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The behavior and applications of ferrites in microwave circuits have
been studied al the Holmdel Radio Laboratory with particular emphasis on
non-reciprocal properties. There are numerous ways of building non-recipro-
cal devices which accomplish the same funetion, and the authors propose al
the outsel that a terminology based on function be adopted. Definitions of the
gyrator, circulator and isolafor are given.

A qualitative method of deducing the properties of mew ferrite-loaded
ctreuils, termed “point-field” analysis, has been particularly fruitful, in
that it permitted the exploraiion of a wide variety of ferrite-loaded circuits
despile the absence of precise mathematical analyses.

Faraday rotation in longttudinally-magnelized ferrite-loaded circuils has
been studied; the effects of higher-order modes, the reasons for variation in
Faraday rotation as a function o) frequency, and the optimwm geometry
for the ferrite loading are discussed. In (transversely-magnelized ferrite-
loaded rectangular waveguide it s shown that the single mode medium may
be non-reciprocal as lo phase constant, atlenuation constant, or distribution
of field components in the cross-section. The latter effect is called the *“field-
displacement” effect. In transversely-magnetized ferrite-loaded round wave-
guide, cither reciprocal or non-reciprocal birefringence may be achicved and
examples are given. Some non-reciprocal ferrite-loaded dielectric waveguides
are discussed. In all of these forms of non-reciprocal transmission media,
gyrators, circulators and isolators may be built, and experimental data are
reported on some of the possibilities. A brief review of prospective uses for
these non-reciprocal elements is given.
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1. INTRODUCTION

86

In the history of the communication art there has never been available
any passive cireuit element or waveguide medium which was not recip-
roeal. After Polder," Beljers,” and Roberts® demonstrated the gyromag-
netic nature of ferrites at microwave frequencies, passive non-reciprocal
devices for the first time became possible. Such non-reciproeal devices
have great immediate and potential value in the microwave art. Addi-
tionally, ferrites have reciprocal properties which are under the control
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of an applied magnetic field and which lead to new forms of modulators,
variable attenuators, and variable reciprocal phase-changers in the
microwave range.

Since C. L. Hogan*," demonstrated the practical importance of ferrites
to the microwave art by making use of microwave Faraday rotation to
build a gyrator, the authors have studied, at the Holmdel Radio Labora-
tory, the behavior and applications of ferrites with emphasis on their
non-reciprocal properties. It soon became apparent that ferrites can mani-
fest non-reciprocal properties in a variety of ways other than by Faraday
rotation. Thus, they may produce non-reciprocal birefringence, non-
reciprocal phase shift, non-reciprocal field displacement, non-reciprocal
coupling through apertures, as well as non-reciprocal rotation of polariza-
tion. Any one of these non-reciprocal properties can be used, together
with conventional reciprocal circuit elements, to obtain all of the non-
reciproeal circuit functions which have so far been devised. It therefore
seems desirable, before proceeding further, to identify some of the more
important non-reciprocal circuit elements with individual names and
circuit symbols irrespective of the detailed means used to obtain these
cireuit funetions.

1-1. Definitions and Symbols for Non-Reciprocal Devices

The gyrator is defined’ as a transmission element having no phase shift
for wave propagation through it in one direction, but having a phase
shift of = radians for propagation in the opposite direction. A single line
circuit symbol for this element is shown in Fig. 1. Lines 1 and 2 represent
input and output waveguides. The symbol = in the box indicates a phase
delay of 7 radians for waves passing in the direction of the arrow, and no
phase delay in the reverse direction of propagation. It is of course pos-
sible to add any amount of reciprocal phase shift in series with this
element so that for one direction of propagation the phase delay may be
8, and for the other direction of propagation the phase delay may be
m + 6. However, this additional reciprocal phase delay is non-essential,
and the function defined by Fig. 1 is the essence of the gyrator behavior.
Various practical embodiments are discussed later in this paper.

It may be noted that Tellegen’ chose to use the gyrator as an essential
building block, out of which various non-reciprocal cireuits could be
constructed. Ior this reason, there has been a tendency for many people
to call any non-reciprocal ferrite device a gyrator. We strongly feel that

* Contemporary with Hogan’s disclosure, C. H. Luhrs marketed a microwave
switch employing Faraday rotation in a ferrite-loaded cavity.
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this loose usage should be avoided, since many of the structures which
have been called gyrators are in no sense the kind of thing which Tellegen
defined. Some of these devices may be of more practical importance than
the gyrator and are just as capable of being employed as fundamental
building blocks. We shall therefore restrict the usage of the term gyrator
to that defined above in agreement with Tellegen’s original definition.
A second circuit element of considerable fundamental importance is
the isolalor, so named because it can be used to isolate one transmission
element from reflections arising from succeeding elements. Fig. 2 is a
circuit symbol which demonstrates this behavior. The symbol «— in
the box indicates absorption of power in an internal load for propagation
from 2 to 1, and a transmission with no absorption of power from 1 to 2.
This representation reminds one that a device which prevents transmis-

Fig. 1 — Gyrator symbol.

| o« AAN— |02

Fig. 2 — Isolator symbol.

sion in only one direction must always do so by absorption rather than
by reflection of power, as a consequence of the second law of thermody-
namics.

Figure 3(a) shows the circuit symbol for a circulator. The term crr-
culator was chosen to connote a commutation of power from one trans-
mission-mode terminal to another. Thus, power delivered at terminal 1
passes through the circulator in the direction indicated by the curved
arrow to the next terminal, 2, where it emerges. Power inserted at 2 pro-
ceeds on around to terminal 3; power inserted at terminal 3 proceeds to
terminal 4; and power inserted at terminal 4 finally returns to terminal 1.
Although the four-arm circulator is displayed in Fig. 3(a), it is also pos-
sible to build three-arm circulators as well as various other multi-arm
circulators, as illustrated in Fig. 3(b). Practical means for obtaining
these devices are described later in this paper.

Finally, one should note that by employing any of the various means
available for providing non-reciprocal phase delay, it is possible to obtain
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an arbitrary number of degrees of non-reciprocal phase shift as shown
symbolically in Fig. 4. Such a device can be called a directional phase
shifter. Clearly, the gyrator is merely a special case of the more general
directional phase shifter.

By clearly distinguishing between these various important circuit
functions, both symbolically and in terminology, much confusion can be
avoided.

The above mentioned non-reciprocal functions were first realized by
means of Faraday rotation in ferrite-loaded round waveguides.* It be-
came apparent at an early stage that the uniform plane-wave explanation
of Faraday rotation is totally inadequate to explain the behavior of fer-
rites in waveguides except in a qualitative way. Measurements of the
reflection and transmission properties of ferrite-loaded waveguides show
many anomalies which would not be predicted from the infinite uniform

2
o
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Fig. 3(a) — Circulator symbol.
Fig. 3(b) — Multi-arm ecirculator symbol.

Fig. 4 — Directional phase shifter symbol.
* See Reference 4, C. L. Hogan.
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plane-wave theory. On the other hand, a rigorous solution of Maxwell’s
equations presents formidable mathematical problems which have so
far been solved for only a few cases. It is possible, however, to obtain a
qualitative explanation of the observed facts together with a considerable
amount of physical insight by making use of a “point-field analysis”
which is based on some reasonably intelligent guesswork as to the
nature of the electromagnetic-wave field patterns. We assume that the
ferrite-loaded waveguide contains a perturbed wave bearing a strong
resemblance to one or more of the well-known modes in an empty wave-
guide. We determine the fields which this wave would produce in every
part of the ferrite. The behavior of the ferrite at every point can then
be predicted on the basis of Polder’s tensor permeability theory, or on
the basis of the clockwise and counterclockwise permeability theory.
Finally, the total behavior can be deduced as a weighted sum of the
behavior of all the parts of the ferrite.® Not only does this approach
give explanations for the observed behavior of Faraday rotation ele-
ments, but it has aided greatly in understanding and predicting the
behavior of ferrites in radically different geometries making use of trans-
verse applied magnetic fields. It should be emphasized that the non-
reciprocal properties of ferrites stem from the gyroscopic nature of the
electrons which may be manifested in a variety of ways of which Faraday
rotation is but one. In this paper we attempt to build up a physical pic-
ture of the way ferrites actually interact with waveguide waves and to
show how these same physical concepts have been useful in deriving new
non-reciprocal devices.

2. MICROWAVE PROPERTIES OF FERRITES

The magnetic properties of ferrites are essentially the same as those
of iron and other ferromagnetic metals. The one outstanding charac-
teristic which distinguishes good microwave ferrites from the magnetic
metals and which gives rise to their unique microwave behavior is their
extremely high resistivity (typically from 107 to 10" ohm-cm for fer-
rites relative to 107 for iron). Whereas in the case of iron, a radio wave
sees an effective reflector, in the case of ferrite the wave can enter and
pass through substantial amounts of the material without excessive re-
flection or attenuation. In the process, the wave has an opportunity for
strong interaction with the spinning electrons which are responsible for
the magnetic properties of the material. As a result of this interaction
Faraday rotation and other non-reciprocal properties may be manifested.

While the ferrites exhibit a favorably high resistivity, they also have
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moderately high dielectric constants at microwave frequencies, which are
typically in the range from 10 to 20. This gives rise to important problems
in applying ferrites. The high dielectric constant can cause appreciable
reflection of power at an air-ferrite boundary, and such reflections may
be but slightly reduced by the polystyrene matching cones which have
sometimes been used. Also, the presence of high dielectric constant
material within a normally single-mode waveguide may give rise to mode
conversion (conversion of power from the desired to undesired waves in
the ferrite-loaded section) even in the absence of an applied magnetic
field. Both of these effects can greatly alter the reciprocal and non-
reciprocal transmission properties of the ferrite-loaded region, and many
of the capricious results obtained in early studies of ferrites are attribut-
able to reflection and mode conversion difficulties.

The vital property of ferrites which makes them so useful in the micro-
wave art is their unique permeability. There are two ways of defining
ferrite permeability — one, in terms of a tensor permeability for linearly
polarized waves, and the other, in terms of a scalar permeability for cir-
cularly polarized waves.

The ferrite’s microwave permeability is due to the effects of certain
electrons, which behave en mass gyroscopically according to the classical
picture of Fig. 5. It is found that the charge, mass and spin of these
electrons are associated with an angular momentum and a magnetic
moment in the directions shown, which it may be noted are the same as
those to be expected for a spinning positive mass and negative charge.

ANGULAR
MOMENTUM
SPINNING ELECTRON
HAVING MASS
AND CHARGE

——

Hde

MAGNETIC__
MOMENT

/i Sy hrf
\ /r' ’4' " DRIVING FORCE

Fig. 5 — Schematic representation of an electron.
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With the application of a de magnetic field (H,.), the axis of the electron
spin is aligned with the de field. If the spin axis is momentarily deflected
from parallelism with the de field, it will not return to its original position
immediately but will precess as a gyroscope about Hy. at a frequency
which is proportional to the magnitude of Hg, . This frequency we call
the gyromagnetic resonance frequency, and the behavior of ferrites is
profoundly dependent upon whether the frequency of applied radio waves
is greater or less than the gyromagnetic resonance frequency. If an al-
ternating magnetic field (k) is applied perpendicular to H,. , the result-
ing precession will cause the tip of the magnetic moment vector to de-
seribe an elliptical path as indicated by the dashed line in Fig. 5. The
direction of rotation around the ellipse will always be elockwise when
looking along Hg. . As a result, the electron will produce components of
magnetic flux perpendicular to both Hga. and k. .*

2-1. Tensor and scalar permeabilities

With this classical model as a postulate, Polder' has shown that a uni-
formly magnetized and saturated region of ferrite subjected to uniform
rf fields will contain uniform flux densities given by

b, = ph, — jkh,
by = phy + jkhs (1)
bz = .uﬂhz
where
B = Ho — N_'YZ@%JZ (2)
2 —
M
o= e
= (3)

* This description is a very much simplified explanation of ferrite behavior.
For example, most of the electrons in the ferrite are paired with their spins point-
ing in opposite directions, and these do not contribute to any first order magnetic
effects. By virtue of certain forces between them known as ‘“‘exchange forces,”
some electrons prefer to line up with their spins in parallel and may be easily
oriented en mass by the application of a relatively small magnetic field. This is
what makes the material appear “magnetic.” At the same time the presence of
thermal energy has an opposite effect in that it tends to create disorder in the
alignment of electron spins. As a result, the spins never all line up perfectly with
the applied field. Nevertheless, we can assume that out of the total number of
unpaired electron spins a certain fraction do line up with the applied field and
behave in accordance with the simple picture given above for a single electron.
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w = —vH; (4)
o = permeability of free space

ratio of magnetic moment to angular momentum
for the electron

H; = internal de field directed along + Z axis

=
I

The rationalized M KS system is used here and throughout this paper.
It should be understood that I; is the maeroscopic de H in the medium
calculable by standard magnetostatic techniques. It is not the A which
would oceur in a spherical cavity in the medium. The components
he, hy, and h. are the total internal rf field components in the macro-
scopic sense. They include not only the externally applied rf field, but
also any demagnetizing fields which may be present. M is the magnetic
polarization density and is taken as B — pH. wy may be interpreted as
the natural precession frequency of an isolated electron placed in the
steady field H;. Finally, it is important to note that the magnetic
moment points in the opposite direction from its angular momentum.
Therefore ¥ is negative, and a minus sign must be used when substituting
in the above equations. Consistent with equation (4), ¥ must have the
dimensions of w/H. It is equal to
0035 — ¢ , (or 2.8 me/oersted)
amp/meter

The tensor form of the equations (1) indicate that an 1f h vector ap-
plied along the X axis will give rise to rf components of b along both the
X and ¥ axes. Consequently, the & component of the permeability tensor
plays the part of a coupling coefficient which can account for the transfer
of rf wave power from one polarization to an orthogonal polarization.

An alternative expression for permeability can be derived from the
tensor form. Let us assume that the ferrite is excited by a clockwise cir-
cularly polarized field vector as seen looking along the de magnetic field,
and this will be designated as a (+) field vector. Then

hy = —jh:}  (4) rf h vector (5)
Substitution of these in equation (1) gives:

by = (u — k)b,

b, = _j(F‘ — k),
Thus, the resultant b is circularly polarized in a clockwise sense. If we
now assume a counterclockwise field vector looking along the de magnetic

} (4+) rf b vector (6)
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field and denoted by (—), ,
hy = +jh:} (=) rf h vector (7)

Substitution in equation (1) gives:
be = (b + k)hs
. —) rf b vector
by = it + b :
The resultant b is now polarized in a counterclockwise sense. We can see
that for eircularly polarized fields the total permeability is a scalar. Thus,

(8)

I

#+=;it:(,,,_k)=m_ﬁﬂ_ (9)
Ly wy — w

b N __‘y]l[
Mf—E— (b + k) = mo wu——l-—w (10)

Fig. 6 illustrates schematically how the uy and p_ vary as a function of
H;. The u, has been plotted to the right and the u_ to the left of the
H; = 0 axis, with H; increasing in both directions. While Polder’s equa-
tions were developed without any losses included, the permeability curve

T | ]
1 1
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POLARIZATION POLARIZATION :
I
]
C] 1
h /
G /

|
2 — /

I s
s _ e —
— I | ”o
1 1l -

0 T T
} |
UNSATURATED [
REGION - ‘
lHnes
0
HL —_—

Tig. 6 — Ferrite permeability for circularly polarized waves as a function of

internal magnetic field.
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is plotted in Fig. 6 as it would be expected to appear if some magnetic
loss were present. Thus, the real part () of the permeability remains
finite throughout the resonance region. The imaginary or loss com-
ponent of the permeability (x”) should rise to a maximum at resonance
as shown by the dashed curve. Polder assumed that the ferrite was
completely saturated, in which case the magnetization M is a constant.
However, it is believed that equations (9) and (10) are valid, at least
qualitatively, for magnetizations less than saturation, in which case the
permeability curve for low fields goes to 1.0 as shown. Although ferrites
may be operated near resonance for some isolator applications where
large attenuations are desired, for other applications where small trans-
mission losses are desired it is preferable to operate at fields as far below
resonance as possible,

The permeability of Fig. 6 is the rf permeability which appears in
Maxwell’s equations, and is the ratio of internal b to internal h. It is
independent of the shape of the ferrite body. However, the internal h
may be quite different from the externally applied k. Since we are fre-
quently more interested in the external A than the internal A, it is con-
venient to define the ratio of b internal to h external as an “external u”
(pex). This external ¢ will go through resonance not at an internal field
given hy w/| v | but at a field which depends on the shape of the ferrite
body. Thus, if the demagnetizing factors in directions normal to H;
are appreciable, a displacement of the total angular momentum vector
from its equilibrium position will create restoring torques due to the
creation of magnetic poles on the surface of the body. These restoring
torques added to the torque produced by H; will increase the resonance
frequency of the body as a whole above «, = —yH;. Furthermore, ani-
sotropy fields may also change the resonant frequency. It is therefore
convenient to postulate a fictitious de magnetic field “H effective”
which takes into account H,, the rf demagnetizing factors, and the
anisotropy fields, and which if operating on an electron in free space
would produce the same resonance frequency as is observed for the
ferrite body.” By reading the abscissa of Tig. 6 as “ I effective” and the
ordinate as w., Fig. 6 may conveniently be used as a universal curve
applicable for any shape of body for which an “H effective” can be de-
fined. Since losses are a maximum at the resonance for .. (not at the
resonance for p), the literature usually implies this u. resonance when
discussing ferromagnetic resonance. In this paper the unqualified term
“resonant frequency’ refers to the resonant frequency of u. .
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3. EXPLANATION OF FARADAY ROTATION IN TERMS OF NORMAL MODES OR
COUPLED MODES

With a knowledge of the microwave properties of ferrites one can
analyze the electromagnetic transmission properties of a ferrite-loaded
medium but, in general, such an analysis is quite complex. However, the
effect of ferrite loading of a two-mode transmission medium can be
understood with relative simplicity using either of the following two
viewpoints:

(1) the normal mode approach in which the input and output waves
are resolved into two modes which are orthogonal in the presence of
the ferrite,

(2) the coupled-mode approach, in which the behavior of the ferrite-
loaded region is described in terms of a coupling, introduced by the fer-
rite, between two modes which are orthogonal in the absence of the bi-
ased ferrite.

In the following section both viewpoints are applied to an explanation
of Faraday rotation in ferrite-loaded round waveguides.

