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“This invention relates to electromagnetxc ‘wave {rans- 15
mlssron systems and MOTe . pamcularly, to ntransmlssron
structures -having- nonrecrprocal attenuatrng .propertres for
“se in such systems.

The use of ferrite materials having gyromagnet«: .prop-
-erties to obtain nonrecrprocal eﬁects in-microwave trans- 20
mission circuits is widely known.and has found. nUmerous
apphcatrons n the wave . guide transriission art These
effects have generally ‘been explamed by - rhe electron
spif coupling” concept Wwhereby fhe electron spins in-the
ferrite material- couple w1th Crrcularly po'ianzed magnetrc 25
£iéld components of-a wave .propagated through ‘he Ter-
Tite fhedinm. Accordmg fo ‘this theory, a reglon of cir-
cular. polarrzatlon fust exist in the propagated wave and
‘therefore Tongitudinal mavnenc field comoonents st
8xist in ‘the field pattern of ‘the ‘wave.. “The. greater pro- 30
:pom n‘of the modes capable of bemg supported m con-
components and accordmgly .such. wrdes *have e'en»used
extensrvely for nonrecrprocal mrcrowave ‘Circiift com-
ponents, ‘Hollow rprpe wave guides, however, have a 35

Hmited frequency range, the lowest frequency capable
of ‘tramstission bemg determmed ‘by the dunensrons of
the. gurde :
The mode best smted and most Wrder used efor 10wer

i

ransverse ﬁeld con'ponents e}rcIu‘srver, and theo- .
aIly having no cutoif frequency. Smce the "I“EM
q

reglon of circdlar "polar ation necess ot nonrecrpl O 45
“cal effects ‘does 1ot exist in “ike unpertmbed coaxial line,
‘Due ‘to “this Tact, Do’ diredt ‘nofireciprocal . structures ‘Have
‘been. available  for frequencres berow ‘the rhicrowave
range, until recently . '

.. "However, in ‘two copendmg ‘_apphcat" )15 - by H, Seidel, 50
Serial -Nos., 554,237 and 554,271, both ‘of Whrch were
‘filed 6n Decembér 20,19 -has been drsclosed ‘that an
’abmpt drscontmulty of ieledtiic constants in the ‘trans-

niission medium Supporting a purely transverse mavnetrc

mode of electromagnetrc

netlc flux in the reglon ‘nedr the drscontrnulty Such a
discontinuity. exists ‘at the_ faces- of a femte slab’ looated

: wrthm a medrum of relatlvely 16w, drelectrlc constant

: The tinne ‘Télation betwesn these” Idngrtudmal components 60
“of fiagnetic flux and ‘the ‘ofiginal transverse components.,
‘of ‘the propagatéd wave produces a-circitlar .of elliptical
polanzatlon of ﬂux m the renon ‘near the Iongltudmal

“n e element T wa v
these oncularly polarlzed components may mteract with -
‘the'férrite ‘aterial, if the ﬂ_ux intensities on the opposrte

fa s are “of the same magmtude, ‘these effects cancel each 70

“and Mo ndt 1e be’ obs.erved ‘
I tHe Abovesttiored copsnding apphcatxo‘ns "$pecial

‘place” 'of “pall’
'quency wave ‘toward that face. “Biit the other- face of the

‘fages of the”
‘For “otie’ difection of -

types ‘of -asymmetric -dielectric and ferrite loading are -
utilized to establish a difference between the flux inten-

sities at-opposite faces of the ferrite slab, " As.a conse-

“quence, the effective permeablhtles and/or phase con-

stants are different for opposite directions of propagatlon
respectively, through the line. ‘In this way nonrecipro-
cal phase shifters, gyromagnetic resonance .isolators, and
resistance ‘sheet field-displacement 1solators may be pro-
vided for coaxial lines,

Further analysis in accordance with the present inven-
tion, -however, has dtmonstrated -that the nonreciprocal
phase constants ‘considered essential in the. above-men-

tioned cepending applications.for all nonrecrprocal effects

1nc1ud1ng a.nen reciprocal attenuatron in a resitance sheet
field displacement isolator, is not in fact.a Tnecessary .con-
dition. ‘This recognition is baszd upon the fact that non-
reciprocal field displacement may -exist even in the ;pres-
ence of :a-completely reciprocal phase constant in -a iprop-

’erly des1gned structure.

