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where the second series is rapidly converging and in the
form of a correction term. Integrating the well known
geometric series
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Broadband Ferrite Microwave Isolator*
P. H. VARTANTANY, J. L. MELCHORY, anp W. P. AYRESt

Summary—A new type broadband unidirectional transmission
line has been built utilizing the difference in energy distribution be-
tween two counter-rotating circularly polarized waves in a circular
waveguide containing a ferrite. This principle of isolation is different
from those which have been used previously.

A large difference is observed in the energy distribution of two
counter-rotating TE:; modes in a ferrite loaded circular waveguide.
A ferrite rod magnetized along its axis presents an effective rf per-
meability of approximately two for the mode rotating in a negative
screw sense with respect to the direction of magnetization. For the
positive sense of rotation the effective rf permeability becomes very
small and negligible energy is transmitted through the ferrite rod.

Unidirectional transmission characteristics were achieved by add-
ing quarter wave plates before and after the ferrite rod and inserting
an absorber into the ferrite. For the direction of propagation for
which the quarter wave plate converts from a linear input to a posi-
tive circular rotation the positive wave tends to go around the ferrite
with small loss. For the other direction of propagation the quarter
wave plate converts the linear input wave to a negative wave which
tends to concentrate in the ferrite and is absorbed.

Based on the principles described, an isolator was constructed
which gives better than 30 db isolation over the range 8 to 11 kmec.

* This work was performed under Signal Corps Contract No.
DA-36-039-sc-31435,

t Electronic Defense Lab. of Sylvania Electric Products Inc.,
P.O. Box 205, Mountain View, Calif,

The insertion loss is less than 2 db from 8 to 10.5 kme and increases
to 3 db at 11 kmc. The complete unit is 10} inches long and weighs
2% pounds.

The main advantage of this isolator over present transverse field
rectangular waveguide isolators and Faraday rotation isolators is its
improved bandwidth. Other advantages are that the isolator is not
sensitive to changes in magnetic field and it operates with a readily
obtainable ferrite at low magnetic fields. Its vswr over the band is
less than 1.2. The principle of this isolator is applicable to other fre-
quency bands.

INTRODUCTION

O KEEP abreast of current systems develop-

ments, both manufacturers and users of micro-

wave components have felt the need for broad-
band microwave isolators. In attempts to make practical
microwave isolators, {errites have been heavily exploited
in both circular and rectangular waveguide geometries.
Effects of differential phase shift and differential
resonance absorption for two directions of wave propa-
gation are widely used as the basis for isolation in both
waveguide geometries. In most reported cases, how-
ever, the bandwidth of these devices does not exceed ten
per cent.
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A new approach to microwave isolation in circular
waveguide is reported here which does not not employ
either Faraday rotation or magnetic resonance absorp-
tion. Instead, energy distribution differences for the
two counter-rotating TE;; modes in a ferrite loaded cir-
cular waveguide are utilized as a basis for isolation.
Energy distribution in a rectangular waveguide loaded
with a transversely magnetized ferrite slab has been
discussed by Lax ef al;! but due to its added complexity
the problem has not been solved in circular waveguide.
Consequently the boundary value solution will not be
discussed, but analogy will be made with waves propa-
gating in infinite magnetic media and with waves propa-
gating along an isotropic dielectric waveguide. With
these analogies an attempt is made to give the reader
a qualitative feeling for the energy distribution in ferrite
loaded circular waveguide and to explain its applica-
tions in microwave isolators and other devices.

THEORY OF OPERATION

Experimental evidence has been found by the au-
thors? in agreement with the Fox and Weiss® theory
that the microwave energy distribution in a waveguide
containing a magnetized ferrite is different for the two
senses of circular polarization. The reason for this can
be discussed qualitatively by examining the effective
permeability seen by each of the rotating waves.
Rotating waves are the normal modes of the problem
in that the permeability is a scalar only for the case of
circular polarization. For circularly polarized plane
waves in a lossless infinite ferrite medium the scalar
permeabilities are given by

vidn M,
e = 14— (1)
vH + w
where 47 M, is the saturation magnetization, H is the
applied magnetic field, v is the gyromagnetic ratio, a
negative number, and w is the angular frequency. The
symbol u, denotes effective permeability for a wave
rotating in the right hand direction looking along the
magnetic field and u.. denotes permeability for the
counter-rotating wave.