3-1. Normal Modes in a Ferrite Medium

As Polder has pointed out, the fact that the permeability is a scalar
quantity for circularly polarized fields means that in an infinite ferrite
medium the normal modes of propagation along the Z-axis are (+) and
(—) circularly polarized waves. In fact for considerably more compli-
cated cases where, for example, the medium is a round rod of ferrite
along the Z-axis in free space propagating dominant guided waves along
the rod, it will still be true that circularly polarized waves will be the
normal modes for the medium.

For a waveguide comprising a metal tube of circular cross section
containing a very slender pencil of ferrite lying along the axis of the
tube and having a diameter much less than the tube diameter, we can
ascribe to the composite medium inside the metal tube an effective di-
electric constant (e) and effective permeability (u,) which for a homo-
geneous dielectric across the entire cross section would yield the same
characteristic impedance and phase constant as is actually observed.
Since the ferrite pencil was said to be slender, e, would be only slightly
greater than one. Since the ferrite will perturb the dominant wave only
slightly, circularly polarized dominant waves will produce circularly
polarized transverse magnetic fields in the rod. The effective permeability
for the waveguide would then be slightly greater or less than one for the
(—) and (+) dominant modes respectively. Thus, the two circularly
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polarized dominant waves which are the ‘““normal modes” for the medium
will travel at slightly different velocities. Alternatively, we can say
that the index of refraction of the dielectric medium for (4) waves is
different from that for (—) waves. In the usual case where the wave
frequency is high and the [, is low so that wy < w, the index of refraction
for (+) waves will be lower than the index for (—) waves. Therefore,
the (+) waves will travel through the tube at a higher phase velocity
than (—) waves. As a result, a linearly polarized input wave traveling
along H; may be decomposed into (+) and (—) components which, after
passing through the section, may be added to give a new linearly polar-
ized wave whose polarization axis has been rotated in a clockwise sense
relative to that of the input. The magnitude of the rotation depends
upon the length of the section and also upon the effective dielectric
constants and permeabilities. The difference in phase Ag between the (4)
and (—) components passing through a length z of ferrite loaded wave-
guide is

Ao =B — By) = ol Ve Ve — P4 Vi) (11)

where @, and ®_ are cut-off factors for the two polarizations which are
determined by the geometry of the conducting boundaries and the p.
and e, of the dielectric medium. If the operating frequency is well above
cut-off, then to a first approximation ®, and ®_ equal one.

The angle of rotation for a linearly polarized wave will be

1 ¢
B=5Atp=m-2—\/:g(¢’—‘\/#c__q’+\/.u—w) (12)

We see that the Faraday rotation angle is dependent not only upon
the difference between the square roots of p_ and p, but also upon the
effective dielectric constant of the medium, Thus, if the medium is loaded
dielectrically without altering the effective permeability, the Faraday
rotation should increase.

3-2. Coupled Modes in a Ferrite Medium

What has just been outlined is the normal mode approach based upon
the fact that the ferrite permeability is scalar for the two circularly
polarized modes. Alternatively, we can use the coupled mode approach
based on the use of linearly polarized modes and the associated tensor
components of permeability. We recognize, as stated earlier, that the &
part of the permeability tensor is a measure of the ability of the electrons
to couple energy from a field of one polarization to a field of orthogonal
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polarization. We know from the theory of distributed wave coupling”
that if we have two modes of propagation in a waveguide having the
same phase velocity, power can be completely transferred from one mode
to the other if there exists uniform distributed coupling between the
modes along the waveguide. In particular, if all of the energy is intro-
duced as a wave in one of the modes, it will diminish in amplitude as it
travels along the waveguide, while a wave in the other mode will start
from zero and grow in amplitude. After a certain distance all of the power
will have been transferred from the first to the second mode. Beyond
this point the reverse process will take place. The amplitudes (voltages)
of the two waves as a function of distance z along the waveguide will
be given by

Vi = Vocos (KZ) ¢ "0zt (13)
Ve = —jVysin (KZ) 70H0#H! (14)

where K is the rate of change of voltage with distance of one wave pro-
duced by unit voltage in the other wave. Thus, the larger the coupling
coefficient K, the more rapidly with distance will power eycle back and
forth between the two modes.

Let us now apply this point of view to the round waveguide containing
an axially magnetized pencil of ferrite, located along the waveguide axis.
We may identify vertically and horizontally polarized dominant modes
as the coupled modes for the medium. They do have the same phase
velocity and they are orthogonal. When the ferrite pencil is magnetized,
the spinning electrons produce a uniformly distributed coupling between
the modes. If we launch a vertically polarized wave at the input it will
decrease in amplitude as it travels along the waveguide and the hori-
zontally polarized wave will increase in amplitude.

Let us assume that the X axis is vertical and that /; and the direction
of propagation are in the plus Z direction. In a thin transverse section of
the waveguide, the h, of the vertically polarized* wave induces through
the spin-precession coupling an rf magnetization m. which, for the usual
case where wy < w, lags hy by 90 degrees. This m, then reradiates a hori-
zontally polarized wave having an h, which lags m. by 90°.° Thus, A,
lags h, by 180°, and the induced horizontally polarized wave will always
be 180° out of phase with the vertically polarized wave (or in phase if
wo > w). The resultant wave at any cross section will be linearly polarized
and the angle of polarization will increase in a clockwise sense with dis-
tance in the direction of propagation. This is, of course, the same result

* As is customary, the direction of the electric field components is taken as
the direction of polarization.
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as was obtained using the normal mode approach. However, the coupled-
wave point of view is very convenient for some problems. In particular,
if we consider what will happen if our round waveguide is slightly flat-
tened vertically, we can see immediately that the phase velocities for
horizontal and vertical polarization will no longer be equal. Therefore,
it will no longer be possible to get complete transfer of power from the
vertically to the horizontally polarized modes. At the cross section where
maximum power has been transferred to the horizontally polarized mode,
the total wave will be elliptically polarized. At twice this distance the
resultant wave will again be a pure vertically polarized wave, and the
process will repeat eyclically along the axis of propagation.

The coupling coefficient K which is important to the coupled mode ar-
gument is obviously related to the effective permeability p. used in the
normal mode argument, and either one should be derivable from the
other. In deriving K directly we must first know the total transverse
magnetic field (h,) at every point in the cross section for one of the
coupled modes; and although we frequently assume an unperturbed
dominant mode pattern for simplicity, strictly speaking we should use
the pattern for the perturbed wave. Knowing the tensor permeability of
the ferrite, we can deduce what the transverse b, at every point in the
ferrite will be at a time one quarter period later than the applied field
maximum. This induced b, will be at right angles to the h; which
produced it and hence will couple to a new wave polarized at right angles
to the original. However, in order to know how effective this b,, is in
generating the new wave, we must know how it conforms in relative
magnitude and direction to the i for the pattern of the new wave. Since
the coupling of the induced b to the new wave at each point is propor-
tional to (m X khi)- ha, the total coupling coefficient is proportional to
the integral of this produet over the ferrite cross section.

K="k f (;} x 711) ‘?2.2 (Z(E, (15)
A

where m is a unit vector in the direction of the de magnetization here
assumed along the waveguide axis, Jy is the rf magnetic intensity pro-
duced in the ferrite by the original wave normalized to unit power, and
hs is the rf magnetic intensity which would be produced at the same
point by the new wave normalized in the same fashion.

TFor points in the ferrite near the axis of a round waveguide, m X i
for a linearly polarized TE;, wave is nearly conformal® with A, for the

* As used here, “conformal’’ does not relate to “‘conformal transformations,”
but is & measure of the similarity (in amplitude and direction) of two vector fields.
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perpendicular polarization of the TE;; wave, and this region is very ef-
fective in producing coupling between linearly polarized waves. How-
ever for points in the ferrite far from the wave guide axis, the induced
field will not be conformal with /., and consequently these regions of
the ferrite will be less effective in producing coupling. Finally, since the
Faraday rotation per unit length is equal to K, which is in turn propor-
tional to the magnitudes of h1 and ks , it may be seen that anything which
increases | fiy | and | hs | for unit wave power will increase the Faraday
rotation.

This procedure of integrating the product of the induced b with the A
of the new wave field pattern is important in the determination of ef-
fective coupling between different modes in other instances as will
appear later.

4. PRINCIPLES OF FERRITE BEHAVIOR IN FARADAY-ROTATION ELEMENTS
4-1 Plane-Wave versus Loaded-Waveguide Theory

The first microwave applications of ferrites made use of a round wave-
guide containing an axial ferrite pencil in an axial magnetic field. Such
“Faraday plates” continue to be of great practical importance. We shall,
therefore, endeavor to explain, by means of point-field concepts, the
various considerations entering into the design of Faraday plates and
to explain the peculiar behavior which they sometimes exhibit.

Tet us first consider the case of a uniform plane TEM wave in an un-
bounded ferrite medium. With magnetization in the direction of propa-
gation, the Faraday-rotation angle is related to distance in the direction
of propagation by equation (12) provided we let the cut-off factors &_
and @, equal 1. The effective u and e will in this case be equal to the
u and e for the ferrite itself. Using equations (9) and (10) for py and p
and assuming that

M
w 3> wo and w7
o
equation (12) reduces to the following:
VD 10
2 Mo

This dependence of Faraday rotation on saturation magnetization and
dielectric constant can be predicted qualitatively by making use of
coupled wave theory. The Faraday rotation of a linearly polarized wave
can be described as being due to a distributed coupling between the



BEHAVIOR AND APPLICATIONS OF FERRITES 21

vertically and horizontally polarized waves. This coupling is produced
by the elementary magnetic dipole moments (electron spins) which
precess about the direction of de magnetization. The greater the mag-
netization, 3, the greater the number of dipole moments per unit
length of ferrite, thus causing an increase in coupling coefficient and in
Faraday rotation. Similarly, if the dielectric constant of the ferrite is
increased, the characteristic impedance will decrease, resulting in an
increase in the magnitude of the rf h vector in the ferrite, by a factor
of ¢!, for a given amount of power in the wave. Since in the plane wave
case | by | is everywhere equal to | A | , the Faraday rotation is propor-
tional to #? (equation 15) and thus is proportional to v/e.

Since the angle of rotation is proportional to the de magnetization
of the ferrite, one would expect a curve of rotation vs applied de field to
be similar to the saturation curve of the material. Furthermore, a curve
of loss for circularly polarized waves as a function of applied de field
should reveal a high loss only near ferromagnetic resonance for the
positive circularly polarized wave, with little loss at all applied fields for
the negative wave. The plane wave theory also predicts that the angle of
rotation should be independent of frequency so long as the frequency of
the wave is much greater than the ferromagnetic resonance frequency.

Although the above picture is simple and explains the basic facts of
Faraday rotation, it is quite inadequate for the ferrite-loaded waveguide
problem. To choose a particular example, the dominant TE,, wave in a
circular waveguide has an H pattern which is transverse only at the
center, and may be either longitudinal or transverse near the walls of
the waveguide, depending on azimuthal location. These different parts
of the magnetic field pattern react with any ferrite present in quite dif-
ferent ways, so that the situation becomes much more complicated than
for the simple plane wave case; in the latter condition h is everywhere
transverse and reacts with the ferrite in the same way at every point
These complications may cause various apparently “anomalous” effects
which can readily be explained in a qualitative manner by examining the
rf magnetic field pattern microscopically and determining the interaction
of the wave and the ferrite at each point. We shall therefore discuss
some of the problems involved in designing Faraday rotation elements in
circular waveguides, emphasizing the above point of view.

4-2. The Impedance-Match Problem

One of the first problems confronting the designer of Faraday rota-
tion elements is that of obtaining an impedance match into the ferrite
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whose dielectric constant is typically in the range from 10 to 20. If no
attempt is made to obtain an impedance match, reflections from the ends
of the sample of ferrite will occur and will interfere with each other,
depending upon the electrical length of the sample. Since the effective
permeability of the ferrite is a function of the applied magnetic field,
the electrical length of the sample is a function of magnetic field. As a
result, end reflections can and do cause serious aberrations or “anoma-
lies” in the observed Faraday rotation and transmission loss as the
magnetic field is varied.

The use of quarter-wave impedance-matching transformers or other
such simple lumped structures is not an easy solution to the ferrite mateh-
ing problem for the simple reason that characteristic impedance and the
phase velocity for the ferrite will depend upon the magnetic field applied
and also upon the direction of rotation of circularly polarized waves.
A simple matching transformer can produce a match for the dielectric
discontinuity at the ferrite ends, and in cases where this is the dominating
effect the quarter-wave transformer may be attractive. However, when
the magnetic effects are included there is no length of ferrite-loaded line
which is truly a quarter-wave long for both the positive and negative
circularly polarized waves which compose any linearly polarized wave,
and when this difference in phase constants is large the quarter-wave
transformer is not attractive. Continuous impedance tapering, however,
appears to be a method which will always work for both directions of
polarization as well as for all values of magnetic field. Thus, a ferrite
cylinder may have its ends ground down to conical points, or it may be
diluted at the ends by mixing with some other dielectric so that the ef-
fective dielectric constant tapers to a low value at the ends of the
sample. We have found that mechanically tapering the ends of the
sample is an effective means of producing impedance match provided
that the diameter of the waveguide and of the sample is such as to permit
only the dominant wave to be propagated in the ferrite-loaded section.

4-3. Lamitation on Ferrite Diameter

The relatively high index of refraction of most ferrites also introduces
a mode conversion problem in the design of Faraday rotators. Thus, a
dominant-mode hollow metal waveguide may, when fully or even par-
tially loaded with a ferrite rod, be capable of propagating a higher order
wave. If the ferrite is tapered and placed along the axis of a waveguide
propagating the dominant TEy mode, there will in fact be a tendency
to convert to the TMy; mode, as has been demonstrated experimentally
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for pencils of high dielectric constant. This mode conversion tendency
can be understood qualitatively by referring to the magnetic field pat-
terns of the TE,; and TM; modes as shown in Fig. 7. For the TMy
mode the h at the center is 180° out of phase with the h at the periphery,
whereas for the TEy; mode the center and peripheral A lines are in phase.
By delaying the center & lines of the TE;; mode relative to the & lines
near the periphery, the tapered pencil would tend to convert the TE;,
mode to the TM;; mode. From symmetry considerations one can show
that the TM;, , TEs; or TEy modes which have cut-offs between the
TE;; and TM;; modes will not be generated unless the ferrite is inhomo-
geneous.

This mode conversion problem becomes evident when one makes
measurements of rotation, loss, and ellipticity on a large diameter,
properly tapered ferrite rod, as a funetion of magnetic field. Instead of the
smooth variations expected from plane wave theory, peculiar large varia-
tions of the above quantities are observed. We now helieve that these
rariations ean be attributed to a partial conversion of the dominant TEy
mode to the TM;; mode by the ferrite pencil which is of sufficient diam-
eter to permit the propagation of both modes. As the magnetic field is
varied, the effective electrical length of the ferrite changes so that the
interference between the TM;; and the TE;; modes can also vary,
thereby causing fluctuations in transmission and rotation. Furthermore,
such a sample will show relatively large reflections, of the order of 10 db
below the incident wave, notwithstanding the fact that it may be
equipped with slender tapers of sufficient length that good impedance

TEy MODE TMyy MODE

Fig. 7 — Patterns of magnetic intensity for the TE;;O and TM,;;O Modes.
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match would be expected. This also is to be explained in terms of the
presence of a TM;, wave within the sample which may be multiply re-
flected internally and which can give rise to reflected TE,, power by
reconversion at the input end.

The above mode conversion hypothesis has been checked in the follow-
ing manner. Let us consider the TE;; mode as being composed of two
circularly polarized TE,; waves rotating in opposite directions. Since the
theoretical permeability for the negatively rotating component is larger
than the theoretical permeability for the positively rotating component

TO LR
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_ Tig. 8 — Apparatus for the measurement of [errite-loaded round guide with
circularly polarized TE,,O waves.
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(see Tig. 6), we might expect that the negatively rotating component
would be more readily subject to mode conversion than the positively
rotating component. This supposition has been verified experimentally.
Circularly polarized waves were generated by means of a 90° “squash”
section and were transmitted through samples of ferrite as shown by the
cireuit of Fig. 8. The resulting curves of transmission loss vs magnetic
field showed that for ferrite samples of large diameter there were many
violent fluctuations of loss for both positive and negative circularly polar-
ized waves. For a somewhat smaller diameter, fluctuations in loss for
positive waves diminished substantially or disappeared entirely while
the fluctuations for negative waves remained, as shown in Fig. 9. For
still smaller diameters the fine-grain fluctuations disappeared entirely
in the zero to 500 cersted region for hoth positive and negative cireularly
polarized waves, as shown in Fig. 10. This, we feel, confirms the hypothe-
sis that the loss and rotation fluctuations are caused by mode conversion.
Therefore, the diameter of ferrite used in Faraday-rotation devices must
be small enough so that no mode conversion takes place.

Even if the dielectric constant of the ferrite were low enough so that
no mode conversion problems would arise, one would still confine the
ferrite to the axial region of the waveguide, since it is in this region that
the ferrite is most effective as a rotator while the peripheral portions may
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contribute to loss but not to rotation. There are various ways of making
the above statement evident, but perhaps the easiest is to consider the
rotation as being produced by the elementary electrons which induce an
rf magnetic field perpendicular to the exeiting rf field. Therefore, near
the axis of the guide this induced field will set up a Ty, mode perpen-
dicular to the input field and thus cause rofation. Near the periphery,
however, the clectrons will tend to set up rf magnetic flelds normal to
the wall of guide which cannot reradiate as a TE;; mode since no such
field component exists for the TE;; mode. Thus, the peripheral portions
of the ferrite contribute nothing to the coupling coefficient K given by
equation (15). Therefore, the peripheral portions of the ferrite will not
be effective as a Faraday rotator but may produce dielectric loss due to
the peripheral electric field as well as magnetic loss due to the peripheral
magnetic field.

4-4, Dependence of Rotation and Loss an Geometry of Ferrite

Realizing the necessity of confining the ferrite to the axial region in
order to prevent multimoding and in order to have the ferrite in the
most effective portion of the guide for rotation, one is still confronted
by the problem of determining the diameter which will yield a maximum
ratio of rotation to loss. This ratio may be used as a figure of merit, #,
defined as the Faraday rotation in degrees per db transmission loss.

We shall first discuss the variation of rotation as a function of di-
ameter of the ferrite. From the naive plane wave picture, one would ex-
pect the rotation to be directly proportional to the number of precessing
mangetic moments, and thus to the mass of ferrite or the square of the
ferrite diameter. For small diameter ferrite rods, the measurements
recorded in Fig. 11 demonstrate that rotation per gram is indeed inde-
pendent of diameter, for small diameters.

