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United States Patent Office . 3,016,497 
Patented Jan. 9, 1962 

3,016,497 
NONRECIPROCAL ELECTROMAGNETEC 

OEVICE 
Joseph J. Kostegick, Middlesex, N.J., assignor to Bell 

Telephone Laboratories, incorporated, New York, 
N.Y., a corporation of New York 

Filed Dec. 8, 1959, Ser. No. 858,507 
i5 Clains. (Cl. 333-24) 

This invention relates to nonreciprocal transmission 
circuits for electromagnetic wave energy, and more par 
ticularly to directional or nonreciprocal attenuators and 
phase shifters for use in two element transmission sys 
tems operating in the TEM mode. 
The use of materials having gyromagnetic properties 

to obtain both reciprocal and nonreciprocal effects in 
microwave transmission circuits is widely known in the 
art. These materials have found numerous and varied 
applications in propagation structures employing wave 
guide components, and are therefore limited in their op 
eration to the microwave frequency range and above. 
A résumé of the early work done using waveguide ele 
ments is contained in technical papers too numerous to 
mention. The need for nonreciprocal circuit elements, 
however, is at least as great in the lower frequency ranges 
in which two-line transmission components operating in 
the TEM mode are used. These lower frequency ranges 
include the ranges designated as very high frequency 
and ultra high frequency. . . 

It is, therefore, the broad object of this invention to 
produce nonreciprocal transmission effects in transmis 
sion systems operating in the TEM mode. 

In United States Patent 2,892,161, issued on June 23, 
1959, to A. M. Clogston, there is disclosed structures and 
techniques for utilizing one or more of the several non 
reciprocal effects produced by polarized elements of gy 
romagnetic material at frequencies of wave energy be 
low a few thousand megacycles. These structures con1 
prise two branch coaxial or balanced transmission line 
networks capable of introducing a nonreciprocal attenu 
ation or nonreciprocal phase shift to wave energy in the 
frequency range in which coaxial and balanced transmis 
sion lines are used. 

Like their microwave counterparts, the lower frequen 
cy isolators and nonreciprocal phase shifters operate by 
exciting in an element of polarized gyromagnetic mate 
rial a circularly polarized component of radio frequency 
magnetic field that rotates in one sense relative to the 
steady polarizing field when the radio frequency wave 
is propagating in one direction, but in the opposite sense 
when the wave is propagating in the opposite direction. 
When the polarizing field is adjusted to the strength 
necessary to produce ferromagnetic resonance in the 
gyromagnetic material, a substantial part of the energy 
is absorbed for one direction of rotation and direction of 
propagation, but it is substantially unaffected for the 
other direction of rotation and direction of propagation. 
When the polarizing field is adjusted to a strength sub 
stantially below that necessary to produce ferromagnetic 
resonance, a nonreciprocal phase shift is produced. These 
prior art devices, however, tend to be large and relative 
ly complicated in their structure, and require a fairly 
large piece of gyromagnetic material. 

It is, therefore, a more specific object of this inven 
tion to simplify the means for generating circularly po 
larized radio frequency magnetic fields whose sense of 
rotation is a function of the direction of the wave propa 
gation. . 

In the copending application of H. Seidel, Serial No. 
777,924, filed December 3, 1958, now abandoned, there 
is described a simplified low frequency isolator using a 
small element, or disk, of gyromagnetic material, thus 
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2. 
affording some improvement over the Clogston struc 
ture. However, the Seidel isolator, for many applica 
tions, does not have as high an attenuation in the lossy 
direction as may be required. 

It is, therefore, a further object of this invention to 
increase the loss ratio of nonreciprocal attenuators. 

