describe the
principles underlying this idea and the key relations
governing the ferrimagnetic resonance effect on
which the self biased citculator depends.

We discuss the relevant properties of the materi-
als — specifically, high magnetocrystalline aniso-
tropy and high coercivity, as well as other qualifica-
tions which the materials must have for microwave
use. Two device configurations have been built, rec-
tangular-waveguide and microstrip junction circu-
lators for millimeter wave use. ‘

This work has also demonstrated the unexpected
possibility of adopting for millimeter-wave applica-
tions certain sintered hexagonal ferrites which are
widely marketed today for a variety of commercial
purposes, but were not formulated with microwave
applications in mind.

This work demonstrated the unexpected
possibility of adopting certain ferrites not
formulated with microwave applications in
mind.

Historical Background

By way of historical background references [1-16]
represent a selection keyed to this paper. There has
been much more written about this subject, and we
would be happy to share our extended bibliography
with interested readers.

Polder’s theoretical analysis of resonance in ma-
terials having gyromagnetic properties, including
definition of the permeability tensor now known by
his name, was published in 1949. Rathenau pre-

sented details of the basic magnetic properties of
barium ferrite and of derivative magnetoplumbites
in 1953. In 1955 his associates Smit and Beljers at
the Philips laboratories in Eindhoven, the Nether-
lands, published a thorough analysis of the theory
of magnetic resonance for partiaily and fully mag-
netized anisotropic materials, together with experi-
mental measurements on barjium ferrite. That same
year, M.T. Weiss and P.W. Anderson at Bell Tele-
phone Laboratories briefly presented resonance re-
sults on Ferroxdure (a Philips tradename), together
with a similar formulation of the theory.

In 1959, Casimir reviewed ferrite research at
Philips in a report that included important data on
the temperature dependence of magnetic param-
eters of the magnetoplumbites. Progress in the
areas of materials and device research and develop-
ment was reviewed at successive stages by Rodri-
gue, Pippin and Wallace in 1962, by Wijn in 1970, by
Okazaki, Horiguchi and Akaiwa in 1974, by
Winckler and Dotsch in 1979, and by Harrison in
1981.

Perhaps the earliest device exploiting oriented
hexagonal ferrite, a millimeter wave resonance iso-
lator, was reported by Kravitz and Heller of MIT
Lincoln Laboratory in 1959. They used Indox V,
one of the commercial materials similar to those on
which we are reporting. A dc magnetic field of 8
kiloersteads was required.

A 73.5 GHz waveguide junction circulator with-
out a magnet was presented by Akaiwa and Oka-
zaki in 1974. So far as we know, theirs was the first
reported successful embodiment of the idea of
eliminating the external magnet.

Present Approach

Our waveguide circulator, at 31 GHz, is adapted
from a design due to Piotrowski and Raue, 1976,
chiefly by replacing the magnetically isotropic ele-
ment by a hexagonal ferrite. Our microstrip junc-
tion layout takes its design style from the type ex-
emplified by G.P. Riblet in 1980 and by Xu and
Miao in 1988,

The relevant design principles are contained in
Appendix A. This gives in conventional notation, a
simplified form of the magnetic energy density G
{properly, the free enthalpy density) of the speci-
men, including the anisotropy energy for the uniax-
ial case (KA is the anisotropy energy constant);
magnetic field energy in terms of the applied field
Ho and magnetization M; and the demagnetization
correction to the magnetic field energy, in terms of
M and the three principal demagnetizing factors N.
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Hamilton’s equations are applied to derive the
equations of motion for small oscillations due to
stimulation by a microwave electromagnetic field,
and to solve for the condition of ferrimagnetic reso-
nance. Here nu is the resonance frequency (Hertz)
and gamma is the electron gyromagnetic ratio, the
value of which is shown in Appendix A.

We limit ourselves to the simplest cases which
are relevant to the circulators of interest. Here, the
orientations of both the easy axis of anisotropy and
the resultant magnetization are in the direction of
the axis of cylindrical symmetry of the specimen,
that is Nx = Ny = Nt (transverse).

Illustrating with a typical example, we find for
barium ferrite with no dc field (Ho = 0), for a thin
disk the resonance frequency is 36.4 GHz and for
an "equilateral” cylinder it is 47.6 GHz. These reso-
narnce frequencies are above the operating frequen-
cy of 31 GHz for our devices — a relationship
termed "above resonance operation”.

However the nonreciprocal performance of the
devices depends on the parameters mu and kappa
of the Polder permeability tensor, whose influence
ranges far above and below resonance. We believe
that our circulators are operating in the “above
resonance” regime; that is, with the effective inter-
nal dc field somewhat on the high side of the reso-
nance value for the frequency of operation.

A photograph of our waveguide three port junc-
tion circulator is shown assembled (left) and open
(halves at right) in Figure 1.. The ferrite elements
are two cylinders of a commercial strontium ferrite

made by the D.M. Steward Co., called F-520, with
orientation axis aligned with the junction symmetry
dXIS.

The structure, an adaptation of that by Pio-
trowski and Raue, is shown in Figure 2. wherein
nickel ferrite used by those authors has been re-
placed by the magnetoplumbite F-520. There are
two ferrite cylinders separated by a metal septum,
and an arrangement of diclectric spacers and metal
matching transformer. After assembly, the material
is brought to the remanent state with use of a labo-
ratory electromagnet, following which the circula-
tor is then removed from the electromagnet and
operated with no external magnet of its own.

A somewhat different structure was used by
Akaiwa and Okazaki in their barium-ferrite wave-
guide circulator at 73.5 GHz with no magnet. The
combination of parameters suggests that their de-
vice operated in the “below resonance” regime, a
different mode compared to ours which could have
favorable significance with regard to bandwidth
and temperature stability for some applications.

A network analyzer plot showing good isolation
peaks for the three ports at about 30.7 GHz is
shown in Figure 3. Other data we have obtained for
nominally the same structure show slightly poorer
symmetry but better insertion loss, less than 0.5 dB
over about a 1.5 percent bandwidth.

Consider the oriented hexagonal ferrites. In Fig-
ure 4 we have an example of a hysteresis loop for a
highly oriented barium-strontium ferrite made by
the Stackpole Corp., called S-7. This is an admira-

Figure 1. Photograph of the assembled (left) and disassembled three port, self biased, waveguide circulator.
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