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did not interact with each other. Demag-
netizing factors m-ere disregarded for the

sake of simplicity.

Let us consider a resonant cavity con-

taining the nonoriented ferrite. A biasing

field is applied in a direction perpendicular

to the RF magnetic field in the cavity. The

resonant frequency of each crystallite will

be determined by its anisotropy field, the

biasing field, and the angle ~ its C axis
makes with the biasing field. At one par-

ticular angle ~, for a given biasing field,
the resonant frequency of the crystallite mill
be exactly the same as the test frequency
and have the maximum interaction with the
cavit>-. As the angle of the C axis departs
from ~,, the resonant frequency becomes
increasingly different from the test fre-

quency and the interaction with the cavity
decreases. 11’e calculate the angles 41, and

*2 between which a crystallite must lie in
order that its resonant frequency will differ

from the test frequency by no more than a

chosen amount. All crystallite within this

angle are presumed to absorb energy

equally; all other crystallites are presumed
not to absorb any energy-. Let u be the
solid angle subtended between the cones
defined by ~, and $2. The loss term of
magnetic susceptibility is proportional to
{1 and therefore a plot of Q vs biasing field

is a plot of the relative value of x“, the

loss term of the susceptibility, vs biasing
field. The line width is readily determined

from such a curve.

DISCUSSION

A plot of x“ (relative) for a nonoriented

uniaxial ferrite is shown in Fig. 1, and

plots for nonoriented planar ferrites are

shown in Fig. 2. ‘rhe abscissa in both

figures is the shifted biasing field Ho–H,
where Ho is the applied biasing field and
H, is the biasing field required for ferro-

magnetic resonance for a crystallite whose

easy direction is parallel to the biasing field
(for the uniaxial ferrite) or whose easy

plane is parallel to the biasing field (for the

planar ferrite). Ha is the magnetic auistropy

field.

A comparison of Figs. 1 and 2 shows

that the line width of the nonoriented
uniaxial ferrite is indeed very much larger

than that of the planar ferrite. The most
suitable comparison is between curve I of
Fig. 2 and the curve in Fig. 1, since both
have approximately the same value of
anisotropy field and the same value of H,.
\Ve note that the line width of the uniaxial

ferrite is almost five times that of the
planar ferrite.

The relatively narrow line width of
nonoriented planar ferrites has been con-

firmed experimentally. Schlomanns has re-

ported a line width of 500 oersteds for a
nonoriented zinc Y. Of six nonoriented
planar ferrites measured here, three had
line widths of 1500 oersteds or less. It is

interesting to find that completely non-

oriented planar ferrites can have line widths

narrower than the narrowest line width that

has up to now been obtained with oriented

polycrystalline uniaxial ferrites.

9 E. %hlorndnn and R. Jones, “Ferromagnetic
resonance in polycrystalline ferrites with hexagordl
crystal structure, ” J. Apii. Pl~Ys., Suprd. to VU1. 30,
PD. 177–178; April, 1959.
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Fig, l—Plot of 4“ (relative) vs shifted biasing field for a
uniaxial ferrite with Ha =8500 oersteds, o/y
= 10,500 oersteds, H, =2000 oersteds.
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Fig. 2—Plot of X“ (rel~tive) vs shifted biasing field for
planar ferrite with Ha =9OOO oersteds, u/-r =5000
and 12,750 oersteds.

An understanding as to why the line
width of nonorien ted u uiaxial ferrites is so
much greater than that of nonoriented
planar ferrites can be obtained from the

following reasoning. The magnitude of 0,
and hence the magl]i’mde of the loss term

of the susceptibility, is proportional to two
factors. Factor 1 is the magnitude of

I y~-y~l and factor 2 is the solid angle,
i~A subtended between the cones defmed by

$, and 4,+AY, where A+, is a small inmease
in ~,. The terms !2, ~,, $1 and +2, have been
defined previously.