In accordance with the invention, an element of gyro 
magnetic material is simultaneously coupled to two reso 
nant stubs spaced a quarter wave apart on the main 
transmission line. The delayed portion of the signal is 
fed back, and coupled to, a small element of gyromag 
netic material so as to induce a magnetic field compo 
Iient at right angles to that induced by the other resonani 
stub. In this manner a discrete point of circular polar 
ization, the sense of which is opposite for opposite direc 
tions of propagation, is established. 
A steady biasing field is directed normal to the two 

radio frequency magnetic vectors and is adjusted to pro 
duce gyromagnetic resonance in the material at Sone 
given frequency. Depending upon the degree of cou 
pling to the gyromagnetic material and the frequency of 
the applied signal relative to the resonant frequency to 
which the gyromagnetic material is biased, low-loss non 
reciprocal phase shift or nonreciprocal attenuation effects 
are obtained... 
A principal feature of the present invention is the use 

of resonant stubs to intensify the radio frequency mag 
netic field in the region of the gyromagnetic material. 
Since the power absorbed is proportional to the Square 
of the magnitude of this field, there is a substantial in 
crease in the attenuation produced with a given size gy 
romagnetic element. 

It is an additional feature of the invention that the in 
sertion loss in the forward direction produced by the 
resonant stubs is extremely small. Consequently, a num 
ber of stub sections may be cascaded along the line either 
for increasing the reverse loss without introducing an un 
duly large forward loss, or for band shaping purposes. 

In a second embodiment of the invention, further 
intensification of the radio frequency field in the region 
of the gyromagnetic element is produced by tapering the 
resonant stubs at the crossover region. 
These and other objects and advantages, the nature 

of the present invention, and its various features, will 
appear more fully upon consideration of the various il 
lustrative embodiments now to be described in detail in 
connection with the accompanying drawings, in which: 

F.G. 1 is a perspective view of a strip transmission 
line isolator in accordance with the invention; 

F.G. 2 is a close-up view of the crossover region, 
showing the magnetic fields in the region of the gyro 
magnetic material; - 
FIG. 3 shows, by way of illustration, the space orien 

tation of the magnetic field vectors in the region of the 
gyromagnetic material; 

FIG. 4 is a time vector diagram of the radio frequency 
magnetic fields in the region of the gyromagnetic mater 
rial; - . . . . 

FIG. 5 shows a second embodiment of the invention 
using tapered stubs; 

F.G. 6 is an iterated embodiment of the invention 
showing three pairs of crossed stubs; . 

FIG. 7 is a modification of the basic structure of FIG. 
1 using a single tuned stub and a nonresonant line; 
F.G. 8 is an iterated embodiment of the modified 

structure of FIG. 7 using a single resonant stub and a 
nonresonant line and having two crossover points; 
FIG. 9 is a perspective view of a parallel wire isolator 

in accordance with the invention; and 
FIG. 10 is a close-up view of the crossover region of 

the embodiment of FIG. 9 showing the magnetic fields in 
the vicinity of the gyromagnetic material. 
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Referring more particularly to FIG. 1, a perspective 
view of an illustrative embodiment of the present inven 
tion is shown connected and utilized to produce non 
reciprocal transmission effects. The device comprises a 
section of balanced strip transmission line having first and 
second planar conductors 10 and 0', and a third or strip 
conductor 1E. The planar conductors 6 and 10' con 
stitute a pair of ground planes for the strip conductor. ii. 
The three conductive members 10, 8' and are sepa 
rated, in parallel relationship, by layers of low-loss dielec 
tric material 12 and 12. The dielectric layer may com 
prise polystyrene, polyethylene, or any other suitable 
material. 

Extending from, and conductively connected to, inem 
ber are the conductive members 3 and 4. The mem 
bers, each of length l, are longitudinally displaced from 
each other along conductor i a distance d, and are bent 
so as to cross each other at right angles. Miembers i3 
and 14 lie essentially in a plane parallel to the planar 
conductors 10 and 0 forming therewith a pair of open 
ended stubs. 

