Sept. 17, 1963 J. G. LEETMAA ETAL 3,104,361
FERRITE CIRCULATOR WITH CONDUCTIVE PLATE OF UNIFORM
THICKNESS HAVING TAPERED ANGULAR
APEXES FOR BROAD BANDING

Filed Feb. 26, 1960 2 Sheets-Sheet 1

%] ok

25

W ENTOES,

N Tele) & LEETHAA,
GLOGE S. UEBLELL,

AN

A7ToRNEY,



Sept. 17, 1963 J. G. LEETMAA ETAL 3,104,361
FERRITE CIRCULATOR WITH CONDUCTIVE PLATE OF UNIFORM
THICKNESS HAVING TAPERED ANGULAR
APEXES FOR BROAD BANDING
Filed Feb. 26, 1960 2 Sheets~Sheet 2

~
LV
T

VOLTAGE STANDNG
i};

WAVE L4770
™~
~

O ™2 2z @& w0

FREQUENCY ANE

R
N
3 #t
Q 4}
Q
N &y
S
NIZ2S
8
N Pt
3 |
X T : Flre 5.
R
9 9
I
N L
2 .
% &2 4é @0 =7 Zs oz SNVENTORS,
- | ‘ ‘ T Tk G LEETMAA
FREQUENSY (HE GrokcE S z/:';ezé,

&1 Jakle

A77oRNVEY,



United States Patent Offi

3,104,361
Patented Sept. 17, 1963

1CC

1

3,104,361
FERRITE CIRCULATOR WITH CONDUCTIVE
PLATE OF UNIFORM THICKNESS HAVING
TAPERED ANGULAR APEXES FOR BROAD
BANDING
Juri G. Leetmnaa, Los Angeles, and Geoxge S. Uebele,
Leng Beach, Calif,, assignors to Hughes Aircraft Com-
pany, Culver City, Calif., a corporation of Delaware
Filed Feb. 26, 1960, Ser. No. 11,305
: 5 Claims. (CL 333—1.1)

The present invention relates to means for transmitting
electromagnetic energy from one point to another and
more particularly to means for controlling the transmis-
sion of such energy.

In the operation of so-called microwave equipment,
it is frequently desirable to transfer electromagnetic ener-
gy between various portions of the equipment and to con-
trol the path of such transfer by circulating or switching
means. In the past, a large number of such means have
been proposed, some of which have been acceptable for
some applications. Probably the most successful circu-
lators and switches for use in the microwave spectrum
employ an element of nonreciprocal material such as a
ferrite. This material is disposed in one or more sections
of wave guides so that the microwave energy will be
propagated therethrough. By creating a magnetic flux
field through this element there will be a gyromagnetic
effect which may be effectively utilized to control the
microwave energy in the desired manner.

Unfortunately, the presence of such a ferrite element in
the waveguide may cause a change in the impedance
through which the electromagnetic energy is propagated.
The resultant mismatching of impedances will in turn
cause standing waves and other losses to occur in the
wavegtides. In an effort to overcome this effect, it has
been proposed to match the impedance of the section of
waveguide containing the ferrite with the surrounding
portions of the waveguides. Although such prior attempts
have been somewhat successful in improving the operation
of the devices, the frequency band over which the desired
characteristics can be maintained is relatively narrow.
For example, in electromagnetic energy transmission means
employing circulators and/or switches of the foregoing
variety designed to operate in the portion of the spectrum
around 10 kilomegacycles, the bandwidth over which the
desired operating characteristics can be maintained is
normally in the range of 3% to0 5%.

It is therefore proposed, in accordance with the present
invention, to provide electromagnetic energy transmis-
sion means in which the energy may be controlled in the
required manner more uniformly over a considerably
greater bandwidth. More particularly, this is to be ac-
complished by providing in the energy transmission means
a device such as a circulator embodying the present in-
vention. In the present instance, this circulator has one
or more waveguides that intersect each other at a sub-
stantially common junction and a member of a nonre-
ciprocal material such as a ferrite that is disposed at the
junction. The ferrite member is mounted on one or more
impedance matching members so as to be disposed in the
electromagnetic energy being propagated through the
energy transmission means. The ferrite and/or impedance
matching members include separate portions for each of
the sections of waveguides that intersect at the common
junction. Each of these portions extends toward and/or
at least partially into the associated section of waveguide.
Each portion possesses a cross-sectional shape that tapers
in an axial direction of the waveguide section. In addi-
tion, the cross section of the portion is substantially
centered on the centerline of the waveguide. Thus, a
substantially symmetrical configuration will be presented
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to the energy being propagated through the waveguide
section, The combination of the symmetrically disposed
and axially tapering cross sections of the ferrite and/or
impedance matching members will provide a less fre-
quency semsitive matching of the impedance. Thus, by
creating a magnetic flux field through the ferrite member
the desired control over the electromagnetic energy may
be obtained over a broad frequency range. It will there-
fore be seen that a microwave device which may be used
as a circulator, switch, etc., has been provided which
will provide a greater degree of control over the energy
over a much broader frequency range.