Fig. 1 shows the two permeabilities of (1) as a
function of magnetic field. It is seen that over a broad
range of frequencies and magnetic fields, the negative
polarization permeability is essentially two while the
positive polarization permeability is very small. The
4, may actually in certain regions become zero or nega-
tive. For these regions it is necessary to include also
the imaginary part of the permeability and the propa-
gation constant is now more complicated but never less
than zero.

1 B. Lax, K. J. Button, and L. M. Roth, “Ferrite phase shifters in
rectangular waveguide,” J. Appl. Phys., vol. 26, pp. 1413-1421;
November, 1954.

2 J. L. Melchor, W. P. Ayres, and P. H. Vartanian, “Energy con-
centration effects in ferrite loaded waveguides,” J. A ppl. Phys., vol.
27; January, 1956.

¥A. G. Fox and M. T. Weiss, “Discussion on ferromagnetic
Faraday effect,” Rev. Mod. Phys., vol. 25, pp. 262-263; Janaury, 1955.

Vartanian, Melchor, and Ayres: Broadband Ferrite Microwave Isolator 9

Since the dielectric constant of most ferrites is in the
range of 10-15 the negative circular polarization sees a
large pe product and the ferrite rod acts essentially as a
dielectric waveguide. Consequently, if a ferrite rod is
placed in a circular or square waveguide, the energy
of a negatively rotating wave will be concentrated in or
near the rod. On the other hand, the positive circular
polarization sees a small ue in the region of the ferrite
and hence the energy passes mainly around the rod.
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Fig. 1—Effective permeabilities for positive and negative circular
waves in infinite lossless medium as a function of applied mag-
netic field.

There are several ways in which one of the two circular
components may be selectively absorbed. A lossy ma-
terial may be placed around the ferrite to fill the wave-
guide and absorb the positive wave; or an absorber may
be introduced on the surface or inside the ferrite to
absorb the negative wave.

RESISTANCE RESISTANCE
CARD QUARTER WAVE PLATES CARD
4 _H . )
L
FERRITE ROD
RECTANGULAR TO CIRCULAR /

WAVEGUIDE TRANSITIONS

Fig. 2—Waveguide geometry used for loss measurements and
used 1n construction of isolator.

DESCRIPTION OF ISOLATOR

An isolator was made by placing an Aquadag coated
ferrite rod of the optimum diameter for the frequency
band of interest between two quarter wave plates in a
cylindrical waveguide as shown in Fig. 2. Ferrite, Gen-
eral Ceramics R-1, is magnetized to a low value with a
longitudinal field produced by a permanent magnet.
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The energy ifrom the generator being isolated is con-
verted by the first quarter wave plate into positive
circular polarization which is transmitted essentially
unattenuated and reconverted to linear polarization by
the second quarter wave plate. Reflected energy from
the load on the other hand is converted into negative
circular polarization relative to the applied magnetic
field and is attenuated in the absorber on the ferrite
surface. Alternately the absorber may be put outside the
ferrite to interact with the negative polarization. This
has not performed as well since it requires a good match
into the ferrite rod. The matches for the case of the
absorber in the ferrite are not as important. This is
because the discontinuity for the forward wave is very
small since the permeability is small. The coated ferrite
rod looks simply like an absorbing needle in the center
of the guide which does not interact with the TEg
mode. For the backward wave there is a large disconti-
nuity however, and reflections are absorbed in an H
plane resistance card on the load side of the quarter
wave plate. The quarter wave plate converts energy
reflected from the ferrite into the H plane.

The quarter wave plates are of tapered polystyrene
and are designed to give wide bandwidth. They have an
ellipticity (ratio of space quadrature fields) of less than
2 db over the 811 kmc band. It can be shown that the
forward loss caused by the quarter wave plate not con-
verting all the energy into the proper polarization is

Ploss 1 (6 + 1)4
Pune 4 (@412

where e is the ellipticity voltage ratio. Thus a 2 db
ellipticity causes a loss of only 0.11 db in the forward
direction for the two quarter wave plates.