It-is the prlnc1pal ob]eot of this mventmn to :provide

isolator action in a transmission line supporting the TEM

mode with a str ucturally simplified field-displacement de-
vice.

In .accordance wrth the mventron, it has ‘been found
that’ ﬁeld dlsplacement by an element exhibifing {he gyro-
magnefic effect at wave energy. frequencres wrthm a.given
range of :operating frequencies .is.a nonrecrprocal -effect
that -¢an be .produced -even though phase-shift produced
by the element is- reciprocal and the resonance.attenuafien
that would be produced iinder like conditions (but with
a-magnetic-biasing field of proper intensity) would -also
be reclprocal in operation. Heremafter, when the. term
gyromagnetic material, - -or-medium, is used the. more com~
pletely descriptive definition above will be.implied. - This
nonreciprocal - operation .occiirs “because of .a push—pull
effect characteristic “of gyromagnetic: matenal relative to
field displacement that ‘does not otherwise exist refative
to: other ‘effects. Cofisider .a-:slab. of ferute extendlng
longrtudmally in ‘a coaxial line-such that the TEM smode
therdin s perturbed 1o provide . rotatmg magnetrc field

components (relative” to the transverse -maghetic feld
. bissing’ the;fernte), ‘whigh »rotatlon is of ‘opposite sense

at the;t. opposite Taces '6f the slab.as wdlscussed ‘above.

gly, tite: permeabllity at one face is.greater than

Ainity While.at fthe other face it is léss than-unity. ‘This

Tesults, at- -one face, in‘the’ ferrite tanding 10 -conceritrate
the eIecfrrc field components at that face, ie., to “dis-
the eleétric field paftern of the radlo-fre-

slab, ‘becaiise of the different ‘permeability caused by the
opposrte sense of crrcular _polarization, will "“dispiacs”

‘or R the’ eIectrrc radro-frequenoy field pattern away
‘ from itself, ‘But fhis’ ‘néats, in . a codXial line, that the

fisld will- conconufantly, of necessxty, be displaced toward
‘tHe “first face of the slab The actions of ‘the opposne
S ~CO “fo produce the same effect.
wation. the first face “pulls”
the electiic field to “itself ‘while ‘The. second face “pushes”
the dlecttic fild ‘from ifsélf toward the first face. “For the
‘Opposite -diréction of ‘Ppropagation everythmg is reversed.

Accordrngly, dt either Face the Held: drspIacement is .non-

Tecipiocal, ik, ‘there is an “electric fisld mtensrty differ-
4l between ‘Waves travehng in . opposite ' directions

rough ‘the ‘coaxial linie. “Lossy ‘midterial .4i ohe face of

.,the ‘férrite “stab will prodiice-a Toss propornonal to- the
- electric ‘field ‘intensity “therest.
ofore believed that even though L

“Stiice “this” 1ﬂtens1ty is
different. for opposxte directions -of propagation. through
the "lifle, the difentiation produCed “by the lossy material
s nonrecrprocal

“Tn ‘the preferred embod fit of the 1nventron, solely
a "smgle sectoral $1ab of gyr agnetlc -material magnetr-
vally ‘bidsed ina “tratisverse” direction, with a coating of




3 .
lossy material disposed solely on one face, is located in
the coaxial line. The coaxial line is otherwise filled with
a homogeneous diclectric material of low dielectric con-
stant. In this way, nonreciprocal attenuation is provided.
However, the most efficient nonreciprocal attenuator or
isolator requires substantially zero loss in the forward
“direction of propagation which in turn requires more

" 2,946,066

“than a mere diminution of the intensity of the electric

field pattern-at the lossy material for the forward direc-
tion; it requires zero electric field intensity, a complete
null. In accordance with the invention, a relationship
between the thickness of the ferrite slab and other param-
eters. of the coaxial line isolator is éstablished to provide
such an electric field null. ' ]

- These and other objects and features of the invention,
the nature of the present invention and its various advan-
tages, will appear more fully upon consideration of the
accompanying drawings and the following- detailed de-
scription of these drawings.