In the drawings:

FIGURE 1 is a perspective view, with portions thereof
broken away, of a microwave device embodying the pres-
ent invention;

FIG. 2 is a cross-sectional view of the device of FIG. 1
taken substantially along the plane of line 2—2 in FIG. 3;
and

FIGS. 4 and 5 are graphs illustrating the characteristics
of a device embodying the present invention.

Referring to the drawings in more detail, the present
invention may be embodied in any desired microwave
device for use in an electromagnetic epergy transmis-
sion means having waveguides for propagating electro-
magnetic energy from one location to another. In the
present instance, the invention is embodied in a circulator
10 adapted to be interconnected with the waveguides of
the transmission means.

The present circulator 10 includes a plurality of wave-
guide sections 12, 14, 16 that are adapted to be directly
interconnected with the waveguides in the remaining por-
tions of the electromagnetic energy transmission means.
Each section 12, 14, 16 may have an interior cross-sec-
tional shape that corresponds with the interiors of other
wavegunides. Although any desired number of sections
may be employed, in the present instance for illustrative
purposes, three sections are shown as being equally spaced
so as to form a so-called Y circulator.

The broad walls of each section of waveguide are
formed by portions of parallel spaced conductive mem-
bers 18, 20. The side walls of the waveguide sections are
formed by a plurality of conductive members 22 that are
normal to the broad walls 18, 20. As a consequence, the
waveguide sections 12, 14, 16 will have a rectangularly
shaped interior through which the energy may be propa-
gated and the outer ends thereof will be adapted to be
connected to the cooperating waveguides in the transmis-
sion means.

All of the sections of waveguide sections 12, 14, 16
are preferably disposed in a common plane and are
spaced approximately one hundred and twenty degrees
apart. As a result, the waveguides 12, 14, 16 will inter-
sect each other substantially symmetrically about an axis
normal to the common plane.

It may thus be seen that the intersecting waveguides
will form a junction 24 that comprises an enlarged space
having a prismatic shape. The parallel sides of the pris-
matic shape are bounded by the parallel conductive mem-
bers 18, 29 and the other three sides are formed by open-
ings that communicate with the waveguide sections 12,
14, 16. '

In order to regulate the flow of energy through the
circulator 10, control means 26 may be provided at the
junction 24 of the waveguides 12, 14, 16. The present
control means 26 includes an internal portion 28 that is
disposed inside of the junction 24 and an external por-
tion 30 that is disposed outside thereof. The internal
portion 28 includes a pair of impedance matching mem-
bers, 32, 34, a member 36 consisting of a nonreciprocal
material such as a ferrite, and a pair of dielectric sup-
ports 38, 40.



3,104,361

3

In the present instance, the impedance matching mem-
bers 32, 34 are substantially identical to each other.
Each of these members 32, 34 is a flat plate of conduc-
tive material of substantially uniform thickness and is
adapted to be disposed on the inside surface of one of
the broad walls 18 or 2.  As a result, the members 32,
34 will be disposed on the opposite sides of the junction
24 substantially parallel to each other. It will thus be
seen that the transverse dimension of the junction 24 will
be reduced by an amount equal to the thickness of the
two plates 32, 34. As a consequence; the impedance to
the flow of energy through the junction 24 may be varied
by the thickness of the impedance matching members 32,
24,

The members 32, 34 may have a separate portion 42,
44, 46 for each of the waveguide sections 12, 14, 16 that
communicates with the junction 24.  The portions 42,
44, 46 are arranged to project axially toward and/or at
least partially into the associated waveguide sections 12,
14, 16. The projecting portions 42, 44, 46 are prefera-
bly centered about the centerline of the waveguide sec-
tions 12, 14, 16 so as to be symmetrical to the energy
being propagated through the sections. - In addition, the
cross sections of the portions 42, 44, 46 preferably vary
gradually in an axial direction from some predetermined
minimum to some predetermined maximum. More par-
ticularly, the members 32, 34 have a triangular shape
with the apexes 42, 44, 46 disposed on. the centerlines
and the straight sides extending across the junction 24.
It may thus be seen that the impedance to the flow of
energy will vary gradually from that of the waveguide
sections 12, 14, 16 to a different amount at the center of
the junction 24.