Theoretical guidance on this same problem can be found in the work
of L. R. Walker and H. Suhl," who have solved mathematically for the
magnitude of Faraday rotation to be obtained from thin pencils of fer-
rite in a circular waveguide. This mathematical treatment also predicts
that for small diameter pencils the rotation should be proportional to the
square of the diameter of the ferrite.

For pencils of large diameter, no general mathematical treatment
which takes into account the dielectric constant of the ferrite is avail-
able. However, for the particular case of a ferrite of dielectric constant 10
(typical for most ferrites) inside a circular waveguide with a diameter
to free-space-wavelength ratio of 0.8, Suhl and Walker as well as H.



BEHAVIOR AND APPLICATIONS OF FERRITES 27

Seidel" of Bell Telephone Laboratories have obtained values of loss
and rotation as a function of ferrite diameter. Fig. 12 is a theoretical
curve of rotation per mass as a function of ferrite diameter based on
caleulations of Suhl and Walker, while Fig. 11 shows a typical experimen-
tally obtained curve. For very small ferrite diameters, the rotation per
mass is seen to be independent of ferrite diameter as explained pre-
viously. With further increase in ferrite diameter, both curves rise
sharply, while the theoretical curve reaches a peak and then declines.
With most typical ferrites one cannot usually observe this peak because
multimoding problems become serious before this large diameter is
reached. However, with some ferrites of lower dielectric constant, such
rotation per gram peaks have been observed.

The above results can be explained in the following manner. Any in-
crease in diameter of a dielectric rod above a certain minimum value in-
creases the energy concentration in the dielectric much more rapidly
than the increase in cross-sectional area of the dielectric. This has been
shown to be the case by H. Seidel," and also seems reasonable by analogy
from the dielectric waveguide studies of M. C. Gray.” Thus, as the
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diameter of the ferrite is inereased, the energy concentration in the ferrite
increases rapidly, first for the negative circularly polarized wave whose
permeability is above unity, and then for the positive wave whose per-
meability is below unity. Therefore, the rotation per gram as well as the
rotation will increase with ferrite diameter in this range of diameters.

Another consequence of an increase of ferrite diameter is an increase
in the effective dielectric constant of the composite air-ferrite guide,
thus decreasing the characteristic impedance of the guide and thus re-
sulting in an increase in the magnitude of the transverse rf A vector in
the ferrite for a given amount of input power. This too can result in an
increase of Faraday rotation per gram with increasing ferrite diameter
entirely apart from any redistribution of energy in the waveguide’s
cross section.

The combination of the dielectric waveguide effect and the lowering
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of the effective characteristic impedance results in a broad maximum
value of rotation which occurs at a diameter for which the difference in
the propagation constants of the positive and negative rotating com-
ponents is a maximum. Increasing the diameter in this range will in-
crease the mass of the ferrite without appreciably increasing the rota-
tion, thus decreasing the rotation per mass.

We shall now discuss the variation of loss with diameter so as to be
able to determine the figure of merit, F, (rotation/db loss) as a function
of diameter. The loss in the ferrite can be due to dielectric loss or to mag-
netic loss. Let us first consider a ferrite for which the loss is entirely
magnetic. This loss will be proportional to the square of the transverse
magnetic field since the longitudinal rf magnetic field will cause no losses
if the ferrite is saturated in the longitudinal direction.

Except for large ferrite diameters both the loss per mass and the rota-
tion per mass are proportional to the square of the transverse magnetic
field so that the figure of merit is independent of ferrite diameter regard-
less of how transverse h varies with diameter. This constancy of the figure
of merit for ferrites with magnetic losses only is confirmed by the Suhl
and Walker analysis.*

For large diameter ferrites, some of the transverse h does not con-
tribute to rotation (as discussed in Section 4.3) while all of the transverse
 contributes to loss. Therefore, one would expect the figure of merit to
decrease with increasing diameter for large-diameter ferrites having
magnetic losses. However, it appears from the Suhl and Walker analysis
that this effect is small until the waveguide is almost completely filled.

The above discussion assumes that the operating frequency is far ahove
the resonance frequency. The situation is more complicated at low micro-
wave frequencies where, due to proximity to ferromagnetic resonance, the
loss for the positive circularly polarized component may be higher than
for the negative component.

Tet us next consider the case of a ferrite having dielectrie loss and no
magnetic loss. T1. Seidel" has made theoretical computations of dielectric
loss as a function of ferrite diameter with zero applied magnetic field.
This data has been plotted as loss per mass as a function of ferrite diam-
eter in Fig. 12, and is to be compared to the rotation per mass curve of
the same figure. Tt is seen that the loss per mass curve rises sharply with
S See Reference 10, p. 1152. Using their notation, rotation is proportional to
«'Q) while loss is proportional to x”P + «"Q. Far from resonance " < u” 8o that
the loss is proportional to x”P and the figure of merit is proportional to «'Q/u"P.
But from Fig. 3 in the Suhl and Walker paper, P/Q is approximately unity for

most values of ferrite diameter. Therefore, the figure of merit will also remain
approximately constant over a wide ferrite diameter range.
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increasing ferrite diameter, reaches a peak near a/b = 0.3 and then
declines. The first sharp rise is due to two causes: first, the increase in
energy concentration in the ferrite because of the dielectric waveguide
effect discussed previously in connection with the rotation per mass
curve; and second, because of the sharp increase in the longitudinal
electric field in such a shielded dielectric waveguide. As the ferrite diam-
eter increases beyond the point where most of the electromagnetic energy
is in the ferrite, the loss due to the transverse electric field does not in-
crease, while the longitudinal electric field decreases until the latter is
zero in a completely filled waveguide. Therefore, the loss will drop with
increasing ferrite diameters in the large diameter region, resulting in an
even sharper drop in loss per mass in this region.

The figure of merit as a function of ferrite diameter will be given by
the ratio of the rotation to the sum of the magnetic and dielectric losses.
Since the figure of merit due to magnetic loss is essentially independent of
diameter, the variation in the figure of merit with diameter depends on
the ratio of rotation to dieleetric loss. One is usually interested in ferrite-
to-waveguide diameter ratios below about 0.3. In this region both the
rotation and dielectric-loss curves rise sharply (Fig. 12), but their ratio
first rises to a peak at a ferrite-to-waveguide diameter ratio of about
0.125 for the typical conditions shown in Fig. 12. At larger ferrite di-
ameters the theoretical figure-of-merit drops and then rises again at
ferrite-to-waveguide diameter ratios exceeding 0.275. Fig. 13 shows
experimental curves obtained by J. P. Schafer for the figure of merit as a
function of ferrite diameter for two typical low-loss ferrites. These curves
have a shape which agrees with theoretical expectations, and confirm
that there is an optimum diameter for maximum figure of merit.*

4-5. Roltation as a Function of Frequency

The plane-wave analysis (Section 4-1) shows that the rotation is
independent of frequency if the operating frequency is much higher than
the resonance frequency. In a waveguide, however, the rotation will
increase with increasing frequency for two reasons. First, since the im-
pedance of a TE mode in a waveguide decreases with increasing fre-
quency, the transverse rf magnetic field increases as the frequency gets

* It must be emphasized that the above discussion assumes that the ferrite
sample is long compared to its diameter so that changes in diameter will not
seriously affect the demagnetizing factors and the uniformity of field in the ferrite.
If, with constant applied field, the diameter of a ferrite eylinder is inereased so
thatitslength-to-diameter ratio is no longer large, the increase in demagnetizing
factor may eause a loss in saturation, thus increasing the low field losses and de-
creasing the figure of merit.
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Fig. 13 — Faraday rotation per db loss as a function of ferrite diameter.

farther above cut-off, thus resulting in an increase in rotation. Second,
for a waveguide partially loaded with ferrite, an increase in frequency
causes the electromagnetic energy to hecome concentrated more and
more in the ferrite rod, which acts as a dielectric waveguide as described
in Section 4-4. Since for dielectric waveguides it is the ratio of diameter
to wavelength which determines the ratio of energy in the ferrite to the
total energy in the guide,” a decrease in wavelength should have the
same effect on the energy concentration in the ferrite as an increase in
diameter. Therefore, for diameters in the steep part of the curve of
rotation per gram versus diameter, (for example, Fig. 12), one should
expect a rapid increase in rotation with increasing frequency. For large
ferrite diameters for which all of the electromagnetic energy is in the
ferrite (or for high enough frequencies) the rotation should be inde-
pendent of a further increase in frequency. Fig. 14 shows an experimental
curve taken by J. P. Schafer of the ratio of the rotation at 11.7 kme to the
rotation at 10.7 kme as a function of diameter in the small diameter
range. This curve is in agreement with the above discussion.

4-6. Dependence of Rotation on Diclectric Constant of Surrounding Medium

J. P. Schafer and J. H. Rowen" have observed an enhancement of
rotation for a partially ferrite-loaded guide with a high dielectric con-
stant surrounding medium over that observed with a polyfoam (e =
1.05) surrounding medium. Our own observations have shown both an
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increase and a deerease of rotation with an increase in the dielectric
constant of the surrounding medium, depending upon the diameter of
the ferrite. Embedding a small-diameter ferrite pencil in a high dielectric
constant support increases the effective dielectric constant of the guide,
thus increasing the transverse magnetic field in the ferrite and increasing
the rotation. If the loss in the ferrite is primarily dielectric in nature, the
figure of merit will also improve hecause of the decrease in the electric
field in the ferrite.

For ferrites of larger diameter, however, the dielectric waveguide
effect hecomes important and the ratio of energy in the ferrite to the
total guide energy decreases with increasing dielectric constant of the
surrounding medium. This results in a decrease in the rotation rather
than the increase noted by Schafer and Rowen.

4-7. Dependence of Rotation and Loss on Temperature

As shown by equation (16), the rotation is directly proportional to the
saturation magnetization, 2. It is well known, however, that M de-
creases with inereasing temperature, going to zero at the Curie tem-
perature." Therefore Faraday rotation will also decrease with increasing
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Fig. 14 — Frequency sensitivity of Faraday rotation as a function of ferrite
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temperature. At 11 kme for a ferrite with a Curie temperature of 150° C,
we have measured a variation of 0.4 per cent rotation per °C at room
temperature. Ferrites having a much higher Curie temperature show a
much smaller variation of rotation with temperature. In fact, measure-
ments have been made with ferrites having a Curie temperature of
500° C, which showed less than 0.03 per cent change in rotation with
rariations of temperature of 20° C near room temperature.

Magnetic losses are also affected considerably by temperature. It
is known* that anisotropy in ferrites drops rapidly as one approaches the
Curie temperature. If the magnetic losses are due to anisotropy, then
heating the ferrite should also reduce the losses. Experimental results on
fairly low Curie temperature ferrites indicates that this is indeed the
case. Thus, for a particular sample at 10,000 me, the loss at saturation
dropped from 3 db at room temperature to 1 db at 80° C. For ferrites
having high Curie temperatures, the loss does not necessarily decrease
with increase in temperature since the anisotropy variation at tempera-
tures far below the Curie temperature may be rather complex."

The variation of figure of merit with temperature depends on whether
the loss drops more or less rapidly than the rotation drops with increas-
ing temperature. The figure of merit of some ferrites has been observed
to improve and others to drop with increasing temperature.

4-8. Idiosyncracies of Ferrites Used as Faraday Rotation Elements

a. Loss Near Zero Field

It has been known for some time that some ferrites have rather large
loss at low magnetic fields, and that with the application of moderate
magnetic fields in any direction, longitudinal or transverse, this loss
disappears. This low-field loss has been explained in a variety of ways
but, in general, these all depend upon the presence within the ferrite
of domain walls. Consequently, with fields strong enough to saturate
the ferrite, the domain walls and the loss disappear. One would expect
that if this loss were measured with circularly polarized waves, it should
be independent of the direction of circular polarization used. Actually,
however, our experiments on small-diameter pencils, which are free of
mode conversion effects, have shown that this low-field absorption has a
peak for counterclockwise polarized waves as seen in Fig. 15.

This puzzling asymmetry can be explained by the fact that more of
the energy will travel within the ferrite for the negative circularly polar-

* C. Kittel, Reference 14, p. 182.
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Fig. 15 — Measured curve showing displacement of low field loss peal.

ized wave than for the positive wave because of the higher index of re-
fraction of the former (see Fig. 6) as explained in Section 4-4. As a result,
the low-field loss can be expected to be greater for the negative wave as
observed experimentally.

b. Ferromagnetic Resonance for Negative Circularly Polarized Waves

Our measurements on slender pencils of ferrite using cireularly polar-
ized waves disclosed another wholly unexpected result. One would expect
to observe a single loss peak, at fields high enough to produce ferromag-
netic resonance, for the positive circularly polarized wave. However, in
addition to this expected resonance, another resonance was observed for
negative circularly polarized waves at magnetic fields of nearly the
same value as that required to produce ferromagnetic resonance for the
positive wave as shown in Fig. 16. The magnitude of this high-field peak
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for the negative wave depends upon the size of ferrite pencil used, being
very small for very thin pencils (Fig. 10) and reaching values above the
loss peak for the positive wave for some larger diameter samples (Fig. 16).

It is believed that this effect can be explained by analyzing the rf
magnetic field at different points in the ferrite. Thus, by reference to a
field pattern for the TE;; mode (Fig. 7), it can be seen that a rotation of
this pattern as a whole, corresponding to a circularly polarized wave,
causes the rf magnetic vectors near the center to rotate, indicating that
they are circularly polarized. However, the magnetic vectors at the wall
of the waveguide are everywhere tangent to the wall, and are linearly
polarized even though the wave as a whole is circularly polarized. Since
a linearly polarized vector consists of both positive and negative circular
polarizations, any ferrite located off the center of the waveguide will see a
certain amount of positive polarized field vector with its attendant loss
even though the driving wave is negatively polarized. Consequently, one
would expect to observe a small loss peak for a negative circularly
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polarized wave, but this alone would not appear to account for the high
loss peak obtained with the large diameter ferrites.

The high negative wave loss observed in the larger diameter samples
can perhaps be attributed to TMy; mode propagation. By examining the
transverse magnetic field pattern for this mode, it can be seen that when
the rf magnetic field vector is circularly polarized in the negative sense
in the center of the guide, it is polarized in the positive sense near the
periphery. This is substantiated by the theoretical work of H. Suhl and
L. R. Walker'® which shows that the propagation constant of both posi-
tive and negative circularly polarized waves are nearly equal in a ferrite-
filled circular waveguide propagating the TM;; mode. For this mode, the
ferrite cannot distinguish .between a positive or negative circularly
polarized wave. Therefore, one would expect equal loss for the positive
and negative waves at the resonance magnetic field value.

When one has a mixture of TE;; and TMy, waves in the ferrite, the
field at the center may be stronger or weaker than the field near the pe-
riphery, depending upon the relative phase of the two waves. Thus, the
negative-wave loss might be greater or less than the positive-wave loss,
depending on phasing. It is indeed probable that the TMy wave was
present for the case of Fig. 16 since the ferrite was sufficiently large to
permit anomalies in the low field region which are normally associated
with multimoding, and the geometry is one which we know can generate
the TM;; wave.

It may be noted that the ferromagnetic resonances shown in Fig. 16
have a double humped character. Similar tests made on other ferrites
did not reveal any such double hump. In order to determine whether the
double hump in Fig. 16 is a characteristic of the ferrite composition and
structure, W. A. Yager measured the ferromagnetic resonance of a tiny
sphere of this material at 24 kme using his cavity technique. Yager did
not find a double hump, indicating that the geometry and size may be
responsible in our observations.

¢. Molded Powdered Ferrites

Techniques have been developed for powdering ferrites and then mold-
ing them with polystyrene powder under heat and pressure. This process
has the advantage of making it easy to obtain samples of any desired
size with tapers molded in. Furthermore, it enables one to choose a wide
variety of densities so as to obtain a variety of values for effective di-
electric constant and for rotation per unit length.

However, measurements at 10 kme show that the loss is much higher
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for molded or powdered ferrites than it is for solid ferrites. This is not
due to the molding process but can perhaps be explained on the basis
of the broadening of resonance in the molded samples due to the wide
variety of demagnetizing factors in the little powder particles. At 20
kme and higher this increase in loss for molded samples should disappear
since even a broadened resonance would not have much effect at the
comparatively low fields required for saturation. Although this has not
been checked in detail, in general it has been observed that molded
samples of certain ferrites have extremely low loss at 24 kme.

4-9. Faraday Rotation Devices

We shall now briefly deseribe some applications of Faraday rotation
elements.

The gyrator function is performed by a Faraday rotation of 90° as
described by C. L. Hogan."

The Faraday-rotation type of circulator, due to S. E. Miller,” is il-
lustrated in Fig. 17. Experimental models have been built for operation
at 4, 11 and 24 kme, The Faraday rotator for the 24-kme circulator con-
tains a 1g” diameter tapered ferrite rod mounted in a polyfoam holder
in a 3g” round waveguide. The longitudinal magnetic field is supplied
by a permanent magnet of such field strength that the ferrite produces
45° rotation. Sections 1 and 2 are rectangular-to-round transitions while
sections 3 and 4 are cross-polarization pick-offs of a type designed by A. P.
King of Bell Telephone Laboratories. The rectangular guide portions of
these latter elements accept all of the wave energy in the round wave-
guide which is polarized orthogonal to the output in the rectangular-to-
round transitions. Thus, an input at 1 is rotated by 45° in passing
through the ferrite section and is transmitted to 2. Similarly, an input
at 2 will go to 3, at 3 to 4, and at 4 will go back to 1 with a 180° phase
reversal.

By terminating terminals 3 and 4 in the above circulator, one has an
isolater which will transmit energy from 1 to 2, but any energy entering
at 2 will he lost in the termination at 3. However, for this isolator appli-
cation, there is no need for the cross polarization pickoffs since these can
be replaced by diametral resistance-sheet terminations in the circular
waveguides near terminals 1 and 2. These sheets are oriented in such a
manner as to absorb all energy polarized perpendicular to terminals 1
and 2. Isolators of this kind have already proved very useful in pre-
venting oscillator pulling when operating into mismatched loads.

In the above isolator, the ferrite element must be adjusted for exactly
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45° of Faraday rotation in order to be theoretically capable of infinite
attenuation in the reverse direction. Since the rotation angle is a fune-
tion of frequency and temperature, one would expect the reverse at-
tenuation to vary with frequency and temperature, and this will limit
the bandwidth of the device.