The rectangular to circular waveguide transitions are
approximately 2% inches long and have a vswr of less than
1.2 from 8 to 11 kmec. Tapered resistance cards are
placed in the H plane of the transitions.

IsoraTioN CHARACTERISTICS

There are many modifications possible in the device
shown in Fig. 2. It was found that the characteristics
are sensitive to absorber position, rod diameter, ab-
sorber resistance, magnetic field, and ferrite used.

Absorber Position

As stated above, there are three possible places to
locate the absorber: in the ferrite, on the ferrite, and
outside of the ferrite. The absorber was placed inside
of the ferrite by slicing a %-inch ferrite rod longitudi-
nally and coating an absorbing material on the inter-
faces. The isolation is seen in Fig. 3 to be better than
15 db from 8 to 11 kmc with an insertion loss of less
than 1.5 db. From 9 to 10 kmc the isolation exceeds 25
db while the insertion loss is less than 1 db. These data
were taken with a solenoid adjusted for 375 gauss.

Januvary

Isolators constructed with the absorbing material
located between the ferrite and the waveguide wall were
found to be unsatisfactory. Suitable isolation was
achieved with this configuration but the insertion loss
was found to be much too large. This can be attributed
to losses due to a poor match between the waveguide
and the ferrite rod which must act as a dielectric wave-
guide for the forward wave. These poor matches can
also set up cavity resonances within the ferrite. Isolators
constructed with the absorber outside the ferrite were
compared extensively with those constructed with the
absorber inside the ferrite. Rods with diameters as
large as § inch were used with the absorber outside. For
all diameters between { inch and 1 inch the insertion
loss was high except at discrete frequencies for larger
diameter rods where the ferrite acted as a transmission
cavity.?
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Fig. 3—Isolation and insertion loss versus frequency for isolator con-
structed with 0.250-inch diameter ferrite rod 2 inches long. Rod
sawed in half longitudinally and absorber applied to interfaces.

The simplest and most convenient form of applying
the absorber was to coat Aquadag on the ferrite surface.
With this absorber configuration the insertion loss is
still fairly low and the rod shape is preserved. The saw
cut required with the absorber inside distorts the rod
shape and decreases its effective diameter. As will be
shown later in a discussion of the effects of diameter
this can be important. In the remaining data to be dis-
cussed the absorber was coated on the ferrite surface.

Ferrite Rod Diameter Effects

As pointed out in the Theory of Operation, the ferrite
rod begins to act as a dielectric waveguide for the
negative rotating wave. Consequently we should expect
operation of the isolator to be sensitive to rod diameter.
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Curve A4 in Fig. 4 illustrates a 0.125-inch diameter rod
beginning to act as a dielectric waveguide as frequency
increases. The rod is 4 inches long, magnetized longi-
tudinally, and coated with an absorber. The absorption
of the negative wave increases with increasing frequency
indicating that as frequency increases the ferrite begins
to act more and more as a dielectric waveguide. This
diameter rod would be useful in an isolator operating
above 12 kmc but operation below 12 kmc requires
larger diameter ferrite rods.
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Fig. 4—Absorption losses versus frequency of negative wave for
three different diameter rods with absorber coated on surface.

Curves B and C for rods of 0.203- and 0.250-inch
diameters exhibit peaks in X band as shown in Fig. 4.
Thus there is an optimum band of frequencies for dielec-
tric waveguide effects for each ferrite diameter. The
frequencies at which maximum isolations occur for a
series of different diameter coated rods are shown in
Fig. 5. Here it is seen that as diameter increases the
frequency of the peak decreases. Fig. 5 indicates that rod
diameters ranging from 0.155 to 0.250 inch will give
isolation peaks distributed across the 8.2 to 12.4 kmc
band. In practice three different diameter rods, each two
inches long, are required to give better than 25 db isola-
tion across this {requency band. However, with this
arrangement the forward or insertion loss increases
rapidly at the high frequency end of the band.
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Surface Resistivity Effects

The isolation characteristics were found to depend
strongly on the ferrite surface coating resistivity. A
low surface resistivity resulted in less isolation, higher
insertion loss, and a broader isolation curve as a function
of frequency. Increased resistivity yielded lower inser-
tion loss and a sharper isolation curve which reduced to
isolation peaks due to reflection from the ferrite rod for
very thin absorber films. An optimum resistance of
roughly 2,000 ohms was found when measured from one
end to the other on the periphery of a i-inch diameter
rod, 2 inches long.