Located between conductive members 3 and 4 at the 
crossover point is an element of gyromagnetic mate 
rial 15. 
The term "gyromagnetic material' is employed here in 

its accepted sense as designating the class of magnetically 
polarizable materials having unpaired spin systems in 
volving portions of the atoms thereof that are capable of 
being aligned by an external magnetic polarizing field and 
which exhibit a precessional motion under the combined 
influence of said polarizing field and an orthogonally di 
rected varying magnetic field component. This preces 
sional motion is characterized as having an angular 
momentum, a gyroscopic moment, and a magnetic no 
ment. Typical of such materials are ionized gases, para 
magnetic materials and ferromagnetic materials, the latter 
including the spinels such as magnesium aluminum ferrite, 
aluminum zinc ferrite and the rare earth iron oxides hav 
ing a garnet-like structure of the formula A3B5O12 where 
O is oxygen, A is at least one element selected from the 
group consisting of yttrium and the rare earths having an 
atomic number between 62 and 71, inclusive, and B is iron 
optionally containing at least one element selected from 
the group consisting of gallium, aluminum, scandium, in 
dium and chromium. In the particular embodiment of 
the invention shown in FIG. 1, aluminum-substituted 
yttrium iron oxide is used. 
The element of gyromagnetic material 15, in the illus 

trative embodiment of FIG. 1, is in the shape of a disk, 
disposed with its faces parallel to the plane of members 3 
and 14 and parallel to the planar conductors 10 and 0. 
The gyromagnetic element 15, however, may assume any 
other convenient shape since the particular shape is not 
essential to the operation of the invention. 
A static magnetic field Ho is applied normal to the face 

of disk 15 in the direction shown and is adjusted to pro 
duce gyromagnetic resonance at the operating frequency. 
The biasing field may be supplied by any suitable means 
(not shown) such as an electric solenoid, a permanent 
magnetic structure, or in some instances the disk 15 itself 
may be permanently magnetized. 
To produce isolator action, conditions must be estab 

lished whereby energy can be dissipated in one direction 
of transmission, designated the forward direction, to a 
Substantially smaller degree than in the reverse direction 
of transmission. In the isolators constructed in accord 
ance with the invention, the phenomenon of gyromag 
netic resonance is utilized to provide the necessary loss 
mechanism. As is well known, magnetically polarized 
gyromagnetic materials exhibit distinctly different proper 
ties depending upon the nature of the applied magnetic 
fields. These unusual properties which are produced can 
be explained by recognizing that the gyromagnetic mate 
rials contain unpaired electron or nuclear spins which tend 
to align themselves with the polarizing field but which 
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4. 
can be made to precess about an axis parallel to the direc 
tion of this field by the application of a high frequency 
magnetic field. The magnetic moments associated with 
the spinning atomic particles, however, tend to precess in 
only one angular sense and resist rotation in the opposite 
sense. It is, therefore, evident that oppositely circularly 
polarized waves influence the gyromagnetic material dif 
ferently, depending upon their sense of rotation. This is 
so since a circularly polarized wave rotating in one direc 
tion will be rotating in the easy angular direction of 
precession of the magnetic moments whereas an oppositely 
rotating circular polarized wave will be rotating in a 
sense inconsistent with the natural behavior of the mag 
netic moments of the gyromagnetic material. As a con 
sequence, when the high frequency magnetic field is rotat 
ing in the same sense as the preferred direction for preces 
sion of the magnetic moments, it couples strongly to the 
gyromagnetic material. However, very little coupling 
takes place between the external magnetic field and the 
magnetic moments when the high frequency magnetic 
field is rotating in the opposite angular direction. 

While this difference in coupling, and consequent dif 
ference in permeability provided by oppositely rotating 
circularly polarized magnetic fields is not limited to any 
particular frequency or polarizing field strength, particu 
larly useful effects are observed at gyromagnetic resonance 
when the frequency of the circularly polarized magnetic 
field is the same as the natural precessional frequency of 
the magnetic moments as determined by the strength of 
the polarizing field. Under these particular conditions, a 
large amount of power can be extracted from a magnetic 
field circularly polarized in the preferred sense and ab 
sorbed in the gyromagnetic material. However, very 
little power is absorbed from an oppositely circularly 
polarized component. 

It is apparent, therefore, that a circularly polarized 
magnetic field must be generated whose sense of rotation 
is dependent upon the direction of propagation of the 
signal through the system. 