The frequency and temperature range over which satisfactory isola-
tion is provided can, however, be extended by operating several isolators
in tandem as follows: Fig. 18 shows an isometrically exploded view of
three isolators operated in tandem. Power is introduced at the left
through a rectangular-to-circular waveguide transition and enters the
system polarized as shown by e, . After passing through the three Fara-
day rotators it emerges polarized as e;, which is then accepted by a
cireular-to-rectangular transition. By, R., s and R, are cross polariza-
tion absorbers designed to absorb reflected wave components. It can be
seen that this assembly is in reality merely three isolators in tandem,
where intervening transitions from ecircular-to-rectangular waveguide
have been omitted as unnecessary. If all of the Faraday rotators are
designed to produce exactly 45° of rotation at some one temperature,
then the return loss for the whole system would be infinite at this tem-
perature, even with a reflectively terminated receiving end. At some
other temperature where the return loss for each isolator would be x db,

PERMANENT

FOLYFOAM
SUPPORT

FERRITE
PENCIL
CIRCULATOR

Fig. 17 — Faraday rotation eirculator.
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the total return loss for the system would now be increased to 3z db.
Naturally, the forward transmission loss would also be increased by a
factor of 3. If, however, this forward transmission loss is sufficiently
small for a single isolator, an increase of transmission loss of three times
may be a small price to pay for an increase in the return loss of three
times. While tandem operation of three isolators is discussed here, any
other number may of course be used. J. P. Schafer’ has developed a two
section isolator of this type for 11 kme, and reports a reverse loss of 53
db and a forward loss of 0.25 db.

The above adjustment of the isolators gives a sort of maximally flat
variation with temperature as indicated schematically in Tig. 19(a).
A somewhat different type of broadbanding with temperature can be
obtained by designing each of the isolators to produce exactly 45° of
rotation at 3 different temperatures in the desired operating range. The
return loss characteristic as a function of temperature will then look
somewhat as shown in Figure 19(b).

The proposals made above for widening the operating temperature
range should also be suitable for widening the frequency band of an iso-
lator. In this case the tandem isolators of Fig. 18 might be designed to
produce exactly 45° of rotation at the same frequency, or alternatively
to produce 45° of rotation at three different frequencies in order to in-
crease the return loss over the band.

Fig. 18 — Schematic of a broadband isolator.
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Tig. 19 — Alternative design characteristics for the isolator of Fig. 18.

Tt has been assumed that the ecross-polarization absorbers Ry, Rs,
Ri, Ry in the compound isolator absorb 100 per cent of the power
polarized parallel with the card. If they do not absorb all of the incident
power, the infinities of the loss curves of Fig. 19 (a) and Fig. 19 (b)
become finite. However, other infinities may exist due to cancellation ef-
fects. In particular, for the 2-section isolator of Fig. 19(a), a new
infinity will appear on either side of the center of symmetry (7). The
spacing of these infinities from the center will be proportional to the
transmission past the ahsorbers. Schafer” has developed a two-section
isolator employing broadbanding of this type to obtain a reverse loss in
excess of 30 db over the band from 10.7 kme to 11.7 kme.

The above circuits utilize 45° of Faraday rotation. For other rotation
angles, the devices may have a variety of peculiar properties. For ex-
ample, if 2215° of Faraday rotation is used with the terminal polariza-
tions shown in Fig. 20, the device hecomes a non-reciprocal power divider
with the properties indicated. Between certain pairs of terminals the
power transmission is the same as in a circulator, while in the reverse
direction there is a fitty-fifty power division as in a hybrid.

4-10. Faraday Rotation in Non-Circular Guides and for Other Modes of
of Propagation

Faraday rotation depends upon the existence of two degenerate modes
of propagation in the ferrite-loaded waveguide. For the discussion up
to this point the two modes were the two polarizations of dominant
(TE,;,°) waves, which are degenerate in the sense that they have identical
phase and attenuation constants, and are orthogonal in the sense that
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separate connections may be made at each end of the ferrite-loaded
medium from the two TE.;; waves to a pair of single-mode waveguides
(illustrated in Fig. 17). It is important that the ferrite have a cross-
sectional shape which is symmetrical and that the waveguide be circular
in order that the two TE;° waves have identical phase constants. If the
guide is not round, if the ferrite is not symmetrical (or not homogeneous)
in cross-section, or if the ferrite is located off the axis of the cylindrical
guide, the phase constants of the two TE;; waves will be unequal; then
for a linearly polarized input wave the output of the ferrite-loaded sec-
tion will be elliptically polarized, and it will be impossible (in the absence
of phase-correcting appendages) to achieve complete decoupling between
the various terminals in an isolator or circulator.

The ferrite-loaded guide may be square instead of round, and for such
a structure Faraday rotation of dominant-wave (TE;") polarization
would take place. Applications directly analogous to those for round
guides may be drawn.

Faraday rotation may be utilized with other pairs of degenerate
modes. For example, in round guide the TE,y, TEy; - - - TE;,, modes all
exist in degenerate pairs and all have a purely transverse magnetic
intensity at the guide center-line; for these modes a ferrite rod on the
axis may be used to produce Faraday rotation. The other TE,,,C modes
of round guide* also exist in degenerate pairs, and Faraday rotation
may be produced; however, in this case the proper location for the
ferrite is not on the waveguide axis because there is no transverse mag-
netic intensity at that point. However, the transverse magnetic intensity
at points off the guide axis is purely radial at certain angular positions,
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Fig. 20 — Non-reciprocal power divider using Faraday rotation.
*n # 0.
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and purely circumferential at other angular positions. This is illustrated
in Fig. 21 for the TEx mode. The coupling which produces Faraday ro-
tation is therefore from the radial magnetic intensity of one TE,, mode
to the circumferential magnetic intensity of the orthogonal degenerate
mode. This coupling will be a maximum at the fractional guide radius
where the product of the radial and circumferential magnetic intensities
is a maximum — namely, where the following expression is a maximum:

~ ! - ’
e (520 (59

p = radial coordinate
R = waveguide radius
Jema' = the m"™ positive root of the Bessel
function derivative J.'(x) = 0

For the TEy mode, the maximum coupling occurs at a fractional guide
radius of 0.6. The optimum geometry of ferrite is a thin-walled tube of
mean radius 0.6R, longitudinally magnetized and centered on the wave-
guide axis.

5. TRANSVERSE FIELD EFFECTS IN RECTANGULAR WAVEGUIDE

We turn now to a consideration of reciprocal and non-reciprocal
effects due to ferrite loading of a single-mode waveguide. Because there

Tig. 21 — Pattern of magnetic intensity for the TEz O mode.
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exists only one mode of propagation in each direction in the ferrite-
loaded guide, the circuits using these effects are fundamentally different
from those depending on Faraday rotation.

It is familiar to the art that every mode in a waveguide is characterized
by three distinetive features;

(1) phase constant

(2) attenuation constant

(3) magnetic and electric field configurations in the waveguide
We will now show that suitable addition of magnetized ferrite may cause
non-reciprocal as well as reciprocal changes in any of these distinguishing
characteristics. It follows that the ferrite-loaded medium may be non-
reciprocal by virtue of differing phase constants for the two directions of
transmission, differing attenuation constants for the two directions of
transmission, or differing field configuration for the two directions of
transmission. "

The configuration of magnetic intensity for the dominant wave in
empty rectangular guide is sketched in Fig. 22(a). The H-loops lie

Fig. 22— Magnetie intensity relations for the TE, 0 mode showing the presence
of elliptically polarized k.
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entirely in planes which are parallel to the wide faces of the guide. At
any point other than at the center-line or at the side-walls of the guide,
the magnetic intensity vector is elliptically polarized in planes parallel
to the wide faces. This may be illustrated qualitatively by the series of
vectors intercepted by transverse planes 1, 2, 3, 4 of Fig. 22(a). A viewer
looking along the line A to A’ will observe, for propagation in the +z
direction, the magnetic intensities at planes 1 through 4 in the time
sequence 1, 2, 3, 4; the spatial orientation of these vectors is sketched in
Fig. 22(b). It is evident that a viewer looking along A-A" will see a
clockwise rotating vector for wave propagation in the 4z direction.
For wave propagation in the —z direction, the viewer will observe the
vectors in the time sequence 4, 3, 2, 1, and the viewer looking along
A-A’" will see a counterclockwise rotating vector.

A viewer looking from B to B’ will see a similar (but different) series
of vectors. The spatial orientations of the H vectors at the planes 1
through 4 are shown in Fig. 22(b) on the left-hand side of the guide
center-line. For wave propagation in the 4z direction the vectors appear
at B—B' in the time sequence 1, 2, 3, 4 and a counter-clockwise rotating
vector is observed. For wave propagation in the —z direction, the
vectors appear at B-B’ in the time sequence 4, 3, 2, 1, and a clockwise
rotating vector is observed.

Let us consider now the effect of introducing a sheet of ferrite, as
sketched in Tig. 23, sufficiently thin so that the fields are not appreciably
altered. The dielectric constant of the ferrite will perturb equally the
phase constants for the two directions of propagation, but the per-
meability of the ferrite will perturb unequally the phase constant for the
two directions. With the direction of magnetization shown in Fig. 23,

ke c_“)[:" THIN FERRITE SHEET

Fig. 23 — Non-reciproeal ferrite-loaded rectangular guide.
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the electron spins are lined up perpendicular to the rf magnetic intensity,
and thus the change in permeability introduced by the magnetized ferrite
may be predicted using the known permeability values for the two senses
of circular polarization (Fig. 6). With the ferrite on the right-hand side
of the guide as shown in Fig. 23, and for wave propagation in the +z
direction, the positive circularly polarized component of rf h is greater
than the negative circularly polarized component. Fig. 6 shows that the
low-field permeability of the ferrite is less than unity under this condi-
tion. For wave propagation in the reverse direction the negative cir-
cularly polarized component predominates at the ferrite, and the low-
field permeability of the ferrite is greater than unity. Thus, an increase
of Hy. from zero (for which the ferrite-loaded guide is reciprocal) to
values in the vicinity of saturation, introduces a decrease in phase
constant for propagation in the +z direction and an increase in the phase
constant for propagation in the —z direction. This configuration con-
stitutes a directional phase shifter, whose total phase difference is propor-
tional to the length of the ferrite-loaded medium, and when this differ-
ence is 180° the device is a gyrator.”

Suppose we introduce two identical thin ferrite sheets at equal dis-
tances from and parallel to the side walls as in Fig. 24. The above deserip-
tion of the fields illustrates that the static biasing field H, must be in
opposite directions in order that the predominating rf h have the same
sense of circular polarization at both ferrite elements. When biased
oppositely as in Fig. 24, the two ferrite pieces cooperate in producing
non-reciprocal phase shift.

It the static biasing field has the same magnitude and direction at

—\

\\‘\
STHIN FERRITE SHEETS

Fig. 24 — Alternative non-reciprocal ferrite loading for rectangular guide.
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both ferrite elements of Fig. 24, the non-reciprocal phase contributions
of the two elements cancel each other. However, a reciprocal phase
change due to the magnetic field remains. This effect is small in the
region where p, and u_ have approximately odd symmetry about the
zero field point of Fig. 6. To the extent that the symmetry is perfect,
the increase in p_ should cancel the decrease in p, . For large applied
fields or for operating frequencies near ferromagnetic resonance, the odd
symmetry no longer holds, and the difference between py and u_ will
leave a reciprocal phase contribution. Calculations which clarify these
interrelations are reported in Section 6.

The configuration of Fig. 24 is potentially non-reciprocal in another
sense. For both elements biased downward and for wave propagation
out of the paper, the right-hand ferrite element presents a permeability
greater than unity and the left-hand ferrite element presents a per-
meability less than unity. As a consequence of this higher index of
refraction on the right-hand side of the guide, one would expect a concen-
tration of energy on the right-hand side of the centerline for wave propa-
gation out of the paper. On reversing the direction of wave propagation,
the sense of the predominating circularly polarized rf h is reversed at
each ferrite element, the index of refraction is larger on the left-hand
side of the guide, and one would expect to find the energy concentrated
on the left-hand side of the guide. This situation is similar to the explana-
tion for the asymmetry in the low-field loss of longitudinally-biased
ferrite rods in circular guide, Section 4-8a. Experiments have shown that
this spatial displacement of the fields does indeed take place, and we will
presently describe how the effect may be incorporated into non-reciprocal
devices. It should be noted that this non-reciprocal field-displacement
effect may be obtained in configurations which have reciprocal attenua-
tion and phase characteristics (such as Fig. 24), or in configurations
which have non-reciprocal attenuation and phase characteristies (such
as Fig. 23). In the circuit of Fig. 23, the redistribution of fields in the pres-
ence of the magnetized ferrite (the field-displacement effect) may be
thought of as augmenting the differential phase shift which has been
deseribed above soley in terms of the difference between . and g_in an
unperturbed TE,,” field distribution.

Non-reciprocal attenuation in the ferrite-loaded medium may be
realized using the configuration of Fig. 23. The biasing field . 1s set
at the value required for ferromagnetic resonance, Hy, of Fig. 6, and
since this resonance loss occurs only for the positive circularly polarized
component, the transmission loss of the medium is larger for propagation
in the +z direction than for propagation in the —z direction. The ratio
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of these two losses is quite high, thereby forming a resonance isolator,*
when the ferrite is placed at a point where the ratio of the positive to
the negative circularly polarized components of & is high. The optimum
ferrite location for the resonance isolator and several other quantitative
aspects of the ferrite-loaded rectangular waveguide may be made clearer
with reference to the mathematical expressions for the fields.

The two linear components of magnetic intensity h, and h. for TEy
in hollow rectangular guide, Fig. 22(a), are represented by the following
relations for propagation in the +z direction:

D sin (ﬂ) ej(ut—(?rzl)\,,)) (13)
a

h, = _DE— cos (ﬂ) ej(w!—(E:rszg)—r,’z)
a
-1

)

_ 2 )
b= wuhab (20)

Ty

(19)

where

in which a, b = the large and small dimensions of the waveguide re-
spectively

Ay = free-space wavelength
A, = guide wavelength

These expressions have been normalized for unit power flow in the di-
rection of propagation and the conductivity of the walls is assumed to
be infinite. Since the h. and h, components are in space and time quad-
rature, pure circularly polarized h exists when their magnitudes are
equal, a condition governed by the relation:

n (%) - ﬁ 1)

Ao
A plot of the magnitudes of the &, and h. components as a function
of y/a is given in Fig. 25. Tt is seen that the location of the planes of
pure circularly polarized magnetic intensity depends upon the ratio of
the operating frequency f to the cut-off frequency f., approaches the
center line for a waveguide near cut-oft, and approaches the side wall for
a waveguide remote from cut-off.

* The first published description of this form of isolator is in Reference 19.
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Fig. 25 — Theoretical magnitudes of transverse and longitudinal magnetic
intensity of TE; in empty rectangular guide.

For propagation in the —z direction, k, and h. of (18) and (19) are
altered by replacing

e—j(‘.!:r:,’?tu) e-}-j('.!wz,’)a)

by
and by reversing the algebraic sign of A. .

Since the ferrite presents a sealar permeability to circularly polarized
waves, it is preferable in some instances to deal with the circularly
polarized components of & in the hollow guide. These circularly polarized
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components of k in the yz-plane are, for propagation in the +z direction
with reference to a magnetic field in the —=a direction:

* D T 1 ! o f—(Z2 /A
huz = a SIII—J F COS—J 6](60! (272/Ag))

2 a (2&)2 a (22)
=) -1
Ao

. . . . ] " 1
For propagation in the —z direction ¢ 7*™™ is replaced by ¢™*™M
P P y

and the sign in front of cos (wy/a) becomes =+ instead of F. Thus, re-
versal of the direction of propagation reverses the sense of the circularly
polarized component at a given point. Figure 26 shows the hy:" com-
ponents for +z propagation and for several ratios of operating frequency
to cut-off frequency, and illustrates that the location of the plane of
pure circularly polarized h, as desired in the resonance isolator, depends
on operating frequency. It is to be emphasized that the above field re-
lations for the empty guide are valid only in case of small perturbations.
In practical ferrite devices, these relations may be profoundly altered
by the high dielectric constant of the ferrite.

5-1. Rectangular Waveguide Pertubations Due to the Presence of Dielectric
Material

In the preceding section it was assumed that the field configuration
was not appreciably altered by the addition of the ferrite. For very small
pieces of ferrite this approximation is adequate and leads to a correct
conelusion as to the general nature of the effects resulting from the ad-
dition of biased ferrite. However, when one tries to optimize the per-
formance of a device which utilizes the interaction between the ferrite
and the electromagnetic field, it is advantageous to use as much ferrite
as is tolerable in order to obtain a large ferrite effect. When too much
ferrite is added, the relatively high dielectric constant of the ferrite
makes the waveguide medium capable of propagating secondary modes
which can seriously interfere with the desired transmission properties.
Calculations have been made to determine the conditions for cut-off of
the TEy mode in a rectangular waveguide for several locations of the
ferrite in the guide. It was assumed that the relative permeability of
the ferrite is unity (the field-free condition). The equations used in these
caleulations can be readily obtained by a technique due to N. H. Frank.”

Fig. 27 shows the results for the case of a longitudinal slab of dielec-
tric of thickness d in the center of the guide as well as for dielectric of
thickness d/2 at both sides of the waveguide. These two distributions
of ferrite produce identical TEs cut-offs because the dielectric is inserted
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in corresponding regions of field in both cases. One might presume that
the curves would have a maximum slope when the transverse electric
field maxima are passing through the interfaces between the dielectric
and air. It should be noted, however, that the maximum slope occurs
at values of d/a considerably less than 0.5, indicating that the field is
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being pulled into the dielectric. This field concentration in the ferrite is
greater for increasing values of ferrite dielectric constant. The cut-off
equation for these cases is:

Ve tan (E - i) = —tan Ver % _ (23)

Ao Ao

Fig. 28 shows the curves of a/\ versus d/a for the case of a dielectric
slab at one side of the guide. The equation for cut-off ealculations is

Ve tan 27 (“ i) = —tan \/Ez—m% (24)

Y

Here one can observe that the curves go through two high slope regions
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wall.
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since the transverse electric field of the TEs mode has two maxima which
pass through the air dielectric interface at two values of d/a. Again,
because of the electric field concentration in the high dielectric constant
material, these values of d/a are considerably less than 0.25 and 0.75,
the values for maximum field in an empty guide. For small values of
d/a, a smaller guide width will propagate the TEs mode for this case of
dielectric at one side than for the symmetrically placed dielectric as
one might expect from the electric field distribution in the two cases.