Let us consider the variation of the two
factors as a function of biasing field. Factor

1 is maximum when the biasing field is such
that crystallite that are at ferrmnagqletic
resonance are those whose easy- direction of
magnetization, or easy plane of magnetiza-

tion (as applicable) are parallel to the bias-
ing field. This biasing field has previously

been designated as H,. Factor 1 decreases
as the biasing field is increased beyond H,.
Thus factor 1 is relatively large when 4 is
close to 0° for the uuiaxial ferrites, and

close to 90° for the planar ferrites.
The solid angle subtended between the

cones defined by t, and IJ,+A4, is propor-
tional to sin @,. Thus factor 2 is slmall for
biasing fields close to H, for uniaxial ferrites
and increases as the biasing field is increased
beyond H,. In the case of planar ferrites,
factor 2 is large for biasing fields close to

H, and decreases as the biasing field is
increased beyond H,.

Thus in the case of uniaxial ferrites, as

the biasing field is incl-eased beyond H,,
factor 1 decreases and factor 2 increases.

This tends to reduce the dependence of
$2 on H, as the biasing field is increased be-
yond H, and results in a relatively broad
line width. In the case of the planar ferrites,

however, both factors are lar,ge in the vicin-

it y of H,, and both decrease as the biasing

field is increased beyond H,. Thus, there is a

relatively sharp peak of ~ in the vicinity of
H,, and this results in a relatively narrow

line width.

CONCLUSIONS

Theoretical calculations show that non-

orieuted uniaxial ferrites have a much

wicfer line width than that of nonoriented

planar ferrites. Thus the imperfect orien ta-

tion that will inevitably occur when process-

ing oricuted polycrystalline hexagonal fer-

rites, will have a greater effect 011 broaden-

ing the line width of uuiaxial ferrites than

that of planar ferrites. This e.~plains at

least part of the reason why oriented

planar ferrites geuei-ally have a much nar-

rower line width than that of oriented

u uiaxial ferrites. In fact, a number of com-

pletely nonoriented planar t“errites have

been prepared which have a substantially

narrower line width than the narrowest
line width achieved so far with polycrystal-
liue oriented uniaxial ferrites.

I. BADY

G. MCCALL

CT. .S. Army Electronics ‘Research and

Development Lab.
Fort Monmouth, N. J.

E-Plane 3-Port X-Bancl

Wa,veguide Circulators*

IVhen a circulator is used with a para-
metric amplifier or maser, the noise con-

tribution of the circulator may be reduced

by cooling it in liquid nitrogen or liquid
helium. Compact devices are required to put

in the dewar and, depending on the micro-
wave frequency, a compromise ma>- be
necessar]- in choosing between a compact
stripline circulator and a comparatively

bulky H-plane waveguide circulator, be-
cause waveguide feeds w-ill ‘have lower loss
than coaxial line. This problem may be

eased by using a very compact E-plane
waveguide circulator, as shomm in Fig. l(a).

[tcan be shown that the circulation

bandwidth and perfol-mance of a lossless,
nonreciprocal, symmetrical 3-port wave-
guide junction are dependent only on the
frequency characteristic of the reflection
coefficient. In a practical da-ice the circula-
tion may occur in opposite senses at various

frequencies. These modes of circulation can

be defined in terms of the m icrowa~,e fre-

quency, the value of applied magnetic field,
the direction of circulation and the dimens-
ions of the ferrite. Therefc,re, in principle,
there are two stages in the development of a

* Rec:lved June 3, 1963.
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3-port circulator: the search for a broad-
band mode of circulation, followed by
matching over the broad band. This com-
munication describes an investigation which
has shown that a broad-band mode is possi-
ble in an .Y-band E-plane 3-port waveguide
junction. Yoshidal and Buchta2 have previ-
ously demonstrated that narrow-band circu-
lation is possible.

The static magnetic field of a circulator
must be applied perpendicular to the plane
of the junction, i.e., in this case, perpendicu-
lar to the narrow walls of the waveguide.
Since the RF magnetic field in the material
must be perpendicular to the static field, the
ferrite is placed on or near the narrow walls.
This orientation is shown in Fig. 2(a) and is
compared with the more usual H-plane
orientation in Fig. 2(b). In both cases (for
small sample sizes) the ferrite is irradiated
by a plane-polarized wave and will cause an
asymmetrical radiation pattern. In the first
case the pattern will be in the z-x plane,
Fig. 2(c), and in the second case it will be
in the y-z plane, Fig. 2(d). A theoretical
analysis of a practical E-plane device, i.e.,
where the sample size is not small, would be
complex because there is a variation of the
RF field in the direction of the polarizing
field. This is a complication which does not
arise in the treatment of an H-plane circu-
lator.