FIG. 2, given for the purposes of explanation, is a 
diagrammatical showing of the component magnetic field 
patterns in the region of the crossover point. In particu 
ar, the magnetic fields in the vicinity of the conductive 
members 3 and 4 are illustrated by the closed loops f, 
and fencircling members 3 and 4, respectively, at the 
crossover point. The planes of the respective loops are 
normal to the longitudinal axes of the members 3 and 4. 
Since the members 13 and 4 cross at right angles to each 
other, the magnetic field components f, and fare likewise 
normal to each other in the region of disk 15. The mag 
netizing field Ho, also shown, is directed substantially 
normal to the plane of the conductive members and con 
Sequently normal to the field components f and f within 
disk i5. The spatial orientation of the various magnetic 
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fields in the region of the gyromagnetic material is shown 
in the space vector diagram of FIG, 3. 

Because of the time delay experienced by the wave 
energy in traveling from member 13 to member 14 along 
conductor fi, there is a corresponding time delay asso 
ciated with the fields f. and f. In particular, if at a 
particular operating frequency distance d in FIG. 1 is 
made to be a quarter of a wavelength in length, field 
will lag field fa by 90 degrees, as shown in the time vec 
tor diagram of FIG. 4. Because of this 90 degree time 
difference, as field fa passes through its maximum ampli 
tude and starts to decrease towards zero, field f is passing 
through Zero and is starting to increase towards its maxi 
mum value. The effect of having the field components 
fa and f varying in this manner is to produce the equiva 
lent of a single resultant field vector which appears to 
rotate in Space in the region of the gyromagnetic material 
15. With the polarizing field Ho directed normal to the 
plane of field components f and f as shown in FIG. 3, 
a negative or counterclockwise rotation is produced when 
viewed along the direction of the biasing field. This 
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Sense of circularly polarizing magnetic field, however, 
is opposite to the natural precessional sense of the mag 
netic moments in the gyropagnetic material and little or 
no interaction takes place between the electrical energy 
and the gyromagnetic material and substantially all the 
Wave energy introduced into the system in the forward 
direction, indicated by arrow 16, continues to propagate 
substantially unattenuated along conductor 1 past men 
bers 3 and 14. 

However, for energy propagating in the reverse direc 
tion, indicated by the dotted arrow 17, there is a change 
in the sense of rotation of the resultant magnetic field 
vector. For transmission in the reverse direction, the 
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resulting magnetic vectors f and f' are, as before, 90 
degrees out of space phase and are so shown as dotted 
vectors in FIG. 3. There is, however, a change in the 
relative time phase relationship between the magnetic 
field vectors such that the phase of flags f" by 90 de 
grees, as shown in FIG. 4. As a consequence, the re 
Sultant field produced by fa and f' appears to rotate in 
a positive or clockwise sense as viewed along the direc 
tion of the biasing field Ho. This sense of rotation is the 
same as the preferred sense for precession of the mag 
netic moments in the gyromagnetic material and hence 
energy is absorbed from the circuit and dissipated in the 
gyromagnetic material. 

. In the preceding description of the operation of the 
nonreciprocal attenuator, it was explained how the radio 
frequency magnetic field interacts with the gyromagnetic 
material and how, under certain conditions, energy is 
transferred from the signal to the gyromagnetic element 
and dissipated therein. The amount of energy trans 
ferred can be shown to be a function of the susceptance 
of the gyromagnetic material, u', and the strength of 
radio frequency field H. Specifically, the absorbed 
power Pab is proportional to the product of u.’’ and the 
square of the radio frequency magnetic field strength, 
that is, 

Passau'H, 
where a is a constant. 

it is apparent from this relationship that by increas 
ing the value of Hit the attenuation of the isolator in 
the reverse direction will be substantially increased. 
Hence, in accordance with the teachings of the inven 
tion, the radio frequency magnetic field components in 
the region of the gyromagnetic material are maximized 
by resonating the stubs formed by the ground planes 10 
arid 16 and conductive members 3 and 14 and cross 
ing them in the region of their current maxima. Accord 
ingly, the length l of members 13 and 4 are adjusted 
to have an electrical length of half a wavelength at the 
frequency to be attenuated. Since the current distribu 
tion along an open-ended half-wave stub is essentially 
sinusoidal, being a minimum at the ends, and a maximum 
at the center, the conductive members 3 and 4 are 
made to cross each other at their midpoints, or current 
maximum points, thus maximizing the radio frequency 
magnetic field to which the gyromagnetic material is sub 
jected. It is, of course, understood that the length of 
either or both stubs may be increased by multiples of 
half a wavelength. The crossover point will, in the more 
general case, be at any odd multiple of a quarter wave 
length from either end of the stub. 