Tig. 29 shows the results for a dielectric slab placed one quarter of
the way from the side wall, where the dielectrie should be most effective
in propagating the T mode, since it is in the maximum electric field
region even at very small thickness. The cut-off equation is given by

\/Vtanwr(i— - ~)+ tan ‘\/_Z'rr

20 Ao
Jvwez-9] e

3a
’:1 — Ve tstnqrr(QYﬂ - 7\_0) tan \/e2r —:| =

Equations for obtaining the phase constant of the TE;y mode in the
dielectric-loaded waveguide, per Fig. 28, are available in the literature,”
and the technique referred to above™ can be employed to determine the
TE phase constants for the configurations of Figs. 27 and 29.

The above theoretical relations are helpful in avoiding multi-mode
conditions in ferrite-loaded rectangular waveguide. However, a very
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a

Fig. 20 — TEs cutoff for rectangular guide with dielectric centered midway
between the side wall and the center line.
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effective means of increasing the available ferrite interaction before the
onset of higher modes is to leave an air gap between the wide faces of
the guide and the ferrite. Such an air gap introduces appreciable im-
pedance to the displacement currents and allows the use of more ferrite.
Unfortunately, the theoretical relations giving TEs cutoff and TE
phase constant under these conditions are not available.

5-2. Rectangular Waveguide Directional Phase Shifters

A simple gyrator in rectangular dominant-mode waveguide may be
built using the configuration of Fig. 23 or 24, perhaps modified with an
air gap between the ferrite sheet and the wide faces of the waveguide.
The height of the ferrite sheets may be tapered to a point or stepped in
a series of quarter-wave transformers in order to provide a smooth
impedance transition from the empty waveguide to the ferrite-loaded
region. )

Theoretical work by H. Suhl and L. R. Walker™ has shown that that
optimum spacing between the side-wall and a very thin ferrite sheet to
produce a maximum of differential phase shift for the two directions of
propagation is 14 of the guide width. A physical explanation for this
optimum ferrite location can be given in terms of the point-field con-
cept. The non-reciprocal phase shift due to the ferrite may be thought of
as the result of a vector addition of the directly transmitted component
of h with the reradiated component of h which is a consequence of the
precessional motion of the ferrite’s magnetization. From this point of
view, the transverse h of the driving wave causes a reradiation via a
longitudinal component of b and, as discussed in connection with equa-
tion (15), the effect will be proportional to the product of the transverse
h and the longitudinal b. Since in this case both the driving and reradiated
waves are dominant modes in the rectangular guide, the product of
transverse h and longitudinal b is related to the ferrite location at point
y by [see equations (18) and (19)].

sin (w) cos (w_y)
a a

which is & maximum at y = a/4 or 3a/4. Similar consideration of the
longitudinal & of the driving wave results in the same conclusion.

For thicker sheets of ferrite, the optimum position for the ferrite is
closer to the adjacent waveguide wall, due to a perturbation of the dis-
tribution of field components due to the dielectric constant of the ferrite.
A plot of the measured difference in phase shift for the two directions of



54 THE BELL SYSTEM TECHNICAL JOURNAL, JANUARY 1955

: HEERR

9 ¥ H=900GAUSS
0036”7 >
120 ™ W<y S

é \ ] 0.40”

I« Sxle
0.907 FERRAMIC 1331

\_ AT 9500 MC

g
o
v

3
--..______—-‘
/

T N
40 /

DIFFERENTIAL PHASE SHIFT IN DEGREES

n
o
P

N

o \

J
0 0.05 0.10 015 0.20 0.25 0.30 0.35 0.40 0.45
DISTANCE FROM WALL, X, IN INCHES

Fig. 30 — Measured non-reciprocal phase shift for a ferrite-loaded rectangular
guide.

transmission as a function of the distance between the ferrite and the
side wall is given in Fig. 30; even though the ferrite thickness is only 4
per cent of the guide width, the maximum differential phase shift occurs
at a spacing of 0.133 times the guide width rather than at 0.25, as pre-
dicted by the perturbation theory.

A gyrator of the general form sketched in Fig. 23 has been built in the
frequency region near 9,000 me, and the observed difference in phase
shift for the two directions of propagation as a function of frequeney is
shown in Fig. 31. If a smooth curve is drawn through the points shown,
one would conclude that the differential phase shift is within +10° of
180° over a 1,000-me¢ band. However, we believe the ripples in the
curve as drawn are characteristic of the true performance, the accuracy
of measurement being about £ 2°. These ripples cannot be due to mul-
tiple reflections of the dominant wave between the ends of the ferrite
sheet, because the tapers are gradual enough to prevent reflections of
the magnitude this would imply.

The TEs mode is beyond cut-off in the ferrite region (on the presump-
tion that the ferrite dielectric constant is less than 20), so we would not
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expect mode conversion difficulties. Nevertheless, there is some indica-
tion that these ripples are due to higher order modes in the ferrite-loaded
region, because a similar gyrator designed for a mid-band frequency
near 11 kme in the same (0.400” x 0.900”) waveguide showed appre-
ciably larger phase ripples.

An alternative form for the non-reciprocal phase shifter consists of
a series of rods of ferrite extending entirely through the waveguide in
the plane of the ferrite sheets of Figs. 23 and 24. In this form there need
be no air gap between the magnetic structure used to bias the ferrite and
the ferrite itself because the rods can extend through the waveguide
wall without radio frequency power leakage.

5-3. Reclangular Waveguide Circulators Using Gyrators

With the development, of the rectangular waveguide directional phase
shifter, it becomes possible to build a variety of rectangular waveguide
circulators by combining this new circuit element with standard direc-
tional couplers.®*

One of the simplest such circulator configurations is shown in Fig. 32.
This eirculator consists of two 3 db (0.707 amplitude) couplers joined
by sections of guide so that one guide has 7 radians more phase shift
for transmission from left to right in the direction of the arrow than for
the opposite direction of propagation. This non-reciprocal phase shift is
provided by a piece of ferrite of appropriate length near the side wall
of the rectangular guide with an appropriate de magnetic field. The
other guide must have a dielectric counterpoise to balance the reciproeal
phase shift provided by the ferrite in the bottom guide. One can easily
show that the above configuration will give a circulator action.

n
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Fig. 31 — Frequeney characteristic of a 9,000-me gyrator.
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This type of circulator has been built for operation at 9,000 mes
using two Riblet couplers with the magnetic field of about 1,000 oersteds
provided by a permanent magnet. The overall length of the device was
12 inches. The forward loss was about 0.1 db while the signal in the
“ zero-transmission” terminals was down by at least 30 db. No band-
width data have as yet been taken.

The above scheme looks very similar to the circulator using two hy-
brids and a gyrator which has been described by C. L. Hogan. However,
this circulator design can be generalized in that a number of different
configurations ecan be designed, some of which may have different and
useful properties.

Thus, Fig. 33 shows an alternative circulator scheme which uses two
90° directional phase shifters, one in each line. An extra quarter wave-
length reciprocal section is required in one of the guides as shown. This
scheme should shorten the overall length of the circulator, but it has
been found to be more difficult to adjust because the magnetic field
used to balance the non-reciprocal phase shift also affects the reciprocal
phase shift.

The circulator shown in Fig. 32 depends for its action on the fact that
the ferrite gives a non-reciprocal phase shift of exactly 180°. Any de-
parture from this value will cause some undesirable transmission in the
“gero-transmission” direction. However, the amount of phase shift
given by the ferrite is dependent on the temperature of the ferrite and
the frequency of operation. Therefore, the directional-phase section may
have a phase shift, differing from = by a small angle, A, at a temperature
or a frequency differing from the design value.

Hdc

FERRITE [
PLATE ~~~_

3DB
COUPLER -~

DIELECTRIC
COUNTERPOISE

@ 0.707 0707 (2)

e=osftoscemem————cofo ==

® @

Fig. 32 — Circulator using 3-db couplers and a gyrator.
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In order to minimize the effect of this change in the value of the phase
shift, we shall show that one can split the coupling sections in a sym-
metrical and appropriate manner. Fig. 34 shows such a three-section
circulator which minimizes the effects of temperature or frequency varia-
tions. The necessary values of coupling in this three-section circulator
can be determined as follows: The amplitude coupling in the first and
last couplers is equal to sin @, while the two middle couplers each have a
coupling equal to sin ¢. In order that complete coupling take place in
the desired direction, 26 4+ 2¢ must equal 90°.*

From the above it may be shown that cos 26 = sin 2¢ and sin 20 =
cos 2¢. Let us assume that all the 7 sections have a phase shift of = + A.
With an input of unit amplitude at (3) in Fig. 34, let us calculate the
output at (2). The following table shows how one proceeds, taking into
account only differences between the phase shifts occurring in top and
bottom guides:

Ata At b Atc Atd
Upper guide. . 1 cos® |cosé@ ) 08 8 cos ¢ + sin f8in pe’®
Lower guide. . 0 jsing | —jsinoe’™| —jsindcosge™ + jsingcos b
\ 1

and 5o on until we reach the output at (2). This is given by
sin 6 cos @ cos” o[l — e™] — [cos® 6 sin ¢ cos

— sin® 0 sin ¢ cos @ — cos 0 sin 0 sin® ¢] [¢™ — ¢™] (26a)

which we want to depart from zero at a minimum rate. We thus have an
expression which we shall write for simplicity as

A[l — Be™ 4 Ce™ — De™)
It is well known that if 1, B, €, D form a binomial relation, 1-3-3-1,

7/2
©)] -~ @
0.707 +77/2 RECIP.

—_——ta afao oc——————9 o ofo o c——

® e @

Fig. 33 — Alternative form for circulator of Fig. 32.

* For further details on couplers see Miller, Reference 8, p. 694,
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then the above expression will be equal to A(1 — ™),

to (jA)° + higher order terms since*

which is equal

nn — 1) o ) nn — 1) --- lenjA
1.2 1-2.3 - n (26b)

= (1 — &)™ = (jA)" + higher order terms

1 — nel® + + o 4 (—1

Therefore, by equating corresponding terms in (26a) and (26b) we can
solve for 8 and ». The result is 20 = 21.466° and 2p = 68.534°. With
this design the unwanted output at (2) with input at (3) will therefore
be proportional to (7A)® which is, of course, much smaller than for the
single section circulator for which the output at (2) is proportional to
JA. The above scheme can be used for designing an n section circulator
which will be compensated for changes in the = phase shift to (jA)".
With the rectangular waveguide gyrator, one can also make a variety
of one-way couplers which couple only part of the power over in a non-
reciprocal manner. Thus, Fig. 35 shows the rectangular waveguide equiv-
alent of the non-reciprocal power divider deseribed in Section 4-9c.

SIN 22.5° SIN 22.5°

= o oo ace—m——a a/a o —=
S
T

Tig. 35 — Non-reciprocal power divider in rectangular guide (analogue of
Fig. 20).

* See Kyhl, Reference 8, p. 882.
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5-4. Circulators Employing Non-Reciprocal Phase Constants

Two transmission lines having non-reciprocal phase constants may be
employed to form a circulator as sketched in Fig. 36. The coupling
apertures between guide A and guide B are predetermined in size and
number so that complete transfer from one guide to the other will occur
when the phase constants are equal.* If the magnetizing field in Fig. 36
were zero and the phase constants of the two guides were equal, then
power entering at 1 would emerge entirely at 2, and of course reciprocity
would hold. In the circulator application of this configuration the phase
constants for the two guides at zero H,. are adjusted to be different
through a suitable choice of the waveguide width, thickness of ferrite,
or position of ferrite in the two guides. As Hyq. is increased from zero,
the phase constants for the two guides vary in the manner sketched in
Tig. 37. The forward waves in guides A and B have the same phase con-
stant for the Iy, = H, whereas the backward waves in the two guides
have different phase constants at this same value of Hy. . Under this
condition, transmission will occur from terminal 1 to terminal 2 (Fig. 36)
because the phase constants are equal and the number and size of cou-
pling apertures has been preselected for complete power transfer. Power
entering in terminal 2, however, will not return to terminal 1 because the
phase constants are unequal. Components of power transferred from
guide B to guide A at the various coupling holes add up destructively
in guide A when the phase constants are unequal and for a suitably

! /
GUIDE B GUIDE A

Fig. 36 — Rectangular waveguide eirculator using distributed reciprocal coupl-
ing between waveguides having non-reciprocal phase constants.

* 8. 10, Miller, Reference 8.
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large ratio of the difference between the phase constants to the coefficient
of coupling between the guides, the power transferred from 2 to 1 can
be made small. Power entering at terminal 2, therefore, is transferred to
terminal 3. From the symmetry of the strueture it is apparent that power
entering at 3 will also be transferred to terminal 4 and power entering
terminal 4 will return to terminal 1. Thus, we have the characteristics
previously defined as those of a circulator.

The structure of Fig. 36 may be simplified by employing a section of
ferrite in only one of the waveguides at the expense of some frequency
selectivity due to dielectric asymmetry. In some applications this selec-
tivity may be an advantage.

It may be noted that the equality of phase constants can be adjusted
in a completed assembly by adjusting the strength of the magnetizing
field.

The coupled-wave circulator may also be adapted to serve as a mode
selective device. Fig. 38 shows one such structure, a transducer from
single mode rectangular guide to multimode or single mode round wave-
guide. One may couple either to the dominant (TEy), to the circular
electric (TEy), or to any other TE mode of round guide using the con-
figuration sketched in Fig. 38, and by coupling through the wide wall
of the rectangular waveguide the TM modes of round guide may be
used. Let us assume that the phase constant of the rectangular guide
is made equal in one direction to that of the TEy mode in round guide

FORWARD WAVES
—=== BACKWARD WAVES _—= GUIDE A
-

GUIDE B

Hde —>=

Tig. 37 — Phase constants vs applied field for the guides of Fig. 36.
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and that the phase constant for the rectangular guide in the reverse di-
rection is unequal to the phase constant of any one of the modes of the
round guide. Then the transmission effects will be as follows:

(1) From terminal 4 to terminal 1 only

(2) From terminal 1 to terminal 2 in the TEy mode only

(3) From terminal 2 in any mode to terminal 3 in the same mode

(4) From terminal 3 in any mode except TEy to terminal 2 in the

same mode. From terminal 3 in TEq to terminal 4 only.

The significant feature of the configurations described in this section
is the use of reciproeal coupling between transmission lines having non-
reciprocal phase constants, and this idea may be generalized to other
forms of non-reciprocal transmission line.

5-5. Resonance Isolators

We turn now to a device making use of the non-reciprocal attenuation
of a ferrite-loaded guide. In Section 5 it was shown that a thin strip of
ferrite placed in a rectangular guide, as in Fig. 23, forms a resonance
isolator if the applied magnetic field is of the right magnitude to produce
ferromagnetic resonance.

We have shown experimentally that for a properly positioned peice of
ferrite large differences in transmission loss for the two directions of
propagation can indeed be observed. Information on one such isolator
designed for 4 kme is given in Fig. 39. While the de magnetic field re-
quired to produce resonance was of the order of w/vy, it deviated appreci-

Fig. 38 — Mode-changing circulator analogous to Fig. 36.
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ably from this value by virtue of the dc demagnetizing factor of the
ferrite strip. Additionally, it was observed that the field required to
produce maximum loss was also a function of the distance of the ferrite
from the side wall of the waveguide. In other words, the circuit environ-
ment of the ferrite plays an important part in determining the resonant
frequency.

Since there is no theory available for a ferrite-loaded waveguide
operating near or at gyromagnetic resonance, the design of such isolators
has been empirical. Many different geometries have been tried, but in
general we find that the performance of this type of isolator is limited
by an unexpectedly high forward loss. Thus, while enormously high
reverse losses are easily obtainable using reasonably short ferrite-loaded
sections, the presence of this forward loss has prevented us from ob-
serving reverse-loss to forward-loss ratios of greater than 20 to 1 or 25to 1
in decibels, even for very thin ferrite slabs. This ratio of reverse loss to
forward loss is approximately independent of length, and one can elect
a forward loss of 1 db with a reverse loss of 20 db, or a forward loss of
4 db with a reverse loss of 80 db. Examination of the loss as a function
of applied field for both directions of propagation yields curves of the
type shown in Fig. 40. It is seen that for both the plus (forward) and
minus (reverse) directions of propagation there is a resonant rise in the
loss for particular values of field applied. In general, the loss peaks for
the plus and minus directions do not occur at exactly the same value of
applied field. The presence of the resonant loss for the minus wave is
the reason for the limitation on back-to-front ratios.

This resonant loss for the forward direction is not easily explainable.
As seen from Fig. 40, it is present for all positions of the ferrite slab.
This forward loss would be expected for a thick ferrite slab, since not
all of the ferrite can be at the point of pure circularly polarized h. How-

17—”)( x ID WAVEGUIDE..\
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Fig. 39 — 4-kme resonance isolator.
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of propagation as a function of the position of the ferrite element.

ever, if the ferrite is made thin enough and is placed at exactly the right
point, one would not expect to find any plus polarized rf field in the
ferrite when waves are passing in the minus direction through the wave-
guide, and the forward loss ought to remain low for all values of de
field. In spite of these considerations, however, it has not been our ex-
perience that making the ferrite slab thinner has eliminated the presence
of this resonant loss for the minus direction of propagation. If the ferrite
slab extends completely from top to bottom of the waveguide, the
back-to-front ratio for transmission loss has been observed to be quite
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poor and of the order of 8 or 10 to 1 in decibels. However, by cutting
down the height of the ferrite slab to perhaps 24 of the height of the
narrow wall of the waveguide, the ratio of 20 or 25 to 1 has been ob-
tained. This strongly suggests that dielectric effects may be playing an
important part, since reduction in the height should reduce the displace-
ment current through the ferrite much more rapidly than the interaction
of the ferrite with the magnetic field.

In adjusting the position of the ferrite in the waveguide, it has been
observed that the position which produces the highest reverse losses
is not in general the same as the position which will produce the smallest
resonant loss in the forward direction. This also may be seen from Fig.
40. In selecting the best compromise to give a high reverse-to-forward
loss ratio, it has been found that the ferrite should always be placed
so that the resonant loss in the forward direction is a minimum. In Fig.
40 this corresponds to the d = 0.109” condition. Having so positioned
the ferrite, it is also found that the magnetic field which produces the
largest reverse loss is not the same as the field which produces the least
forward loss. We observe that the best reverse-to-forward loss ratio is
obtained when the magnetic field is adjusted for the maximum of re-
verse loss.