In the drawings:

Fig. 1 is a perspective view of the principal embodi-
ment of the invention showing a ferrite slab with a re-
sistive element on one face loading a coaxial line and
capable of exhlblting nom‘eciprocal attenuation;

Fig. 1A is a cross sectional view of the coaxial line
isolator of F1g 1;

Fig. 2, given for the purpose of illustration, is a cross
sectional view of an unloaded coaxial line showing the
field configuration of the dominant mode wave in such a
line at a particular instant;

Fig. 3, given for the purpose of illustration, is a partial
view of the ferrite element in the structure of Fig. 1
showing typical magnetic flux lines in the ferrlte element
at a partlcular instant; and

Fig. 4, given for purposes of explanation, is a perspec-
tive view of parallel plate wave guiding structure, loaded
with a ferrite slab, which is an electrical analog of a co-
axial line such as that of Fig. 2.

Referring more particularly to Flgs 1 and 1A, a non-
reciprocal attenuator, or isolator, is shown as one illus-
trative embodiment of the present invention.  The non-
reciprocal attenuator.of Fig. 1 includes a section of co-
axial line 10 having two branches represented by a and &
and comprising an inner cylindrical conductor 11 anda
concentric outer cylindrical conductor 12, separated by. a

region 13.  Region 13 is filled with a homogeneous di- -

electric material which may include air, polyethylene, or

other of the many materials normally used for this
purpose.
outer conductor 12, and partially filling region 13 be-
tween branches ¢ and b, is a sector-shaped element 14.
Element 14 extends longitudinally along line 19 for a
distance of at least several wavelengths of the wave en-
ergy being transmitted in line 19.

Element 14 has two oppositely ;dlsposed 10ng1tudma1

faces 32 and 34 and is composed of ferrite materials com-
bined in a manner hereafter described. It may, for ex-
ample, be a combination of iron oxide and a small
amount of one or more metals such as nickels, magne-
sium, zinc, manganese or aluminum. These materials are
characterized by the fact that they exhibit gyromagnetic
properties at microwave frequencies and can, therefore,
be spoken of as gyromagnetic materials.
example, elements 14 and 15 may be made of mag-
nesium-manganese-aluminum ferrite prepared in ‘the
manner described by C. L. Hogan in his United States
Patent No. 2,748,353, which issued May 29, 1956. Ele-
ment 14 may be provided with wedge-like tapers at both

ends, to prevent undue refiections of wave energy -there- -

from.

- Blement 14 is biased by a steady magnetlc field so as to
be polarized at right angles to the axis of guide 10. As
shown in.Fig. 1, this. polarizing field may be supplied by
a solenoid structure comprising magnetic core 19 having
,two pole-pleces 20 and 21 dlsplaced around the periphery

Extending between inner conductor 11 and

As a specific
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of and extending longitudinally along guide 10 in the
region of element 14. Turns of wire 22 are so wound on
core 19 and connected to source of potential 23 that they
produce a north magnetic pole N at pole-piece 21 and a
south magnetic pole S at pole-piece 20. The magnetic
field produced by this solenoid therefore extends from
pole-piece 21 through element 14 in a direction from
outer conductor 12 to inner conductor 11 and back to
pole-piece 20, thus radially polarizing element 14. This
field may be supplied by any other means which will pro-
duce the desired direction of polarization in element 14.
The field may, for example, be supplied by other config-
urations of magnetic cores in an electrical solenoid, by
an electrical solenoid without a magnetic core, by a per-
manently magnetized core, or by permanently magnetiz-
ing element 14 itself.

In Fig. 1, the strength of the magnetic field in element
14 can be varied by means of variable resistor 24 con-
nected in series with source of potential 23. ‘The strength
of this field is adjusted to a value outside the region of
gyromagnetic resonance for element 14 in the operating
frequency band.

Resistive sheet 17 is attached to element 14 on face 32
and extends longitudinally along element 14. Sheet 17
is composed of any material which has a high rate of dis-
sipation of electrical energy. For example, sheet 17 may
be composed of polyethylene loaded with carbon par-
ticles, or it may be a resistive film sprayed on element
14. It will be shown that for the direction of propaga-
tion into the plane of the paper a field distribution will
result such as that of curve 41 in Fig. 1A. As a conse-
quence, there will be substantially no electric field vectors
parallel to sheet 17 and the wave will be substantially
unattenuated. However, for the direction of propagation
out of the plane of the paper corresponding to the field
distribution represented by curve 42, substantial electric
field intensity vectors will exist parallel to sheet 17.
These electrical field vectors will induce radial currents
in sheet 17 which will be dissipated by its resistive prop-
erties. How this non-reciprocal field distribution occurs
will now be explained.