The ferrite used in all the experiments on
this circulator was a manganese-magnesium
ferrite, 47rJI, = 2200 gauss, Mullard ferrite
type D5.

Firstly, it was verified that a piece of
ferrite placed in the center of the junction
[Fig. l(b)], where the RF magnetic field is
substantially parallel to the static field,
produced negligible circulation. This was
checked with a disk O.-1 inch in diameter,
0.10 inch thick, and a short post, 0.20 inch
in diameter, 0.40 inch long. Then a flat disk,
0.45 inch in diameter, 0,05 inch thick was
placed against each narrow wall, Fig. 1(c)
and poor circulation was observed o~-er a
broad band with an applied field OCabout
1500 oersteds. As the thickness was increased
the performance improved and the operating
bandwidth shifted to lower frequencies.
With a thickness O.10–0. 15 inch, a mode of
circulation in the reverse sense appeared at
the upper end of the waveguide pass band
and the value of static magnetic field re-
quired was less than 1000 oersteds. The per-
formance obtained with disks 0.45 inch in

diameter, 0.15 inch thick, in this upper
mode is shown in Fig. 3. Then measurements
were made using a thin rod of ferrite (0.2

inch in diameter, 0.9 inch long) which

extended across the junction, Fig. l(c), and

poor circulation was again observed o~-er a

broad band. The fact that the part of the

rod in the center of the junction provides

very little circulation was confirmed by

measurements on shorter rods attached to

the narrow walls. With O. L?O-inch diameter,

the performance was not substantially im-

proved by using posts longer than about

0.25 inch. These results are shown in Fig. 4,

which displays the \,ariation of the differen-

I S. Yoshida, “E-type T circulator, ” PROC. IRE
(Cowespo?zdeucc), vol. 47, P. 20S; November, 1959.

j G. Buchta, “X-Band Circulator” Philips Cen.
tral Laboratory, Hamburg, Germany, private com-
munication; February, 1963.
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Fig. l—(a) The E-plane 3.port waveguide circulator.
(b) NTeghgible cmculatlon, (c) Broad-band circu-
Iatlon.

(c) (d)

Fw. 2—The ferrite positions in waveguide circulators,
(a) E-plane orientation, (b) H-plane orientation,
with asymmetrical scattering in: (c) z-z plane,
dE/~y, ~H/aY #O. (d) Y-z plane, dE/,3z
=aH/ax s0.
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Fig. 3—C1rmd?tion obtained with disks 0.45 inch
m diameter, 0,10 inch thick.
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Fig. 4—Deferential isolation obtained with short rods
0.20 inch in diameter. The ferrite near the center of
the j“nctlon contributes httIe to the circulation.
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Fig. 5—Differential isolation obtained with short rods
0,27 inch in diameter. A single mode is present only
with thickness of less than 0.15 inch.

tial isolation with frequency. The differen-

tial isolation is the difference in power in the
output port 2 and the isolated port 3. This

can readily be obtained by monitoring either

port and reversing the magnetic field. The
performance obtained with the short thin

posts was poor and the results of attempts
to improve it by increasing the diameter to
0.27 inch are shown in Fig. 5. A single mode
is maintained over a broad band only with
thicknesses of 0.15 inch or less. With thick-

nesses greater than this, a mode of reverse
circulation appears at the upper end of the

waveguide pass band, as occurred with the
thick disks.

Thus, a single broad-band mode of circu-
lation can be found using either ferrite posts,
provided that the diameter is less than 0.20
inch, or ferrite disks, provided that the
thickness is less than 0.15 inch. The disks
offer the better performance, and the fre-
quency range of circulation may be opti-
mized by adjusting the ferrite dimensions.
The thicker the disk, or the larger its diame-

ter, the lower the optimum frequency. How-
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Fig 7—Circrdaticm obtained with the triangular
ferrite configuration and dielectric.