It is interesting to note that as shown by Fig. 40 the fields required
to produce resonance in the (4) and (—) directions change as a func-
tion of displacement of the ferrite from the sidewall of the waveguide.
The resonant frequencies are different for the two directions of propaga-
tion except when the ferrite is on the center line, when it becomes
perfectly reciprocal.

Fig. 40 also demonstrates the typical behavior of a ferrite with low
magnetic loss at zero field strength. With the ferrite slab against the
side wall, it is in a position of very low electric field, and any loss ob-
served should be principally due to the rf magnetic field. Fig. 40 shows
no observable loss at the sidewall position, and it is believed that for
this ferrite the magnetic loss is less than the dielectric loss. Increase in
zero field loss as the slab is moved toward the center is believed due to
dielectric loss. However, many other ferrites show a substantial loss at
the sidewall which decreases as the slab is moved toward the center
line. These are believed to have zero field magnetic losses considerably
higher than the dielectric losses.

Although a resonance isolator depends upon the adjustment of the
magnetic field to produce a resonance condition, this device is not nar-
row-band if ferrites with broad ferromagnetic resonance lines are used.
In Fig. 41 is shown the way in which the forward and reverse losses
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Fig. 41 — Frequeney dependence for a 10-kme resonance isolator.

vary in the frequency range from 9.5 to 10.5 kme for the isolator de-
scribed in the same figure. This isolator was a laboratory model which
was lined up at 10 kme, and no attempt was made to optimize the design
for a broad band. The curves shown are what resulted from the adjust-
ment procedure of the type described above. As may be seen, a reverse-
to-forward loss ratio of better than 20 to 1 in db is maintained over at
least a 5 per cent band.

The field of usefulness of the resonance isolator is probably limited
to frequencies below about 20 kme. Above this frequency the magnetic
field required to produce resonance becomes large and inconvenient,
Below this frequency, however, fields of resonant strength are easily
obtained from Alnico magnets of convenient size, and the extreme
simplicity and compactness of the device makes it attractive. Other iso-
lators (to be deseribed) have similar attractive characteristies.

5-6. Iield-Displacement Isolators and Circulators

We turn now to devices which utilize the non-reciprocal field dis-
placement effects which oceur in a ferrite-loaded guide:

(a) Resistance-Sheet Isolator!

Tig. 42 illustrates a field displacement isolator which has already been
found attractive in practice. In this device the predominance of one
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type of circularly polarized magnetic intensity at each of the ferrite
sections results in a shift of the energy density and the associated electric
field to one side of the center line for propagation in one direction and
to the other side of the center line for propagation in the opposite di-
rection, as qualitatively sketched in Fig. 42. These two distributions of
electric field would result in appreciably different attenuations for
forward and reverse directions of propagation, due to the addition of
the resistance sheet shown adjacent to the left hand ferrite element in
Fig. 42; such a difference in attenuation would of course result in isolator
behavior.

Fig. 43 shows the observed performance of a resistance-sheet isolator
(see Tig. 44) made for operation in the 24,000 mc region using 0.170”
x 0.420” 1.D. waveguide and 0.043” x 0.162” x 1.5” sections of Ferramic
J, quoted by General Ceramics Company as having a saturation mag-
netization of 2,900 gauss. Let us first note that ratios of reverse loss to
forward loss as high as 30 were observed in this model. Several additional
details of the observed performance merit recording in order to provide
guidance for theoretical analysis. As would be expected, optimum per-
formance was obtained when a maximum amount of ferrite was em-
ployed, the upper limit being determined by the onset of mode conver-
version. However, it was also observed that the resistance sheet isolator
could employ more ferrite than could the same rectangular guide in
the absence of the resistance sheet. For example, the 0.043” thickness
of ferrite employed in the model of Fig. 44 was adequate to cause mode
conversion in the absence of the resistance sheet, such mode conversion
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Fig. 42 — Resistance-sheet field-displacement isolator.
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Fig. 43 — Observed performance of a 24,000-me resistance-sheet isolator.

being characterized by fluctuation between zero loss and loss in excess
of 5 db for varying magnetic field of either polarity. Evidently the
presence of the resistance sheet damps out the higher-order modes. An
increase in ferrite thickness to 0.053” was adequate to cause mode con-
version in the presence of the resistance sheet.

It is noteworthy also in connection with the data of Fig. 43 that the
forward loss is approximately independent of frequency whereas the
reverse loss is rather frequency sensitive.

The magnetizing field in the model of Fig. 44 was adequate to bring
the ferrite near saturation, and in this region variations in field strength
produced only small changes in observed performance. For example,
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curves I and I1I apply to the identical isolator structure at applied fields
of 1,300 and 770 oersteds, respectively.

One of the subtleties in the observed performance of the resistance
sheet isolators is illustrated by comparison of curves I and IT of Fig.
43. These two sets of data apply to the same configuration with the
exception of the length of the resistance sheet. Both resistance sheets
gave essentially the same forward loss, but the shorter sheet gave a
more pronounced peak in the reverse loss, resulting in a higher reverse-
loss to forward-loss ratio.

Another model of the resistance-sheet isolator was made in the 6-kme
region employing the parts shown in Fig. 45 comprising a 0.622" x
1.372” 1.D. waveguide, a 0.003” x 0.2” x 2.48” resistance sheet, a 0.225” x
0.570” x 2.97” and a 0.196” x 0.570” x 2.12” sections of magnesium
aluminum ferrite having a saturation magnetization of about 1,800
gauss. (The latter ferrite pieces have odd dimensions because they were
fabricated from pieces remaining from other experiments). The observed
performance of this model is recorded in Fig. 46. For the data shown, an
applied field of about 470 oersteds was employed, but a reduction of
the applied field to 270 oersteds had only a minor effect on the observed
data — namely, the peak ratio of reverse-loss to forward-loss remained

Fig. 44 — The resistance-sheet isolator used to obtain the data of Fig. 43.
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Tig. 45 — The resistance-sheet isolator used to obtain the data of Fig. 46.

80 to I, but moved down to 6.1 kme. Likewise the reduction in applied
field translated the observed reverse-loss and forward-loss curves to-
ward slightly lower frequencies.®

The return loss for the input and output terminals of the above iso-
lators was in the region 26 to 29 db when the ferrite ends were untapered.
The 24,000-me model showed return losses in the range 33 to 37 db over
the 23- to 25-kme region using 3g” long linear tapers at the ferrite ends.

The G-kme model was produced with small effort compared with that
devoted to the 24,000-me model of Iigs. 43 and 44. It is likely, therefore,
that there is an inherent reason why the resistance-sheet isolator be-
haves better in the lower frequency region.

When looking at the 0.3 db observed forward loss of the 6 kme model
in contrast to the reverse loss of greater than 20 db, one sees immediately
that the electric field at the resistance sheet must be very small in the
torward direction as compared to the electric field at the resistance sheet
in the reverse direction. (There is no assurance, however, that the elec-

* Subsequent work by S. Weisbaum of Bell Telephone Laboratories has pro-
duced a resistance-sheet isolator having a reverse-loss to forward-loss ratio greater

than 150 over a 500-me band near 6,000 me. A single ferrite element, spaced from
the side wall, was used in these models.
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Tig. 46 — Observed performance of a 6 kme resistance-sheet isolator.

tric field causing the reverse loss is a transverse component). Work done
by E. H. Turner of Bell Telephone Laboratories subsequent to that
described above has led him to conclude that a complete electric-field
null at the edge of the ferrite element may occur provided that the
ferrite’s tensor permeability component k* is equal to or greater than
u®. The two isolators described above are operated at magnetizing fields
such that &* is small compared to u* and Turner’s condition for the null
is not met. However, the ferrite’s k/u for the 6-kme model was larger
than that for the 24-kme model, and since the 6-kme model performed
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better with less effort it is likely that the larger k/u is desirable in field-
displacement devices. The requirement of appreciable k/u suggests the
need for ferrites of higher saturation magnetization for field-displace-
ment devices to be used at 24 kme or higher frequencies.

(b) Slotted-Wall Field-Displacement Isolator

Another form of isolator depending on non-reciprocal field displace-
ment is sketched in Fig. 47. This circuit depends upon the fact that a
longitudinal slot may be cut in the wide face of a dominant-mode rec-
tangular waveguide along a line of zero longitudinal magnetic intensity
without appreciably altering its transmission characteristics. This is a
familiar property which is utilized in standing wave detectors. The ad-
dition of magnetized ferrite in the manner sketched in I'ig. 47 has the
effect of displacing the null for the longitudinal intensity to one side of
the center line for one direction of transmission and to the opposite side
of the center line for the reverse direction of transmission. The slot of
Iig. 47 is located so as to coincide with the null for the longitudinal
magnetic intensity for one direction of propagation, and as a consequence
there will be negligible attenuation for that direction of propagation.
However, for propagation in the reverse direction a very appreciable
value of longitudinal magnetic intensity is present at the slot with the
result that radiation up into the lossy dielectric occurs.

Exploratory experiments were carried out at 24,000 mc using the
strueture of Fig. 47 modified to have ferrite only on the side of the wave-
guide toward which the longitudinal slot was displaced. Using a ferrite
section 0.050” x 0.162” x 1.5” and a somewhat shorter slot, a forward

LOSSY
DIELECTI-‘i.IC

FERRITE
SHEETS

Fig. 47 — Slotted-wall field-displacement isolator.
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loss of 0.6 db and a reverse loss of 20.5 db were observed at one frequency.
A frequency characteristic was not taken. It is noteworthy, however,
that the forward loss in the presence of the magnetizing field was rela-
tively independent of the strength of the magnetizing field, whereas the
reverse loss was critically dependent on the strength of the magnetizing
field. It is possible that the longitudinal dimension of the slot was near
a resonant value for the reverse waves under the condition of observa-
tion. In general, it is somewhat difficult to abstract power from a wave-
guide in a short length interval through a non-resonant slot even though
appreciable magnetic intensity is present to excite the slot. A preferred
form of this type of isolator might therefore be to replace the continuous
longitudinal slot with a series of slots having lengths which are resonant
in the frequency band of interest.

(¢) A Field-Displacement Four-Terminal Circulator

A circulator utilizing the non-reciprocal field displacement idea is
sketched in Fig. 48. Due to the orientation of waveguide 2-3 relative to
waveguide 1-4, the only field component of waves propagating in guide
1-4 which will excite a wave in guide 2-3 is the longitudinal rf magnetic
intensity. The ferrite loaded guide 1-4 behaves in a manner very similar
to the description for the waveguide of Fig. 47. For propagation in the
direction of 4 to 1, the longitudinal % is zero to the left of the center
line of waveguide 1-4, and a series of coupling apertures between guides
2.3 and 1-4 are positioned along this null. As a result no power is coupled
from either guide into the other for waves propagating in this direction.

@

Fig. 48 — A field-displacement four-terminal cireulator.
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For propagation from 1 to 4, longitudinal & will appear at the apertures,
and the number of coupling apertures and the coupling per individual
aperture is predetermined,* so as to cause complete transfer of power
from terminal 1 to terminal 2, and from terminal 3 to terminal 4. The
direction of circulation isthen 1 -2 —3 — 4 — 1.

(d)A Field-Displacement Three-Terminal Circulator

Application of the field-displacement effect to form a three-terminal
circulator is sketched in Fig. 49. Guide 1-2 is once more ferrite-loaded
and at the coupling slot which is common to branch guide 3 the longi-
tudinal magnetic intensity is zero for one direction of transmission and
finite for the reverse direction of transmission in guide 2-1. The coupling
slot is so positioned that a wave entering terminal 1 does not excite the
slot and therefore passes without reflection to terminal 2. This situation
is sketched diagrammatically in Fig. 49(b) as transmission from terminal
I to terminal 2 only. Energy entering at terminal 2 will propagate with a
finite value of longitudinal rf magnetic intensity at the coupling slot and
transmit power to both terminals 3 and 1. The energy which sets up a
dipole at the longitudinal slot cannot radiate a reflected wave back to-
ward terminal 2 since a wave propagating in the direction 1-2 has no
magnetic intensity vector at the coupling slot. This situation is sketched

»—0©

@ . %

@ FEH"RITE 2 @ - ®
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(a) (b)

Fig. 49 — A field-displacement junction circulator.
* See 8. . Miller, Reference 8, pp. 694-695.
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diagrammatically in Fig. 49(b) as transmission from terminal 2 to termi-
nal 1 and to terminal 3. Energy which is introduced at terminal 3 will
set up a magnetic intensity vector along the coupling slot which, for
reasons already described, can radiate in the ferrite-loaded guide only
in the direction of terminal 1. There may of course be a reflection com-
ponent for a wave introduced at terminal 3 so that, in general, energy
introduced at terminal 3 may propagate to terminal 1 or be reflected
back upon itself.

If we now introduce in branch waveguide 3 a tuning reactance such
as to cancel out the reflected wave for energy entering at terminal 3,
we will transmit all of the power entering terminal 3 to terminal 1. This
situation is sketched in Fig. 49(b) as transmission from terminal 3 to
terminal 1 only.

The general set of conditions sketched in the power flow diagram of
Fig. 49(b) can not exist when the external loads at terminals 1, 2 and 3
match the waveguide impedance. We may demonstrate this by observ-
ing that thermal noise power KTB flows from terminal 3 to terminal 1
but, as sketched in Fig. 49(b), there is also power flow from terminal 2
to terminal 1. This would seem to imply that more than KTB of energy
is being transmitted to terminal 1, which is impossible. Actually, under
the conditions of matched input impedance at terminal 3 there can be no
transmission from terminal 2 to terminal 1. Instead the transmission
is from 1 to 2, 2 to 3, and 3 to 1, and the junction is a circulator.

One may visualize what has happened to the component of transmis-
sion from 2 to 1 as follows: the matching mechanism which was intro-
duced in branch 3 to prevent reflection for waves entering at terminal 3
also reflects some of the wave energy which flows from 2 toward 3. This
reflected component from the matching mechanism travels back toward

FERRITE
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Fig. 50 — A junction circulator using a ferrite-loaded aperture.
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the coupling slot and a portion proceeds in the direction of terminal 1
only. For the condition of matched input to terminal 3, the component
of wave propagation 2 — 3 which is reflected from the matching mech-
anism will reappear in branch 1 in such an amplitude and phase as to
cancel the direct transmission component of wave propagation 2 — 1.

Experimental models of the junction circulator of Fig. 49 have been
built for operation at 6,000 me and 24,000 me, and the circulator type
of transmission was observed. For the 6,000-mc model which used the
same ferrite elements described above for the 6-kme resistance-sheet
isolator, the losses for the various transmission paths are tabulated
below:

Paih Insertion Loss
db
1—-2 0.7
2—3 1.3
3—1 1.3
2—1 14,
1—3 13.5

A rather lossy (sliding-screw) tuner was employed in branch 3 in this
experiment, so these data do not represent the best that can be achieved.
With a good piston in branch 3, the loss for path 2 — 3 — 1 was observed
to be about 0.1 db.

(¢) A 3-Terminal Junction Circulator Ulilizing a Ferrite-Loaded
Aperture

E. H. Turner has pointed out that a ferrite-loaded aperture has non-
reciprocal properties.* The present discussion indicates the way such
an aperture can be utilized to form another kind of junction circulator.
The structure is shown in Fig. 50. The coupling aperture, which is ferrite-
loaded, is slightly to the left of the center-line of the guide 1-2, and filled
with ferrite. The waveguides may otherwise be empty.

In order to explain the operation of this device, we note first that the
branch guide 3 will be excited only by a Z-axis component of magnetic
polarization in the aperture. Such a polarization will result from the
component h, in guide 1-2, and it will point in a direction opposite to
h. .t It is caused in part by the geometry of the aperture, and is further
enhanced by the Z-axis component of ferrite magnetization due to h.
when (w > wo). In addition there is another Z-axis component of polari-

* Unpublished work.
For a picture of magnetic polarization of an unloaded coupling aperture see
R. L. Kyhl, Reference 8, p. 860.
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zation caused by h, as a result of the precession of ferrite magnetization
about Hg, as explained in connection with Fig. 5.

Fig. 50 shows the time relations between the rf vectors for propagation
in both directions in guide 1-2. h, is the largest vector (since the aperture
is near the centerline) and is taken as reference. The Z-axis polarization
(p.”) caused by h, is proportional to kh, , and lags h, by 90 degrees. The
Z-axis polarization (p.") caused by k. will have a phase which depends
upon the direction of wave propagation in guide 1-2. For propagation
in the plus Z direction, k. will lag h, by 90 degrees, and consequently the
polarization will lead h, by 90 degrees. It will be seen that the Z-axis
components of polarization p.” and p.” point in opposite directions. By
adjusting the de magnetic field (which controls &) or the displacement
of the aperture from the centerline of the waveguide, the relative mag-
nitudes of p.’ and p.” can be adjusted so as to obtain zero net polariza-
tion for this direction of propagation. Thus no wave will be excited in
branch guide 3. For propagation in the minus Z direction, however, h,
will lead h, by 90 degrees and the vector relations are given by the lower
diagram of Fig. 50. In this case p.” and p.” point in the same direction,
and there will be a net polarization of the aperture.

Thus, for propagation 1 — 2, no transmission to 3 occurs, but for
propagation 2 — 1 there will be transmission to 3. A line of reasoning
similar to that given for Fig. 49 indicates that circulator behavior can
also be obtained in this structure. In a 24,000-mc model of the structure
of Fig. 50, transmission 3 — 1 was 14-20 db greater than transmission
3 — 2. No attempt was made to match the input impedance at terminal
3.

There is another induced component due to the ferrite response to
driving foree k. which is either in phase or out of phase with p,/ (due to
hy,) depending on direction of propagation. The guide 3 may be rotated
90° to respond to components of p in the y-direction only, and the cir-
culator may be built in this form as an alternative.