32
l l
@ H=375 GAUSS
X
2.247?“\
]
i 1 T~
.— ~
W gl ~1
= "1
2 | T
e T |
S 1 1
8.08 x | —
|
L I
| X- BAND — =
ol | | I
8 9 10 T 12 13

FREQUENCY OF MAXIMUM ISOLATION -~ KMC.

Fig. 5—Frequency of maximum isolation as a function of diameter of
ferrite rods with absorber coated on the surface. Waveguide
diameter is 0.93 inch.

TypPicAL ISOLATOR AND CHARACTERISTICS

An isolator was constructed with two ferrite rods of
0.250- and 0.190-inch diameters and 2 inches long placed
end to end. Characteristics of this isolator are shown in
Fig. 6. An isolation of greater than 30 db was achieved
from 8 to 11 kmc with an insertion loss of less than 2
db from 8 to 10.5 kmc and increasing to 3 db at 11
kme, The unit consists of two rectangular to circular
waveguide transitions 2% inches long, two quarter
wave plates, 6 ring magnets of the type Indiana Steel
R-142, two pieces of resistance card, a circular wave-
guide section 6 inches long, and two absorber coated
ferrite rods of 0.250- and 0.190-inch diameters. A
photograph of the unit is shown in Fig. 7. It weighs 2%
pounds and has an over-all length of 104 inches.

Merits of Isolator

An isolator based on differences in energy distribution
for the rotating waves appears to be more broadband
than a Faraday rotation isolator in the same geometry.
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In addition the material requirements for this type of
isolator are less stringent. Since the transmitted wave
tends to pass around the ferrite there are less dielectric
losses than for a Faraday rotator where half the energy
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Fig. 6—Absorption characteristics of isolator constructed with
0.250-inch and 0.190-inch diameter rods.

is in the opposite sense of circular polarization and goes
into the rod. In fact a ferrite with higher dielectric
losses would be useful for this application.

The isolator is quite insensitive to magnetic field as
expected from the effective permeability curves of
Fig. 1. This makes it more practical for use with perma-

Fig. 7—Photograph of isolator.

nent magnets for which the magnetization changes with
time. The magnetic field required is much smaller than
that required with the resonance type isolator where
fields of 2,000 to 3,000 gauss are commonly employed.

January

Since the loss occurs at the ferrite surface the prob-
lem of heat dissipation is less severe than for the other
cases. With a metalized resistive coating and forced air
cooling the potential high power applications are
promising. A férrite is a poor thermal conductor, making
it difficult to extract energy absorbed within it by elec-
tric or magnetic losses. This type of isolator tends to
reduce the losses which occur within the ferrite and
reduces the problem of heat dissipation.

The isolator, which weighs 2% pounds, is considerably
lighter than resonance absorption isolators, but com-
parable to Faraday rotation isolators. It has an advan-
tage over the Faraday rotator in that any desired iso-
lation, or reverse attenuation, can be achieved simply by
making the ferrite element longer. Isolation was found
to be directly proportional to the length of the element.

Limatations of Isolator

The principal limitation is the increase in insertion
loss at higher {frequencies. As seen from Figs. 3 or 6 the
insertion loss begins to increase rather rapidly between
10 and 11 kmc. Upon examining individual isolation and
insertion loss curves for different coated rod diameters
it was found that the frequency for peak isolation is
roughly 2 kmc below the frequency for which the sharp
increase in insertion loss begins. In Fig. 6 the insertion
loss at 11 kmc is due primarily to the %-inch rod. It
increases continuously through 12.4 kmc which was the

" upper limit of the measurements. The increase is at-

tributed to the fact that the effective permeability for
the positive wave does not go to a sufficiently low value
to exclude that wave {rom the ferrite at higher frequen-
cies. To substantiate this hypothesis the applied mag-
netic field was increased in several steps to 1,500 gauss.
At each successively higher field value the increased in-
sertion loss occurred at a higher frequency. This indi-
cates a reduction of the effective permeability for the
positive wave which makes the rod’s electrical size
smaller, requiring higher frequencies for dielectric wave-
guide effects.