It should also be noted that since the stubs are tuned 
to half a wavelength of the frequency to be attenuated, 
they appear as a very high impedance across the main 
transmission line for wave energy propagating in the 
low-loss direction. The resulting low losses in the for 
ward direction coupled with the high attenuation in the 
reverse direction produces an isolator having an exceed 
ingly high reverse-to-forward loss ratio. 
As was indicated above, the power absorbed by the 

gyromagnetic material is a function of the square of the 
magnetic field intensity. Because of this relationship, it 
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is apparent that any measures, which will tend to increase 
the amplitude of the radio frequency magnetic field in 
the gyromagnetic material will substantially increase the 
reverse loss. One simple expedient for increasing the 
field strength is shown in FIG. 5. It consists, essenti 
ally, in reducing the transverse dimensions of the con 
ductive members comprising the resonant stubs at the 
crossover point so as to more effectively concentrate the 
radio frequency magnetic field in the region immediately 
surrounding the member. As shown in FIG. 5, each of 
the conductive members 5 and 52, extending from con 
ductor 50, has a tapered longitudinal interval 54 and 55, 
respectively, along its length at the crossover point. The 
gyromagnetic element 53 is located between said mem 
bers and about midway aiong the reduced sections 54 
and 55. . . . . 

in a particular embodiment of the invention con 
structed in accordance with the principles of the inven 
tion, a threefold increase in the reverse loss was effected 
by reducing the width of the stubs from 0.445 inch to 
.150 inch, a ratio of about 3 to 1. 

In a third embodiment of the invention, shown in 
FIG. 6, a plurality of crossed stubs. are used to increase 
the loss in the reverse direction. To illustrate such an 
arrangement, three pairs of conductive members 6:- 
6i', 62-62 and 63-63' are shown extending from the 
strip conductor 60. The planar conductors of the system, 
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similar to conductors 19 and 10' of FIG. 1, are not 
shown. 
The conductive members comprising each pair of con 

ductive members as, for example, the pair 61-6, are 
longitudinally spaced along the tranmission path a quarter 
wavelength from each other and tuned to a particular 
frequency to be attenuated. Accordingly, each pair may 
be tuned to the same frequency, thereby greatly increas 
ing the reverse loss at a particular frequency, or each 
pair of members and the gyromagnetic material associ 
ated therewith may be tuned to a different frequency, to 
produce a band rejection filter having a given preselected 
bandwidth. Since the forward losses are very low, a 
large number of stub sections may be cascaded without 
unduly increasing the losses in the low-loss direction of 
transmission. 

While the conductive members illustrated in FIG. 6 
are shown as having uniform cross sections, they may, of 
course, be tapered, as explained above. . 
A second class of nonreciprocal devices, illustrated in 

FIGS. 7 and 8, utilizes a single resonant cavity in com 
bination with a nonresonant section of transmission line. 

In the embodiment of FIG. 7 there is shown a parat 
lel two-conductor transmission line comprising the strip 
element 70 and the planar ground conductors 71 and 7t'. 
Extending from, and conductively connected to, line 7) 
is the conductive member 72, which, with the planar 
ground conductors 71 and 71' comprise an open-ended 
stub. The conductive member, of electrical length 

n 
2 

where n is any integer, crosses strip element 70 at right 
angles at a distance b along its length. Located between 
member 72 and strip element 70 at the crossover point is 
an element of magnetically biased gyromagnetic mate 
rial 73. - w 