6. MAGNETICALLY CONTROLLED RECIPROCAL PHASE SHIFT IN FERRITE-
LOADED STRUCTURES

Although most of the attention of this paper has been directed at the
non-reciprocal microwave properties of ferrites, their reciprocal prop-
erties, which are under the control of a magnetie field, can also be of great
importance. Some aspects of these reciprocal effects have been discussed
in an earlier publication® where it was shown that, for a uniform plane
wave propagating through a ferrite magnetized perpendicular to the rf
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magnetic vector, the rf permeability is given by:
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M gt T+ ou-

independent of the direction of propagation. If the rf magnetic vector
is parallel to the de magnetization, the rf permeability no longer differs
from po. Thus, a transverse magnetic field causes the infinite ferrite
medium to be reciprocally birefringent. This reciprocal effect can be
large only in the general vicinity of resonance as may be seen by ex-
amining equation (27) and Fig. 6. Since py and p_ have odd symmetry
about Hy. = 0, the application of small magnetizing fields will cause
nearly equal and opposite changes in the py and u_ . To first order these
effects cancel and as a result u, departs from yy very slowly. For large
values of field, the odd symmetry no longer holds and g, may he ap-
preciably different from p, . Thus, for small values of applied magnetic
field, (unsaturated region where JM is proportional to H), u, — pp varies
as Hu.'; for large frequencies u, — o varies as 1/w” as seen from equation
(27). In contrast, the birefringence for positive and negative circularly
polarized waves due to an axial magnetic field is a first-order effect since
it depends directly on py and p_ whose departure from pp is directly

proportional to Ha. . Thus, u_ — uy is given by
: —20wyM
po — gy = ————s (28)
W — Wy

showing that this non-reciprocal effect is linear in M (rather than quad-
ratic) and approximately proportional to 1/w (rather than 1/w®). Both

pu1 — pp and p_ — g, arve plotted in Fig. 51 as functions of w/w, for
M 1.5 and for M 0.5.
Howo Mowao

By reading the ahscissa as a difference in “external u’s” (see end of Sec-

tion 2) and the ordinates as the ratio of w to the external resonant fre-
quency, these curves become applicable to cases frequently encountered
in practice. If we bias a given ferrite at a fixed H,. sufficient to bring
about saturation, then A and w, are constant and we can use the plots
of Fig. 51 to compare the reciprocal and the non-reciprocal effects at
rarious signal frequencies, w.

A comparison between reciprocal and non-reciprocal phase shifts for
various positions of a longitudinally placed ferrite slab in a rectangular
waveguide at 10,500 me can be obtained from Fig. 52. The non-recip-
rocal phase shift plotted is the difference in phase for the two directions
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Fig. 51 — Calculated reciprocal (ur — ) and non-reciprocal (u- — py) ferrite
permeability differences as a function of frequency.

of transmission for fized magnetizing field, whereas the reciprocal phase
plotted is one-half the sum of the phase changes for the two directions
of propagation caused by going from zero magnetizing field to abscissa
value of magnetizing field. With the ferrite at the wall of the waveguide,
there is a small amount of reciprocal phase shift varying as I? with
negligible non-reciprocal phase shift for fields below resonance. As the
ferrite is moved away from the guide wall, the reciprocal phase shift
increases because more energy is concentrated in the ferrite. The non-
reciprocal phase shift increases very rapidly as discussed in Section 5-2.
With the ferrite moved to the center of the guide, the non-reciprocal
phase shift is reduced to zero with the reciprocal phase shift being at a
maximum,

7. BIREFRINGENCE IN ROUND WAVEGUIDE

A round waveguide containing an axially symmetric ferrite element
is inherently a two-mode guide. If the ferrite is unmagnetized, normal
modes are degenerate in the sense that they have the same phase veloc-
ity, and we are at liberty to define them either as two orthogonal linearly
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polarized waves, or as (4) and (=) circularly polarized waves. With the
application of any magnetic field, the degeneracy is removed. For longi-
tudinal magnetization the circularly polarized waves remain the normal
modes, while the linearly polarized waves become coupled modes. On the
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other hand, if the ferrite is magnetized in a transverse direction, the
normal modes are two linearly polarized waves having different phase
velocities, and the circularly polarized waves become the coupled modes.
We may therefore note a form of duality : when longitudinally magnetized,
a ferrite medium is birefringent for circularly polarized waves; and when
transversely magnetized it is birefringent for linearly polarized waves.
The former type of birefringence results in Faraday rotation. The latter
type of birefringence has as yet received comparatively little attention
but it is likely to prove important in a number of applications. It can
be manifested as either a reciprocal or a non-reciprocal effect, and the
relative importance of these two effects depends upon the frequency of
the rf wave and upon the direction of the magnetization.

The reciprocal birefringence has been discussed for the plane-wave
case in Section 6. We now consider this effect for a slender axial pencil
in round waveguide, as shown in Fig. 53. With magnetization normal
to the paper, a point-field examination indicates that excitation of the
ferrite by the dominant wave is essentially transverse (dominant wave
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Fig. 53 — Longitudinal section of ferrite-loaded round waveguide with trans-
verse magnetizing field.
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magnetic loops shown solid). Ninety degrees later in time the precession
of electron spins will produce an axial magnetization at every point where
it was formerly transverse. This will tend to generate new b loops shown
dashed. These correspond qualitatively to the magnetic field pattern of
a TEqy wave. Thus, as a byproduct of our examination, we discover that
this structure will tend to convert dominant waves into circular electrie
waves. However, if circular electric waves cannot be propagated, the
dashed b loops cannot exist. Instead, an added reactance is presented
to the driving wave similar to that which appeared in the infinite trans-
versely-magnetized medium (Section 6). For the orthogonal TE;; wave
(rf h parallel to the magnetizing field), p equals y, and the magnetizing
field does not alter the phase constant. Thus, the medium is birefringent
due to the transverse field, and this birefringence is small for frequencies
far above the resonant frequency.

We may also look at the symmetrical ferrite in a somewhat different
way. Assuming that the ferrite does not perturb the dominant mode
field pattern, all ferrite lying to the right of the center line of Fig. 53
will be exicted by (+4) elliptically polarized rf magnetic field vectors.
All ferrite to the left of the center line will be excited by (—) eliptically
polarized field vectors. As a result, ferrite to the right of the center line
will exhibit a permeability less than w,, while ferrite to the left of the
center line will exhibit a permeability greater than we . To a first approxi-
mation, these two effects tend to cancel one another and the total effect
on the phase veloeity of the dominant wave will be small. We again
conclude that the reciprocal birefringence which results from a sym-
metrical ferrite structure will be small unless the resonant frequency
approaches the frequency of the applied wave.

As in the case of the rectangular waveguides considered earlier, this
first order cancellation of (4) and (—) permeabilities can be eliminated

METAL FERRITE
WAVEGUIDE - STRIPS
-

Hae

Fig. 54 — Cross section of round waveguide with ferrite next to the metal wall.
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by reversing the dc magnetic field on opposite sides of the waveguide
center line. Fig. 54 shows the cross section of a waveguide containing
two strips of ferrite running along opposite walls and magnetized in
opposite directions. If a dominant wave having electric polarization e,
propagates into the paper, the permeability of both strips of ferrite will
appear to be less than wo, and there will be a first order effect on the
phase velocity of this wave (aside from any dielectric effect). A domi-
nant wave having polarization e, should see a permeability of uy since
the rf magnetic vector is parallel with the dc magnetization, and there
will be no effect on the phase velocity of this wave (aside from the di-

Fig. 55 — Further development of structure of Fig. 54 to eliminate dielectrie
birefringence and enhance the magnetic birefringence.

electric effect). Thus, there will be a magnetically induced birefringence
for waves of these two polarizations.

In addition to the magnetically induced birefringence, the structure
of Fig. 54 also introduces a dielectric birefringence due to the presence
of the ferrite. This dielectric birefringence can be eliminated and the
magnetic birefringence augmented through the use of the structure
show in Fig. 55. For polarization e, propagating into the paper, ferrite
strips A-A produce a permeability less than g, while ferrite strips B-B
have no magnetic effect on this wave. For polarization ¢, propagating
into the paper, ferrite strips B-B have a permeability greater than w ,
while strips A-A have no effect. Consequently, polarization e, will have
a higher phase velocity and polarization e, will have a lower phase veloc-
ity than if the de magnetic fields were not present. If the direction of
propagation is reversed, and waves travel out of the paper, polarization
¢, will have the lower phase velocity and polarization e, will have the
higher phase velocity. As will be shown presently, such a non-reciprocal
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birefringent medium can be made to perform all of the functions of
a Faraday rotation medium, and with it cireulators, isolators, and
gyrators can be built.

The arrangement of Fig. 55 is not the only one which exhibits strong
birefringence. Another arrangement is shown in Figure 56. A vertically
polarized wave e, will produce rf magnetic vectors next to the wall of
the waveguide which are transverse at points 1 and 3 and longitudinal
at points 2 and 4. In between 1 and 2, as for example at A, the magnetic
vector will be elliptically polarized tangential to the wall. If a piece of
ferrite is placed at A and a dec magnetic field is oriented normal to the
wall as shown, a wave e, propagating into the paper will see a perme-
ability less than u in the ferrite, and a wave e, will see a permeability
greater than w. In this manner E. H. Turner obtained the first non-
reciprocal birefringent medium.* While the single ferrite strip has both
magnetic and electric birefringence, the addition of the other three fer-
rite strips, B, C and D of Fig. 56, eliminates dielectric birefringence.
With de field applied as shown, all four strips have a permeability less
than po for e propagating into the paper, and a permeability greater
than g for e, propagating into the paper. For the opposite direction of
propagation, the phase velocities are interchanged, and this medium is
also non-reciprocally birefringent.

It is possible to interlace the structures of Figs. 55 and 56 to obtain
the structure of Fig. 57. With external magnetic poles shown, the mag-
netization of the ferrite ring will be such as to make all parts of the fer-
rite active in producing birefringence. The section shown in Fig. 58 was
built to test this principle at 24 kme. It was verified that while a simple

Fig. 56 — Alternate form (to that of Fig. 55) for a magnetically birefringent
structure. .
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transverse magnetizing field produced no noticeable birefringence, a
4-pole field as shown in Fig. 57 produced a differential phase shift of 180°.
Thus, as the 4-pole field was rotated a given amount, the output polari-
zation was rotated by twice this amount. This technique may be useful
in constructing continuously running phase changers, as will be shown
later.

The shape and positioning of the ferrite in the above structure was a
compromise selected for its symmetry and mechanical simplicity. Clearly,
the ferrite is not used in the most effective places in the waveguide, since
where the de magnetization is tangential to the wall, the rf field is almost

FERRITE
~ TUBE

Fig. 57 — Composite of Figs. 55 and 56.

linearly polarized. We may then ask where the ferrite should be placed
in order to be most effective.

In order to orient ourselves with regard to the field components in
round guide we may note that the total h vector is circularly polarized
at the loci drawn in Fig. 59, which also shows for comparison the loci of
circularly polarized h in a rectangular guide having the same cut-off
frequency. In the round guide it is important to note that the loci are
normal to the planes of the polarization vectors at all points, and the
de magnetic field should be directed along the loci for maximum effec-
tiveness. :

As in rectangular waveguide, the position of pure circularly polarized
I is not the optimum ferrite location for producing non-reciprocal phase
shift. The latter locus is along points for which the product of trans-
verse-h and longitudinal-b is a maximum, as discussed in Section 5-2.
Fig. 60 illustrates such a locus for an unperturbed guide (i.e., for thin
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Fig. 58 — Longitudinal section showing the dimensions of a 24-kme model of
the structure of Fig. 57.

ferrite sheets added). Just as in rectangular guide, the most effective
ferrite location along axis b-b is about 14 the diameter away from the
wall. The optimum ferrite location near the wall can be obtained by
noting that h is trnsverse at points @ and longitudinal at points b, with
sinusoidal variation between. Therefore, the product of h transverse and
h longitudinal will be maximum half way between points @ and b, namely,

(b)

Fig. 59 — Locus of points of circularly polarized magnetic intensity for TE,;,O
and TE O in guides having the same cut-off frequency.
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at points 2. Thus, there will be a locus of points shown by the dashed
lines, along which a tiny amount of ferrite will be most effective in per-
turbing the phase velocity of a vertically polarized wave, and these loci
are independent of frequency.

As in the rectangular waveguide case, when the amount of ferrite
present is sufficient to perturb the wave, the position for maximum
effectiveness moves toward the side wall, as illustrated in Fig. 61 for
both TEy;; waves. The thin-walled eylinder of Fig. 58 is a practical ap-
proximation to this optimum.

7-1. Equivalence of Faraday Rolation Elements and Non-Reciprocal Bire-
fringent Elements

Linear polarization birefringent elements of the type described are
quite different from Faraday rotation elements in the way they transform
the polarization of transmitted waves. Yet both are basically two-mode
elements, and either one can be made to duplicate the performance of
the other. Thus, by combining two non-reciprocal birefringent elements
with a reciprocal birefringent element, a Faraday rotation element can
be simulated. This is indicated in Fig. 62.

Elements a and ¢ are reciprocal A90° birefringent elements having
their axes of low phase velocity oriented vertical and horizontal as in-
dicated by the solid lines. Element b is a non-reciprocal birefringent
element having 6 degrees differential phase delay with its axes of low
phase velocity oriented at 45° to the vertical as shown by the solid and

Fig. 60 — Calculated locus of optimum ferrite locations for producing non-
rflcipn;ca] phase shift of the TE;;O wave (applicable only for very thin ferrite
sheets).
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dashed lines for propagation from left to right and right to left respec-
tively. Similarly, a Faraday rotation element combined with two re-
ciprocal -birefringent elements is the equivalent of a non-reciprocal
birefringent element as shown in Fig. 63.

In practical applications some of the reciprocal elements may be super-
fluous, and simpler equivalent structures can be used. For example, a
TFaraday rotation type of circulator can be built using one non-reciprocal
and one reciprocal birefringent element as shown in Fig. 64. Element a
may contain a ferrite tube with a four-pole transverse magnetic field
producing a differential phase shift of 90°. Its axis of high refractive
index is at 45°, as shown by the solid line, for propagation from left to

7

IR

|-

>

Fig. 61 — Estimated optimum positions of thick ferrite elements for producing
non-reciproecal phase shift of the TE ;O wave.

right. Element b is a reciprocal A90° phase shift element with its axis of
high refractive index at 45° as shown. For propagation from left to right
the two sections constitute a A180° section and polarizations 1 and 3
are rotated into polarizations 2 and 4, respectively. For propagation
from right to left the axis of high refractive index for section @ is the
dashed line. Thus, the two sections constitute a A0° element and the
polarizations are not, rotated; polarization 2 is transmitted to polari-
zation 3, and polarization 4 is transmitted to polarization 1. Thus, these
two elements comprise a circulator with commutation in the sequence
of numbering. This combination is more flexible than the equivalent 45°
Faraday rotation ecirculator in that the output polarizations may be
arbitrarily oriented with respect to the input polarizations by orienting
the axes of section b relative to the axes of section a.
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7-2. Other Transverse-Field Effects in Round Waveguide

By using circumferentially magnetized ferrite, it is possible to obtain
non-reciprocal phase shift, loss, or field chsplacement for any transverse
electric mode. When a thm-walled cylinder of ferrite is mounted coaxially
in a round waveguide and magnetized in a circumferential direction, the
components of the rf magnetic field transverse to this magnetization are
elliptically polarized in the same sense in all parts of the ferrite. The
ferrite will produce a non-reciprocal phase delay for any transverse-
electric wave, and because of the symmetry of the system, there will
be no birefringence. By requiring that the radial & be equal to the longi-
tudinal h, we may determine the locus of points for which the component
of the magnetic vector perpendicular to the de magnetization is cireularly
polarized. This locus is defined by the following equation for TE,.

waves:
Jn’ (k'nm’ E) 1
B e (29)

e 27R Y
Jn (Lﬂm’ R) /‘/(Atlknm’) -1

where R = radius of the waveguide
o = free space wavelength
p = radial distance coordinate inside waveguide
J.and J, = Bessel function of n® order and its derivative, respec-
tively
Fow' = m positive root of J,/(x) = 0 which is 1.84 for TEy,

Equation (29) may be solved for the fractional radius p/R, and we find
that the locus of circular polarization relative to a circumferential

-

FARADAY
ROTATOR

Fig. 62 — Diagram of a birefringent structure which is electrically equivalent
to a Faraday rotator.
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magnetization will be a circle whose radius depends upon the proximity
of the operating frequency to cut-off frequency, as shown in Fig. 65.
Again we note, however, that the locus of positions for maximum effec-
tiveness of a given amount of ferrite in producing non-reciprocal phase
shift will not he the same as the locus for pure cireular polarization. This
locus will also be a cirele but will occur at a radius which produces a
maximum value for the product of & longitudinal and % radial. For TEy,
waves this oceurs at a radius equal to 0.493 of the waveguide radius,
and is independent of proximity to cut-off frequency.

It is noted above that the circumferentially-magnetized thin-walled
cylinders of ferrite can be used to produce non-reciprocal phase delay

FARADAY
ROTATOR

NON-RECIPROCAL
BIREFRINGENT
ELEMENT

Fig. 63 — Alternate form showing equivalence between Faraday rotation and
birefringent structures.

for any of the transverse electric modes of propagation. The optimum
radius for the cylinder will, of course, depend upon which mode is used.
For the circular electric mode (TEy®), there will be two radii at which
the magnetic field vector will have pure circular polarization. At one
of these the circular polarization will have one sense, and at the other
it will have the opposite sense. In this case it would be possible to em-
ploy two thin-walled cylinders of ferrite placed at the two most effective
radii, and magnetized circumferentially in opposite directions.

Since there is no angular variation in the L components for the cir-
cular electric wave, circumferential ferrite biasing for TE° is the direct
analogue of the transverse ferrite biasing for TEy in rectangular guide.
A field-displacement isolator analogous to Fig. 42 can be made for
TEn® using two circumferentially magnetized ferrite cylinders, one
coated with a resistance film.
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8. NON-RECIPROCAL DIELECTRIC WAVEGUIDE CIRCUITS

The behavior of ferrite-loaded hollow metallic waveguides, as pre-
viously discussed, depends on wave-electron interactions which can
also be utilized in other types of microwave transmission lines. For ex-
ample, a number of the non-reciprocal transmission elements may be
built in dielectric waveguide form.* Fig. 66 shows a longitudinal section
of a round dielectric waveguide containing ferrite loading for the purpose
of producing Faraday rotation. The rf magnetic intensity vector at the
center of the dielectric waveguide is transverse and linearly polarized
for a linearly-polarized lowest-order wave. Therefore, with longitudinal

(a)

FERRITE TUBE
RECIPROCAL

A90° ELEMENT

-

Fig. 64 — Birefringent elements capable of replacing a 45° Faraday rotator in
a circulator.

magnetization, a linearly polarized input wave is coupled to the similar
wave polarized at 90° to the first in a manner entirely analogous to the
coupling between the two TEy® waves in hollow metallic waveguide.
Experiments were conducted at 48,000 me using a structure of the form
of Fig. 66. The ferrite diameter was 14” and the outside diameter of the
polystyrene in the ferrite-loaded region was }4”. The ferrite consisted of
powdered Ferramic J molded in a polystyrene binder. More than 90°
rotation was observed with a biasing field of a few hundred gauss; the
transmission loss was 14 db or less.