An understanding of the present invention can be more

‘readily obtained by an understanding of the gyromagnetic

properties of ferrite materials at microwave frequencies.

"One physical explanation which has been advanced to
explain these properties is the so-called “spin coupling”

theory. According to this theory, unpaired electron
spins in ferrite materials tend to align their axes of spin
with an externally applied magnetic field.  The individual
spinning electrons have an angular momentum associated
with their mass and a magnetic moment associated with
their charge. The alignment of these magnetic moments
is the phenomenon which gives rise to the classical mag-
netic properties of ferrous materials. If the spin axes of
the electrons are momentarily deflected from alignment
with the externally applied field, they will not immediately

‘realign themselves, but will precess about the line of the

externally applied field much like a gyroscope. This
precession of the unpaired electron spins tends to be in a
clockwise sense when looking along the line of the ap-
plied field in the direction of this field. ’
When the deflection from ‘alignment with the applied

field is caused by a periodically varying magnetic field

transverse to the line of the applied field, the resulting

‘precession of the magnetic moment of the electron spins

will be circular or elliptical and will produce components
of “magnetic flux. which are circularly or elliptically
polarized. - Such ‘a periodically. varying magnetic field

- exists as part of a transversely propagated electromagnetic

70
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wave. If the transversely propagated wave also has
components of circularly polarized magnetic flux, the
two circularly polarized components become coupled
to each other. Furthermore, since the circularly polar-
ized components of flux produced by the electron spins
are always in the same angular sense, the coupling effect




can be made nonreciprocil
having circularly polarized

1y by ‘clioosing ‘a Wave
Smiponents ‘of Hiaghetic flux.
which have ‘opposite  angt sénées - for- opposite ‘direc-
tions ‘of ‘propagation. According ‘to :this. thebry, there-
fore, the conditions of ‘ionréciprocity foria Aransmitted
olectromagnetic wave dre components of circularly:polat-
ized “‘magnetic fluk, -and & réversal \in ‘the ngular sehse
. of this circular ‘poldrizatién witha ‘révérsal in the ‘direc-
tion of propagation. . That the gpplicant’s structire satis-
fies these requirements can be readily seen by consider-
itig. Figs. 2.and 3, givén for the phrposés of illustration.
In Fig. 2 is shown 2 cross sectional Yiew of ‘a coaxial
line, much like line 10° of ‘Figs. 1 and 1A comprising an
jpmer cylindrical: conductor I ‘and “a concentric outer
cylindrical conductor 12 separated by a region 13 filled
" with 2 suitable dielectric ‘material. Within ‘fégion 13
of Tig. 2 s shown the §eld ‘donifigiration ‘of the "domi-
nant TEM' mode wave. in such-a coaxial line at a par-
ticular instant of time. - : >
clectric field lines and ‘the ‘magnetic field lines are en-
tirely transverse to the directions ‘of ‘propagation of elec-
tromganetic waves in tile ‘coaxial line, these directions of
propagation being represented by “convertional “Aotation
at circles 26 and 27 'as ‘nfo
paper.
by the solid lines in Fig. 2, are radial lines extending
between conductors 11 and 12, ‘and the magnetic field
lines, represented by the dashed lines of Fig. 2, form
concentric circular loops around  inner conductor ;1.
"The arrows on the individual electric and magnetic field
lies represent their ‘directionat the particular instant.
1t shotld be furthiér noted ‘that ‘the ‘electromagnetic field
of the coaxial line- is uniformly distributed. ‘throughcut
region 13, With these facts in mind, Fig. 3 may now be
considered. - . . . L )
In Fig. 3 is s’ﬁowh,"for‘theipu%p&e dfillustration, part
- of element 14 of Figs. 1 and 14; and the corresponding
portion of inner conductor 11. -Also shown are magnetic.
flux lines 28, representing portions of certain of-the mag-
netic field loops of the dominant mode vave i line
10 of Fig. 1 at a particular instant.  Flux lines 28 repre-
sent_distorted -portions ;of  mag
cessive half-wavelength of wa
on Tines 28 represent the dire

energy.