With the stub length adjusted to be resonant at the 
operating frequency, facC/X, the crossover point is select 
ed to occur at a current maximum point along the stub. 
The distance b from the junction point on strip element 
70 to the crossover is accordingly an odd multiple of a 
quarter wavelength, that is, - 

b= (2m-- 1); 
where m is any integer. 
To establish the proper field configuration in the gyro 
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magnetic element, as explained hereinbefore with refer 
ence to FIGS. 2 to 4, the radio frequency field produced 
at the crossover point by signal current in element 79 
must differ in time phase from the field generated by the 
resonant stub by 90 degrees. Accordingly, the distance a 
from the junction point on element 70 to the crossover 
point is made to differ from distance b by a quarter wave 
length, that is, distance a is either a quarter wavelength 
greater or less than the distance b. 
The high loss direction of the isolator shown in FIG. 7 

will depend upon the relative lengths of a and b and the 
direction of the bias field H. In the illustrative em 
bodiment shown the terminal ends have been arbitrarily 
labeled "Input' and "Output.” 
A second embodiment of the single cavity isolator is 

the iterated structure of FIG. 8. In this embodiment 
the cavity and the nonresonant line are arranged to cross 
each other two or more times. With a resonant element 
of gyromagnetic material located at each of the crossover 
points the effect of a plurality of cascaded isolators is 
produced. 

in FIG. 8 one conductor, 80, of a balanced strip trans 
mission line is shown. The resonant stub comprising 
conductive member 8 and the planar conductor of the 
balance strip transmission line (not shown) of length A, 
and line 80, are shown making two crossovers, one at a 
distance M/4 along member 81 and one at a distance 3A/4 
along member 8. These points correspond to the two 
current maximum regions of the cavity. The distance 
along line 80 from the junction point to each of the cross 
over points is a quarter wavelength longer than the cor 
responding distances along member 8. Thus, in FIG. 8, 
the distance along line 80 from the junction point to the 
first crossover is half a wavelength, and the distance from 
the first crossover to the second crossover is another half 
wavelength. 

In the illustrative embodiments of the invention de 
Scribed above balanced strip transmission lines were used. 
These comprise a center, or strip conductor, and a pair 
of planar ground conductors. The balanced field con 
figuration produced by such a structure lends itself nicely 
to the generation of circularly polarized fields. The in 
vention, however, is not limited to this type of transmis 
sion line. Thus, for example, in the embodiment of the 
invention shown in FIG. 9, a parallel two-wire transmis 
sion line is used in conjunction with two resonant lines 
and a single piece of gyromagnetic material. 

Specifically, the embodiment of FIG. 9 utilizes a two 
wire transmission line comprising a pair of parallel con 
ductive elements 90 and 91. Coupled to conductor 90 
are the two crossed conductive members 92 and 93. Di 
rectly below the first pair of members, and extending 
from conductor 91, is the second pair of crossed conduc 
tive members 94 and 95. The members are oriented rel 
ative to each other such that members 92 and 93 are in 
a plane that is essentially parallel to the plane of con 
ductive members 94 and 95, whereas conductive mem 
bers 92 and 94 are in a plane that is essentially perpen 
dicular to the plane of members 93 and 95. Essentially 
members 92 and 94 form a first resonant line and mem 
bers 93 and 95 form a second resonant line. 
Midway between the parallel planes defined by the 

crossed members 92 and 93 and members 94 and 95, and 
along the line of intersection of the two resonant lines 
92-94 and 93-95 is an element of gyromagnetic ma 
terial 96. Element 96 is supported between the planes of 
the crossed conductive members by a suitable low-loss di 
electric material 97. A steady biasing field Ho is applied 
in a direction along the line of intersection defined by th 
above-mentioned intersecting planes. 

In FIG. 10, given for the purposes of explanation, the 
radio frequency magnetic field components in the vicinity 
of the gyromagnetic element 96 are shown. In partic 
ular, the magnetic fields in the vicinity of members 92 
and 93 at the crossover point are illustrated by the closed 
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8 
loops f and fd encircling members 92 and 93, respec 
tively. The planes of the respective loops are normal to 
the longitudinal axes of the members. Since the mem 
bers intersect at right angles to each other, the magnetic 
field components f and fd are likewise normal to each 
other in the region of gyromagnetic element 96. 