The Faraday rotator of Fig. 66 may be combined with dual polariza-
tion take-offs to form a circulator in dielectric waveguide as illustrated
in Fig. 67. The dual-polarization take-offs have the function of providing

* The general principles involved in dielectric transmission lines are discussed

in Reference 12, pp. 120-131. A, G. Fox gave a paper on dielectric-waveguide cir-
cuit elements at the March, 1952, I.R.E. National Convention.
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separate terminals for the two polarizations of dominant wave at both
ends of the Faraday rotator. One polarization of wave on the round
dielectric rod passes by the region in which it is coupled to the rectangu-
lar dielectric guide with negligible loss, because the phase constants of
the dielectric waveguide and rectangular waveguide are dissimilar.*
The other polarization of wave on the round dielectric guide is arranged
to have the same phase constant as has the parallel polarization on the
rectangular guide, and therefore conditions may be so adjusted as to
produce complete power transfer between the two guides. On a 48,000
me experimental model of such a dual polarization take-off the transfer
loss for the polarizations having the same phase constants was about
14 db, and the straight-through loss on the round rod for the polariza-
tion at 90° to the above waves was 0.1 db. In Fig. 67, a wave entering
at 1 is transferred completely to the parallel polarization of wave on the
round rod at the input to the Faraday rotator, and after rotation emerges
in the same polarization as the take-off labeled 2. Transmission in at 2
again produces a wave of corresponding polarization on the round rod,
which is then rotated an additional 45° and emerges on the near end of
the Faraday rotator in the polarization labeled 3 which passes by the
coupling region unaffected. In similar fashion, transmission occurs from
terminal 3 to terminal 4 and from terminal 4 to terminal 1.
Non-reciprocal phase shifts in ferrite-loaded rectangular dielectric

Fig. 65 — Caleulated locus for which the component of k perpendicular to the
circumferential de magnetization is eircularly polarized.

* This type of behavior is discussed in more detail in pp. 680-682 of 8. . Miller,
Reference 8.
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a second isolator having an input impedance match which is appreciably
better than that of the antenna itself. For such systems applications of
isolators, the requirements on the isolator for impedance match and dis-
crimination against backward travelling waves are frequently rather
stringent. Isolators can also be of very great value in experimental and
measuring techniques. Here the requirements may be very much less
stringent. Even a transmission ratio as low as 9 to 1 in decibels can be
of great use. Thus, in most cases where a 10 db attenuator pad is used in
a measuring setup, it could be replaced by an isolator having a forward
loss of 2 db and a reverse loss of 18 db. The round trip attenuation will be
the same in either case, but there will be an 8 db increase in the available
forward traveling wave. Where the available signal power is low, and it is
important to have a large measuring range, several such substitutions
can increase the measuring range by 20 to 30 db.

9-2. Circulators

Circulators are considerably more complicated circuit elements, and
the uses proposed for them are typically more sophisticated than those
for isolators. An important distinction between the circulator and the
isolator is that the circulator diverts or otherwise makes use of power
which is reflected from the receiving end of the system rather than
destroying it, as in the case of an isolator. One possible application of
circulators is in channel frequency filtering systems. Such a system
requires two vital components. It requires a filter which can pass certain
frequencies and reflect others; and it requires some power dividing net-
work which can separate out the reflected frequencies for further use.
In other words, it is normally not satisfactory to allow the frequencies
rejected by the filter to return toward the source. One method of constant
impedance branching which can separate channels from one another
without reflecting energy toward the source has been proposed by one
of the authors, as shown in Fig. 69.” Incoming wave power containing
all channel frequencies is divided at a first hybrid junction and passes
to two identical transmission filters tuned for one of the channels. The
channel which passes through these filters is recombined at a second
hybrid and drops out at the point marked Channel 1. All other channels
are reflected from the two pass filters but, upon returning to the first
hybrid junction, differ in their round trip delay by 180° by virtue of a
A/4 difference in path length between the two filters and the hybrid junc-
tions. As a result, all the rejected channels emerge from the remaining
arm of the first hybrid junction and pass on down into the second such
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network. A dual of this scheme has been proposed by W. D. Lewis.™
The structure of a single channel-dropping section is the same as that of
Fig. 69, but in this case the filter pairs are of the band rejection rather
than the band pass type. All frequencies except the desired channel pass
through the filters and are recombined at the second hybrid to pass on to
a second such dividing network. These examples of constant impedance
branching filters are given to indicate the degree of complexity required
and to show how circulators can simplify this complexity appreciably.
Fig. 70(a) is a diagram showing how circulators can be combined
with pass filters to provide a constant impedance channel-branching
system. All channel frequencies entering from the left pass around the
first circulator and impinge on the pass filter for channel 1. Channel 1
is dropped out at this filter and all other channel frequencies are reflected
back to the first circulator, where they pass on around to the channel 2
filter. This process continues indefinitely with as many circulators and
filters added as are necessary to separate out the channels. Nowhere is
power reflected back to the source. Any residual power at the end of the
array may be absorbed in a resistive load. It can be seen that a pair of
hybrid junctions and a pair of identical matched filters for each channel

INPUT ,HYBRID JUNCTIONS
F1-F21F31 CHANNEL 1
-2
CHANNEL 2
—C —
pass 5
CHANNEL 3
—c>—| —-o—""
_ ores £
| PASS f3 —
1
i

Fig. 69 — Channel-branching filter system using conventional hybrids.
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in Tig. 69 have been replaced by a single transmission filter and one-half
a circulator in the configuration of Fig. 70(a).

In Fig. 70(b) is shown an arrangement similar to the one of Fig. 70(a),
except that rejection filters have been used. In this example only three
arms are needed for the circulator. If four arms are available, the fourth
one may be terminated in a characteristic impedance.

The three-arm circulator of Fig. 49 may be particularly well suited for
use in filter applications, where channels are to be dropped off through
pass filters. The tuning required to make such a circulator function can
be provided as part of a transmission filter occupying the side arm of the
device. As a result, a particularly convenient mechanical layout can be
achieved where the main line proceeds straight through the structure,
as shown in Fig. 71, with each of the channels dropping out of one of the
side arms which project from the main line structure.

9-3. Phase Changers

A variable microwave phase changer described by one of the authors™
has proven to be of considerable value in antenna scanning arrays” and
. . . . . 28, 29 . .
in certain microwave measuring techniques.”' ™ In these applications,

o A

- ot/ —
|Pass f, | Pass f |Pass T3 [Pass T4
CHANNEL{  CHANNEL 2 CHANNEL 3 CHANNEL 4
(a)

i ! 1l

1
CHANNEL1 CHANNEL 2 CHANNEL 3

(b)

Fig. 70 — Channel branching with circulators.
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Tig. 71 — Waveguide embodiment of a channel branching filter using three-arm
junction-circulators.

the 180° differential phase section in the middle of the device [Fig. 72(a)]
is mechanieally rotated in order to change overall phase shift. In some
instances it would be very much more convenient if this rotation could
be made to take place electrically. Since the function of this A180°
section was to rotate the output polarization relative to the input
polarization of this section, we can substitute a rotary medium com-
prising an axial peneil of ferrite in a round section of waveguide, so as to
obtain the structure of Fig. 72(b). By varying the applied longitudinal
magnetic field, the ferrite effectively rotates the output polarization rela-
tive to the input polarization of the middle section and achieves the same
effect as physical rotation of the A180° section of Fig. 72(a). If a limited
amount of phase shift (less than 1,000° for example) is required, this
Faraday-rotation type of phase changer can provide a convenient way of
obtaining variable phase shift by means of electrical control. The
limitation of the device is that the phase shift can be increased only
up to the point where the ferrite is saturated. Beyond that point fur-
ther increase of the applied field cannot change the output polarization,
and as a result the total phase shift will be limited.

In some of the applications of the mechanical phase changer a con-
tinuously rotating A180° section was necessary in order to obtain con-
tinuous change in phase. In order to apply ferrites to such a device, it
would be necessary to employ a birefringent medium whose axes of
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birefringence could be controlled magnetically. At frequencies of 10 kme
and below, the use of a round waveguide containing a rod of ferrite or a
thin-walled tube of ferrite saturated by a simple transverse magnetic
field, ecan produce enough birefringence to make such a A180° section
possible. In this case the external magnet structure would be arranged
like a rotating two-pole motor stator, and when properly excited, the
axes of birefringence of the section could be made to rotate continuously.
However, as pointed out earlier, this reciprocal birefringence may be-
come so small at frequencies above 20 kme as to be of little practical
value. In this case, use may be made of the non-reciprocal birefringence
obtainable from the four-pole field structures as deseribed in Section 7.

A180° ' A
A\
e \

ROTATABLE N

CIRCULAR ~ “ CIRCULAR

POLARIZATION SECTION POLARIZATION

(@)
& .
e Q, A90°® § A90 EouT
Y &
f S e g
FERRITE ROD” VARIABLE H

(b)

Fig. 72 — Phase changers — (a) using mechanical rotation, and (b) using
variable magnetization of a ferrite element.

It is interesting to note that for pure non-reciprocal phase changers
(which can be approximated using either the Faraday rotation element
of Fig. 72(b) or the four-pole field birefringent element) no round-trip
variation in phase delay is exhibited as the one-way phase delay is
changed. In other words, the phase change for the waves traveling in one
direction is equal and opposite to the phase change for waves traveling
in the opposite direction. As a result, reflections arising on the load side
of the phase changer will return to the source side with a phase (relative
to the incident wave) which is independent of the phase changer setting.
This is to be contrasted with the reciprocal type of phase changer for
which the round trip phase delay is twice that of a one-way transmission.

10. SUMMARY AND CONCLUSIONS

The behavior of many configurations of ferrite-loaded waveguides has
been deduced using a “point field”” analysis. In this method it is assumed
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that the ferrite-loaded waveguide contains a field configuration bearing
a strong resemblance to one or more of the modes which are characteristic
of the empty waveguide. The interaction between the added ferrite and
the presumed distribution of field components is determined qualita-
tively at each point in the cross section, and the total behavior deduced
as the weighted sum of the effects throughout the cross section.

The particular characteristic of ferrite materials which is responsible
for the non-reciprocal behavior of ferrite-loaded microwave circuits is a
tensor permeability —i.e., a driving-wave magnetic intensity in one
direction may cause a component of magnetic flux at right angles to this
direction as well as a component in the same direction. The magnetiza-
tion of all “magnetic’” materials may respond in the above manner, but
the coupling between the electrons responsible for this behavior and the
microwave field components has been found useful only in ferrites, which
have negligible conductivity and within which mierowave energy can
propagate without appreciable attenuation.

Section 3 explains the effects of ferrite-loading a two-mode transmis-
sion medium (such as a dominant-wave round guide) using two view-
points: (1) the normal mode approach in which the input and output
waves are resolved into two modes which are orthogonal in the presence
of the ferrite, and (2) the coupled-mode approach in which the behavior
of the ferrite-loaded region is deseribed in terms of a coupling introduced
by the ferrite between the two modes which are orthogonal in the
absence of the biased ferrite. These concepts are applied to Faraday ro-
tation in Section 3, and to birefringence in ferrite-loaded round wave-
guide in Section 7.

Section 4 contains a discussion of the prineciples of Faraday rotation
elements. The optimum location for the ferrite element in Faraday rota-
tors is shown to be on the waveguide axis, and it is pointed out that there
is an optimum diameter of ferrite rod with respect to obtaining a maxi-
mum of Faraday rotation per unit transmission loss. The problems en-
countered in impedance matching at the ferrite ends are discussed. It is
shown that mode-conversion difficulties can appear as impedance match
or Faraday rotation irregularities. The reasons for the variation of
Faraday rotation as a function of frequency are given, and the de-
pendence of rotation and transmission loss on temperature and on the
Curie point of the ferrite is also discussed.

An important use of ferrite-loaded waveguide circuits lies in building
passive non-reciprocal devices. It is pointed out that there are numerous
forms of non-reciprocal devices which accomplish the same functions,
just as there are numerous forms of amplifiers and filters. The authors
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propose the names for the new elements be based on function and, in
accordance with this point of view, definitions are given for the gyrator,
circulator, and the isolator (Section 1).

Methods of employing Faraday rotation for the construction of gy-
rators, isolators, circulators and non-reciprocal power dividers are de-
seribed, and a novel method of avoiding the deterioration of isolator
performance due to frequency or temperature changes is described
(Fig. 18).

A rectangular waveguide suitably loaded with ferrite can be non-
reciprocal despite the existence of only one mode of propagation in each
direction. Such guides may be non-reciprocal with respect to (1) phase
constant (2) attenuation constant (3) magnetic and electric field con-
figurations in the cross section. The circuits using these effects are funda-
mentally different from those depending on Faraday rotation, since the
latter depend on the existence of two orthogonal waves in the ferrite-
loaded region. The point-field eoncept is utilized to explain the non-
reciprocal properties noted above and is used to indicate approximately
the optimum ferrite position and direction of magnetization associated
with obtaining these effects. When developing final models, one utilizes
the maximum amount of ferrite which is tolerable in order to maximize
these non-reciprocal effects, and it is indicated that the appearance of
higher-order modes of propagation frequently limits the amount of fer-
rite which can be so utilized. Calculations are presented to serve as
guidance for avoiding higher-order mode propagation, but the configura-
tion of ferrite loading which is most attractive from the practical point of
view is one which has not yet been adequately analyzed theoretically.
Rectangular-waveguide isolators, circulators, and directional phase
shifters are described, and experimental data on the performance of
many of them are reported. In particular, the resonance isolator (Figs.
3941, incl.) and the resistance-sheet type of field-displacement isolator
(Figs. 42-46, incl.) have been explored in some detail.

Reciprocal phase shifts in ferrite-loaded structures may be important
since they are under the control of a magnetizing field which may, under
certain circumstances, be varied rapidly. In Section 6, the particular
ferrite characteristics responsible for reciprocal phase shifts are discussed
and the reciprocal phase shift obtained in practical ferrite-loaded struc-
tures is compared with the non-reciprocal phase shift in a similar struc-
ture. It is shown that the reciprocal phase shift requires ferrites of such
saturation magnetization and with such magnetizing fields that the
tensor permeability component k* is appreciable compared to tensor
permeability component x> (terminology defined in Section 2). This
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implies operating the ferrite in a region not too remote from ferromag-
netie resonance, but despite this condition very usable reciprocal phase
shifts can be obtained with negligible ferrite loss. Reciprocal phase
changes vary as the square of the applied field, whereas non-reciprocal
phase changes vary:linearly with the applied field.

Section 7 discusses birefringence in round waveguide. It is pointed
out that the orthogonal TEy, waves for round guide containing an axially
symmetric ferrite element are no longer degenerate when a magnetizing
field is applied in any direction. For transverse magnetization, the
medium is birefringent for the linearly polarized TE; waves. Such
birefringence may appear as either a reciprocal or non-reciprocal effect,
the relative importance being determined by the frequency of the rf
wave and by the detailed shaping of the magnetization in the transverse
plane.

Section 7-1 compares the operation of non-reciprocal birefringent ele-
ments with Faraday rotation elements, and shows how either type can
be substituted for the other in building non-reciprocal circuits.

Section 7-2 shows the manner in which non-reciprocal phase shift,
loss, or field displacement may be obtained for any of the transverse-
electric modes in a round waveguide through the addition of transversely
magnetized ferrite. The optimum conditions for obtaining non-reciprocal
phase shift or non-reciprocal loss are discussed. I'araday rotation for
any of the transverse electric modes in round or square waveguide can
be obtained, and the optimum geometry of ferrite for producing such
rotation is indicated.

The wave-electron interactions which have been utilized in ferrite-
loaded hollow metalliec waveguides can also be employed in other types
of microwave transmission lines. To illustrate this possibility, Section 8
deseribes Faraday rotators, directional phase shifters, circulators, and
isolators in dielectric waveguides.

In Section 9 are indicated some of the advantages which may be ob-
tained by employing isolators in waveguide circuits. The application of
circulators to channel frequency filtering systems is deseribed in connec-
tion with Figs. 69-71, and several forms of phase changer utilizing Fara-
day rotation or birefringence in round waveguide are described.

Not mentioned explicitly in earlier portions of this paper are the
numerous possibilities for using ferrite-loaded circuits with time-varying
magnetizing fields. The various directional or reciprocal phase changers,
the isolators and the circulators which have been deseribed may each
be employed in conjunction with a modulating current which varies the
magnetization on the ferrite and which thereby switches the transmission
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properties of the ferrite-loaded circuit from one form to another. For
example, an isolator may act as a matched-impedance On-Off switch
simply by reversing the direction of the magnetizing field. Similarly, the
direction of power circulation between the various terminals of a circulator
may be reversed by reversing the direction of the magnetization. Contin-
uous variation of the power division may in many of the circulators be
achieved through variation of the magnetizing field.

It may be helpful to indicate the relative merits of several of the iso-
lators which have previously been described. Both the Faraday rotation
isolator and the resistance sheet isolator have produced comparable
ratios of reverse-loss to forward-loss (about 150). The resonance iso-
lator and the resistance-sheet isolator are simpler in form than Faraday
rotation isolators and therefore may prove less expensive. The Faraday
rotation isolator, and the resonance isolator, have provided reverse-loss
to forward-loss ratios in the region 20-35 over frequency bands on the
order of 10 per cent, whereas the resistance sheet isolator has provided
ratios of 150 over the same band. However, the Faraday rotation iso-
lator has not been perfected to the degree which appears possible with
regard to broad-band operation. In comparing the resonance isolator
with the resistance sheet isolator, the latter appears to have considerable
advantage in requiring smaller magnetizing fields. This advantage of the
resistance sheet isolator over the resonance isolator is more pronounced at
the higher frequencies (such as 24,000 me) where the magnet weight nec-
essary to produce ferromagnetic resonance becomes objectionable.
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Correction

J. L. Menrill, Jr., A. F. Rose, and J. O. Smethurst, authors of the
paper, “Negative Impedance Telephone Repeaters”, which appeared in
the September Issue of the B.S.T.J. on pages 1055 to 1092 have brought
the following correction to the attention of the editors.

In Fig. 15, page 1074, the value of 8, and 8 were shown as follows:

¢
=0T e
.
B = a+b+ec
This should be corrected to read:
a
Bi=0 b re
¢
A= Tb+e
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