The member 36 of nonreciprocal material is composed
of a substance such as a ferrite which possesses a so-

_called gyromagnetic property. This member 36 may be
mounted on a pair of spacers or supports 38, 40 consist-
ing of a dielectric material such as Tefion. In the pres-
ent instance, the spacers 38, 40 are substantially identi-
cal to each other and have the same shape as the ferrite
member 36 so that the ferrite member 36 will be sym-
metrically disposed in the center of the junction 24,

The ferrite member 36 preferably has a separate por-
tion 48, 50, 52 for each of the waveguide sections 12, 14,
16 that projects toward and/or into the associated sec-
tion. Preferably the shape of the ferrite member 36 is
similar to that of the impedance matching members 32,
34, ie., a triangle. The apexes of the spacers 38, 40 and
ferrite member 36 are disposed on the centerlines of the
waveguide sections and thereby provide a symmetrical
front to the energy being propagated through the sections
12, 14, 16. '

The external portion 3¢ includes a magnetic core 54
that has the faces thereof aligned with the ferrite mem-
ber 36 so0 as to form a magnetic circuit. A coil 56 may
be wound around the core 54 and interconnected with a
variable current source 58. It may thus be seen that a
current through the coil 36 will create a magnetic flux
field through the ferrite member 36 substantially trans-
verse to the direction of propagation. The amount and
direction of the flux field may be determined by the
amount and direction of the current in the exciting coil
58 which in turn is determined by variable current source
58.

It may thus be seen that during operation of the circu-
lator 19, each section 12, 14, 16 of the circular may be
interconnected with a corresponding waveguide in an
clectromagnetic energy transmission means. Thus the
energy in one of the waveguides will be propagated into
one of the sections, for example section 12. This energy
will then be propagated through the section 12 and con-
tinue on toward the junction 24. When it arrives af the
apexes 42 of the matching members 32, 34 the energy
will be at least partially propagated into the space be-
tween the two members 32, 34. As the energy continues
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into the junction, increasing portions thereof will be prop-
agated ‘between the two members 32, 34. Since the
widths of the plates change gradually as a function of
the axial position in the section 12, the impedance against
which the energy is being propagated will change grad-
ually. It may thus be seen that there will be no abrupt
changes in the impedance that will cause reflections or
standing waves of the energy. i

When the energy enters the junction 24 it will reach
the apex 48 of the ferrite member 36 and be propagated
therethrough. Since the width of the ferrite member 36
will progressively increase as the energy enters it, there
will be a progressive increase in the amount of ferrite
rather than an abrupt change. It should also be noted
that since the apexes 42, 48 of the ferrite and matching
members 32, 34 and 36 are on the centerline of the wave-
guide section 12 the energy will be symmetrically divided.

If the current source 58 supplies a current to the coil 58,
a magnetic flux field will be created through the ferrite
member 36. This field will be normal to the direction in
which the electromagnetic energy is being propagated, and
as a result of the so-called gyromagnetic effect the electro-
magnetic enengy will be directed substantially entirely into
one or the other of the waveguide sections, for example
section 14. The particular waveguide section into which
the energy will be directed will, of course, depend on the
amount and direction of the current in the coil 6.

If the current remains the same in the toil 56 and
electromagnetic energy enters section 14, it will be propa-
gated into the junction 24 and through the ferrite member
36. Due to the nonreciprocal nature of the gyromagnetic
effect substantially all of this energy will be directed into
and through the section 16. Similarly, if the energy en-
ters through section 16 and is propagated into and through
the ferrite member 36, it will be directed substantially en-
tirely into waveguide section 12 provided that the current
in coil 56 remains the same. .

In addition to operating as a circulator, the device
may be used as a switch by causing the current control
58 to reverse the polarity of the current in the coil 56.
More particularly, if the energy is traveling through the
waveguide section 12 into the junction 24 when the current
in the coil 56 has a polarity that is of the reverse of that
in the foregoing description, substantially all of the energy
will be directed into the waveguide section 16. As a con-
sequence, the flow of energy entering the device through
section 12 may be swiiched into either waveguide sec-
tion 14 or waveguide section 16 by varying the current
flowing in the coil 56.

It may thus be seen that a microwave device suitable
for use in an energy transmission means has been provided
which may act as a circulator, switch, etc. By providing
the impedance matching members 32 and 34 and/or the
ferrite element 36 with separate projecting portions for
each of the waveguide sections 12, 14, 16 the insertion loss
through the use of the device will be very small and the-
range of frequencies over which the device will operate
may be increased by a substantial amount.