Also shown are the magnetic fields in the vicinity of 
conductive members 94 and 95. These comprise the 
closed loops f' and f encircling conductive members 
94 and 95, respectively. Since these members also cross 
at right angles to each other, the magnetic field compo 
nents f' and f' are likewise normal to each other in the 
region of element 96. 

Because the instantaneous current in conductor 90 is 
opposite to the instantaneous current in conductor 91, 
the instantaneous currents in the respective stubs are like 
wise 180 degrees out of time phase. Thus, current i in 
member 92 flows in the opposite direction from current i 
in member 94. As a result, the magnetic field compo 
nents produced by corresponding members in the two 
lines encircle their respective members in the opposite 
sense so as to be in the same direction in the region of 
the gyromagnetic element. Thus, field components f 
and f' are in time and space phase, and field components 
fd and fa are in time and space phase. 
The action of the fields on the gyromagnetic material 

is the same as explained above with reference to FIGS. 3 
and 4. By suitably spacing the crossed lines, the time 
phase of the magnetic fields at the gyromagnetic material 
can be adjusted so that the orthogonally intersecting fields 
are also in time quadrature, thus producing, in effect, a 
circularly polarized field in the vicinity of the gyromag 
netic element whose sense of rotation is a function of 
the direction of propagation. 

In all cases it is understood that the above-described 
arrangements are illustrative of a small number of the 
many possible specific embodiments which can represent 
applications of the principles of the invention. Numerous 
and varied other arrangements can readily be devised in 
accordance with these principles by those skilled in the 
art without departing from the spirit and scope of the 
invention. For example, the cavities need not be open 
ended but may be shorted to the planar ground conduc 
tors () and 50' in FIG. 1. This, of course, will move the 
crossover point since the current maxima points will now 
be located at multiples of half a wavelength from the 
shorted cavity ends. Since shorting the cavities may in 
troduce coupling problems where direct current poten 
tials must be considered, the stubs may be capactively 
coupled rather than conductively coupled. 
What is claimed is: 
1. A nonreciprocal electromagnetic wave device oper 

ating in the TEM mode of wave propagation comprising 
a section of transmission line having a plurality of con 
ductive elements extending substantially parallel to each 
other, means for applying wave energy to said line at a 
given frequency, means for electromagnetically coupling 
said wave energy at two longitudinally spaced regions 
along said line which have a relative time phase difference 
of B degrees to a magnetically polarizable element of 
material capable of exhibiting gyromagnetic properties at 
said given frequency, said coupling means comprising a 
resonant shunt circuit coupled to said line at each of 
said regions tuned to said given frequency and Supportive 
of magnetic field patterns having components thereof in 
tersecting in said element at a given angle ox, where o, and 
B are proportioned to produce a resultant circularly polar 
ized magnetic field in said element, and means for mag 
netically polarizing said element in a direction normal to 
the plane of said intersecting magnetic field components. 

2. The combination according to claim 1 wherein said 
resonant circuit comprises an open-ended stub conduc 
tively coupled to said conductors. 

3. The combination according to claim 1 wherein said 
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regions are a quarter wavelength apart at said given 
frequency. 

4. The combination according to claim 1 wherein said 
coupled field components intersect at right angles to each 
other. 

5. The combination according to claim 1 wherein said 
element is biased to gyromagnetic resonance at said 
operating frequency. 

6. An electromagnetic wave transmission line supportive 
of wave energy in the TEM mode of wave propagation at 
a given frequency comprising two conductively continu 
ous members extending coextensively over a given longi 
tudinal interval of said line, a pair of open-ended stubs 
each having a length proportioned to resonate at said 
given frequency electromagnetically coupled to said line 
within said interval with the first of said pair of stubs 
being longitudinally displaced from the second of said 
pair of stubs a distance equal to a quarter wavelength at 
said given frequency, said stubs crossing each other at 
right angles in the region along their respective lengths 
wherein the current in each of said stubs is a maximum, 
an element of gyromagnetic material disposed between 
said stubs in said region, and means for magnetically 
biasing said element to gyromagnetic resonance at said 
given frequency. 

7. The combination according to claim 6 wherein the 
cross-sectional dimensions of said stubs are reduced at 
said crossover region. 