ever, where the thickness is greater than 0.10
inch the diameter must rapidly be reduced
to approach 0.20 inch at a distance of 0.15
inch–O. 20 inch from the narrow walls in

order to prevent complex behavior.
Similar resuks were obtained with tri-

angular pieces of ferrite instead of disks.
It’ith triangles, 0.4 inch side, 0.10 inch thick,

a broad-band mode of circulation occurred in
the frequency range 8–10 Gc. Increasing the

thickness to 0.15 inch deteriorated that
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Fig. 8—Two oppositely polan.ecf folded E-plane
circulators forming a very compact 4-pOrt circu.
Iator,

mode, shifted the frequency range down,

and introduced a mode of oppo>ite circula-
tion at the higher frequencies. But the per-
formance of the original mode ~vas improved

without introducing the higher one by using
smaller triangles on top of the 0.4 inch side,
0.10 iuch thick pieces. Thus, the behavior is
similar to that of the disks, a convergent

tapering of the ferrite towards the center of

the junction being necessary to maintain a

sin~le broadbmld mode of circulation.

Two matching techniques were used to
improve the performance of these devices,
Addiug dielectric on top of the ferrite, and
placing small rectangular ferrite slabs

against the sides of the triangular pieces are
methods which can be used separately or
together. Examples of both these configura-
tions giving bandwidths of about 10 per cent

are shown in Figs. 6 and 7. The addition of

dielectric on top of the ferrite is the prefer-

able method, since this will permit greater

compactness, and a further reduction in vol-

ume may be possible if a reduced-height

waveguide junction is used.
It has been established that a single mode

of circulation does exist over the wa~,eguide
pass band using an E-plane 3-port junction

with thin ferrite disks placed against the
narrow wails. Compact circulators of this
type may offer a realistic alternative to the
stripline 3-port circulator. This is particu.
larly rele~,ant when a “straight-through”

geometry is sought, as would be required in

a dewar application. For this purpose two
folded E-plane 3-port de~-ices with opposite
senses of polarization would form a very
compact 4-port circu later, as shown in

Fig. 8.
Finally, it is interesting to speculate on

the f undameu tal difference between the E-
and H-plane 3-port circu Iators. They depend
respectively on the longitudinal and trans-
verse components of the RF magnetic iield
which have opposite frequency depel]dence.
This would suggest that the ,?+plaue dtn-ice

would have a better performance at the
lower end of the waveguide pass band, and
the H-plane a better pm-formance at the

upper end.
L. E. I>AVIS

S. R. LONGIJZY

Mullard Research Labs.
Redhill, Surrey, England
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Comments on “Pulse Waveform

Degradation Due to Dispersion

in Waveguide”*

Recent worli at The I-fallicrafters Comp-

any coucerued with the analysis of the
transmission of pulsed electromagnetic en-

ergy through dispersive media has caused

the writers to review the above work of
R. S. Elliott,l In this review it was noted

that ( J4) of that work contains an error
(which has been brought to t-he attention of
R. S. Elliott, who agrees that it does exist).
This equatio’n shoul~ read

1 ——. —
‘(t)=~j ‘X2-+1“2’

where

z- = C(AJ – C(A,)

1“ = S(A,) – S(.4,)

with

()C(rt) = fACOS ;yz dy
o

= Cosine Fresnel Integral

()~(.4) = ~Asin ~y~ dy
1)

= Sine Fresnel IntegraI

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

Eq. (1) has also been obtaiued independently

and at about the same time by R. 0, Brooks

of the Raytheon Company.
The abo~,e is for an input puked carrier

turned on at time= — T,/2 and of duration

T. For the same pulsed carrier, but turned

on at time t = O, the result is given by (1)

with X an,i Y given by

Y == C(A,’) – C(A2’) (11)

1- = .s(.4;) – S(A1’), (12)

where

(14)

~Tumerical computations of (1) using

(11) and (12) for the cases of a=O, 0.032,

0.10, 0.32, 0.50, and 1.00 are shown in Fig.
1, and reveal that these sh apes are practically

identical to those of Elliott except for the
large values of a. The computations were
performed using the F1-ewrel 1ntegr-al Tables

of I’earey,z and are tabulated in Table 1.

* Received May 6, 1963.
L R. S Elhott, “Pulse vaveform degradation due

to dispersion m waveguides, ” IRE TRANS. ON MICRO-

WAVE TLLEORY AND TECHNIQUE, vol. MTT-5, PP.
25%–257; October, 1957,

z T. Pearcy, “Table of the Fresnel Integra\, ” Cam-
br#e at the I University Press, Cambridge, Bngkmd,