For example, the operating characteristics of a cir-
culator designed for use in the X band of the micro-
wave frequency spectrum are illustrated by the graphs
in FIGS. 4 and 5. The voltage standing wave ratio was -
found to be less than 1.2 in a frequency range of 7.8
to 10.0 kilomegacycles. In the same frequency range
the insertion loss remained below 0.5 decibel while the"
isolation was in excess of 20 decibels. This circulator
thus has a frequency bandwidth of approximately 25%
which is approximately five to ten times greater than has
been obtainable heretofore.

What is claimed is:

‘1. A microwave circulator comprising:

(a) a plurality of rectangular waveguides joined at a
common junction and having a pair of common op-
posite broad walls at said junction; .

(b) a conductive plate of substantially uniform thick-
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ness disposed within said junction and having a major
surface adjacent the inside surface of one of said
broad walls and having angular apexes protruding
into said waveguides along longitudinal axes thereof,

(¢) a plate of nonreciprocal microwave transmission
material of substantially uniform thickness disposed
within said junction and having major surfaces sub-
stantially parallel to said broad walls, said material
being substantially centrally positioned between said
broad walls and having angular apexes extending
along said longitudinal axes of said waveguides;

(d) and a magnet adjacent said junction providing a
magnetic field within said material.

2. A microwave circulator comprising:

(a) three rectangular waveguides joined at a common
junction and having a pair of common opposite
broad walls at said junction;

(b) a conductive plate of substantially uniform thick-
ness disposed within said junction and thaving a
major surface adjacent the inside surface of one of
said broad walls and having angular apexes protrud-
ing into said waveguides along longitudinal axes
thereof,

(¢) a plate of nonreciprocal microwave transmission
material .of substantially uniform thickness disposed
within said junction and having major surfaces sub-
stantially parallel to said broad walls, said material
being substantially centrally positioned between said
broad walls and having angular apexes extending
along said longitudinal axes of said waveguides;

(d) and a magnet adjacent said junction providing a
magnetic field within said material.

3. A microwave circulator comprising:

(a) a plurality of rectangular waveguides joined at a
commeon junction and having a pair of common op-
posite broad walls at said junction;

(b) a conductive plate of substantially uniform thick-
ness disposed within said junction and having a major
surface adjacent the inside surface of wome of said

broad walls and having angular apexes protruding 40

into said waveguides along longitudinal axes thereof,

(c) a plate of ferrite material of substantially uniform
thickness disposed within said junction and having
major surfaces substantially parallel to said broad
walls, said ferrite material being substantially cen-
trally positioned between said broad walls and hav-
ing angular apexes extending along said longitudinal
axes of said waveguides;

(d) and a magnet adjacent said junction providing a
magnetic field within said ferrite material.

4. A microwave circulator comprising:

(a) a plurality of rectangular waveguides symmetrical-
1y joined at a common junction and having a pair of

- common opposite broad walls at said junction;

6

(b) a conductive plate of substantially uniform thick-
ness disposed within said junction and having a
major surface adjacent the inside surface of one of
said broad walls and having angular apexes protrud-

5 ing into said waveguides along longitudinal axes
thereof,

(¢) a plate -of ‘nonreciprocal microwave transmission
material of substantially uniform thickness disposed
within said junction and having major surfaces sub-

10 stantially parallel to said broad walls, said material
being substantially centrally positioned between said
broad walls and having angular apexes extending
along said longitudinal axes of said waveguides;

(d) and a magnet adjacent said junction providing a

15 magnetic field within said material.

5. A microwave circulator comprising:

(a) three rectangular waveguides symmetrically joined
at a common junction to form a Y configuration and
having a pair of common opposite broad walls at

20 said junction;

(b) a pair of triangular conductive plates of substan-
tially uniform thickness disposed within said junction
and each having a major surface in contact with
the inside surface of a different one of said broad

25 walls with apexes protruding into said waveguides
along longitudinal axes thereof,

(c) a triangular ferrite plate of substantially uniform
thickness disposed within said junction and hav-
ing major surfaces substantially parallel to said

30 broad walls, said ferrite plate being substantially cen-
tralley positioned between said broad walls and hav-
ing apexes extending along said longitudinal axes

of said waveguides;

(d) and a magnet adjacent said junction providing a

35 magnetic field within said ferrite plate.

References Cited in ’the file of this patent
UNITED STATES PATENTS

2,922,125 Suhl Jan. 19, 1960
3,015,787 Allinetal, oo Jan, 2, 1962
3,038,131 Uebele et al. e June 5, 1962

OTHER REFERENCES
“Electrical Manufacturing,” February 1959, pages
5 61-63.
Auld: “IRE Transactions on Microwave Theory and
Techniques,” April 1959, pages 238-246,
Yoshida et al.: “Proceedings of the IRE,” June 1959,
50 Dage 1150, -

Swanson et al.: “1958 IRE Wescon Convention Rec-
ord—Part 1,” pages 151-156.

55