8. In a two-conductor transmission system supportive 
of electromagnetic wave energy at a given frequency in 
the TEM mode of wave propagation, a pair of lines 
resonantly tuned to said frequency electromagnetically 
coupled to said conductors, said pair of lines being spatial 
ly oriented relative to each other to produce a region 
of orthogonally intersecting magnetic field components, 
said pair of lines being longitudinally displaced along 
said conductors to produce a 90 degree time phase delay 
between said field components, an element of gyromag 
netic material located in said region, and means for mag 
netically biasing said element in a direction perpendicular 
to said intersecting components. 

9. A nonreciprocal electromagnetic wave device sup 
portive of wave energy in the TEM mode of wave propa 
gation at a given operating frequency comprising a sec 
tion of strip transmission line having a first conductor 
disposed between and conductively insulated from two 
conductive ground planes, means for producing a region 
of circularly polarized magnetic field comprising a pair 
of longitudinally spaced conductive members extending 
from said first conductor and oriented to cross each other 
at a point along their respective lengths, an element of 
gyromagnetic material located between said members 
within said region, and means for magnetically biasing 
said element in a direction perpendicular to the plane of 
said members. 

10. The combination according to claim 9 wherein said 
pair of conductive members are longitudinally spaced 
from each other an odd number of quarter wavelengths 
at said given frequency and wherein said members cross 
each other at right angles. 

11. The combination according to claim 9 wherein said 
pair of members and said ground planes comprise a pair 
of resonant stubs tuned to said given frequency and 
wherein said members cross each other at a point along 
their respective length wherein the current is a maximum. 

12. A nonreciprocal electromagnetic wave device oper 
ating in the TEM mode of wave propagation comprising 
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10 
a section of transmission line supportive of wave energy at 
a given operating frequency having first and second elon 
gated conductive members supported in spaced substan 
tially parallel relation, said second conductor being wider 
than said first conductor, a third conductive member elec 
tromagnetically coupled to said first member and spatially 
oriented to cross over said first member at a plurality of 
longitudinally spaced points along said first conductor, an 
element of gyromagnetic material located between said 
first and third conductors at each of said points, and means 
for magnetically biasing each of said elements to gyro 
magnetic resonance at said given frequency. 

13. A nonreciprocal electric wave component oper 
ating in the TEM mode of wave propagation comprising 
two substantially similar elongated conductive elements 
extending parallel to each other, first and second resonant 
lines coupled to said conductive elements, each of said 
lines comprising a pair of parallel conductive members 
with the pair of members of said first line defining a first 
plane and the pair of members of said second line defining 
a second plane, said first plane making a perpendicular 
intersection with said second plane, an element of gyro 
magnetic material disposed along said intersection, and 
means for electromagnetically exciting said lines to be 
90 degrees out of time phase at the region of intersec 
tion. 

14. A nonreciprocal electromagnetic wave device com 
prising means for guiding propagating electromagnetic 
wave energy at a given frequency, a pair of resonant stubs 
tuned to said frequency and electromagnetically coupled 
to said guiding means at two longitudinally spaced points 
therealong where the guided energies in said guiding means 
are ninety degrees out of time phase, said stubs being 
spatially oriented to cross each other at right angles, and 
a magnetically biased element of gyromagnetic material 
located between and electromagnetically coupled to said 
stubs. 

15. A nonreciprocal electromagnetic wave device com 
prising means for guiding propagating electromagnetic 
wave energy, means for applying wave energy to said 
guiding means at a given frequency, means for electro 
magnetically coupling said wave energy at two longi 
tudinally spaced regions along said guiding means which 
have a relative time phase difference of 6 degrees to a 
magnetically polarized material capable of exhibiting gyro 
magnetic properties at said given frequency, said coupling 
means comprising a pair of resonant shunt circuits tuned 
to said given frequency and supportive of magnetic field 
patterns having components thereof intersecting in said 
element at a given angle or where c and 6 are propor 
tioned to produce a resultant circularly polarized magnetic 
field within said element, and means for magnetically 
polarizing said element in a direction normal to the 
plane of said intersecting magnetic field components. ... ' 
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