To avoid the problem of increasing insertion loss a
material with lower u, at magnetic saturation is de-
sired. The field value for saturation is chosen because
M- is a maximum there and it is an easily achievable
magnetic field. At that point (1) becomes

vBs + w

= 2
e H te (2

where H, is the magnetic field required to saturate the
ferrite and B, is the saturation flux density, H,+ 4w M..
From this expression it is seen that u, approaches
Zero as I'y|Bs approaches w. For X band operation a
saturation moment greater than 3,000 gauss will give
a more favorable ratio of propagation constants.
Ferramic R—1 has a saturation moment of only 2,000
gauss.
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CONCLUSION

Using the difference in energy distribution for circular
waves transmitted through ferrite loaded circular wave-
guide, an isolator was constructed with 30 db isolation
from 8 to 11 kmc. Its insertion loss is less than 3 db and
it does not appear to be unduly critical with respect to
any of the operating parameters. By providing means
for varying the applied field the isolator becomes an
amplitude modulator or electronic switch.

Since the energy transmitted in the forward direction
tends to go around the ferrite, low magnetic and dielec-
tric losses occur in it. This approach to isolation is
promising for higher powers. A more suitable choice of
material will reduce the insertion loss presently ob-
served.

The frequency of maximum isolation for a single
ferrite rod is inversely proportional to the ferrite di-
ameter. Various diameter rods can be added in series to
increase the isolation bandwidth. However, with the
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ferrite used an increase in insertion loss on the high
frequency side discourages this beyond a 3 kmc band-
width. The increase in insertion loss which occurs at
higher frequencies is attributable to dielectric wave-
guide effects for the positive wave. With a dielectric
constant of 13 the ue product is large even if u is as low
as 0.3. In such a case, dielectric waveguide type trans-
mission is expected to become noticeable at 11 kme.

The use of differential energy distribution for non-
reciprocal and magnetically controllable circuit ele-
ments is promising from the standpoint of stability,
bandwidth, and power handling capacity.
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An Approximate Analysis of Coaxial Line with

a Helical Dielectric Support*

J. W. E. GRIEMSMANN

cable with a helical dielectric support. The par-

ticular cable depicted bears the trade name of
Styroflex! derived from the fact that the dielectric helix
is built up in a winding operation from nonplasticized
polystyrene tapes giving to the final assembly a tight
grip on the center conductor and a good degree of allow-
able bending capability. The outer conductor in the
original design of the cable consists of an aluminum
sheath extruded over the dielectric. Other forms of cable
with helical dielectric support are also available.

This type of cable is of interest as an alternative to
broadband bead supported line, particularly for applica-
tions requiring long lengths of line or small diameter
cable where multiplicity of bead supports can lead to
high wave reflection characteristics in frequency bands
of interest.

SHOWN in Fig. 1 is a cutaway section of coaxial

* This analysis was conducted as part of the work under Signal
Corps Contract DA-36-039 sc-42500 with the Polytechnic Institute
of Brooklyn and was presented at the P.1.B. Symposium on Modern
Advances in Microwave Techniques, November 8-10, 1954.

} Microwave Res. Inst., Polytechnic Inst. of Brooklyn, Bklyn.,
Y

1 i’helps Dodge Copper Products Corp.

Fig. 1—Cut-away section of Styroflex cable.

The analysis given below shows that the total propa-
gation in the helical line can be concidered to be made
up of two component propagations, one following the
dielectric helix down the transmission line and the other
following a helical path perpendicular to the dielectric.
The latter type of propagation is that of an iterative
transmission line and introduces for the overall propa-