fiux at the particular instan question, ~ATTOY
represents the direction of; propagation of the wave. . It

should be. noted that the direction of polatization of the
magnetic flux reverses. each half-wavelength. . .. ...
Assuming that the dielectric. constant of element 14

in Fig. 3 is substantially greatér than the dielectric con- ;

stants of the surrounding -mediunt, sthe *electromagnetic
wave is perturbed in that the wave will travel more
in element 14 than ‘in the surrounding media. Ferrite
faaferials of the type ‘contemplatéd-havea .dielectric con-

stant on the ordsr ‘of ten:to: fifteen while ithe surrounding 55 tiof

. ‘medium may; for example, be-dir with a“dielectric con-
stant of substantially unity, or polyethylene “with “a rdi-
electric constant ‘of ‘about:2:25. “Thus,-from-a simplified
viewpoint, “the  portions of -flux’ lifies 28 -in-element. 14
‘appear to “lag”behind tHe rportions. in the rsurrounting

mediut. Since ~these - flx lines. 'mmist ~be ~ contirfuous

‘or ‘out 'of ‘the "plané of the
Furthermore, the electric field ‘lines, represeited

, magnetic flux in each suc-
: WS -

" {§'apparent that a wave

10

15

It should be noted that both the
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fully “closed Toops, ‘Tongitridinal flux "components afe set

p in ‘the regions
consider points 30 and 31 on-opposite faces:32 and 34,
FEspective
the tight in

‘the diréction” of arrow:29, poiiit 30 is con-
frotited W

ith vector coraponerits of magnefic -flux ‘which
“ssume Siiccessively different “directions ‘of “polarization
‘over a_timie. interval ‘Correspondinig ‘to oné- wave

Thus point 30 “ées” 4 component of magretic
is circularly or ellipfically ‘Polarized &
when looking from above... Si
countérclockwise . rotatiny
If the direction of pr

that is, if the wave travels in a “diféction ‘opposite to”

ly, of element 14. As the wave ‘propagates to <

fiedr vthe’ Walls of -élément 14 Now -
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. fdce 34 of ‘element 14.

 intenisity of th
- otie face 34

.. of Fig. 1A (ciirVes 41 ‘and 42 Tepresent

i of ‘HrieW 28, it is apparent that the X
sonents- in Element. 4%-would ‘1ag “in 'the oppo 'fé;
diféction dnd ‘the 'Séﬁsé of ‘Gircular polatization at ‘po ts
30 and 31 would "p'é reversed, namely, 1 {olarization
would e ‘counterclockwise at point 39 4nd Clockwise
at 31. o , S =‘
Returning again fo Figs. 1 and 1A,
| traveling From
b of lirie 16 Would present a clockwise
component of maghetic flux fear fac
Farthermors, such a Yave would prese -
Wwise: circuldrly polarized component ‘6f magnetic fluk ‘at
ighit 1. With elemént 14 polatized by
5 steady magietic field as before indicated, ina
direction from outer conductor 12 to_jrinér ‘Condugtor
11, the ‘angular $ense of the precessing electron -spin
{ithin the ferrite matetial will be clockwise ‘When 160k~
ing ‘from ‘above. It can be seen ‘that for such ‘a Wave.
propagafirig from branch & to brarich b, the angular sense
of the ¢lectroh spin precession ‘and the dnigular ‘$énse of
the ‘polarized flux Wwill be the same at face 32 ‘and oppo-
site “at face 34. The wave will ‘sncoviiter, ‘therefore, in
the ferrite region at face 32 a magietic permeability ‘of
less than anity, due to this agréement in directiois of
polarizations. On thie other hand, a permeability gréater
than tnity will 'be éncotntered at the Tegion of face 34
due ‘to the ‘opposing polarizations. A5 a ‘conséquience,
face 32 will fend'to displace electric intensity ‘Tinés of the
wave away from itself so &s to concentrate in ‘the sur-
rourding regions with only 2 small ‘@niotit in the Fegion
tiear fade 32. ‘Effectivély, theh, the field ‘will Be “dis-
placéd” away from face 32. TFace 34 of the ferrite acts
cooperatively ‘to further énhaiice ‘this effect since ‘the
permeability that ‘the Wave ‘will éncounter at face i
greater fhan umity, the ‘eléctric intensity lines “affécted
theréby will fend {o “concentrafe in ‘the Tegicn of face 34
Wwith ‘only a mall “amotint in. the surrounding ‘régions.
Thiss, the ffect of ‘the two faces ‘providing perimeabilitiés
téspectivély lower -and ‘greater than ‘unity 'is to’ goopera-

tively. displace the electric Jinés of force in the same

absolute direction.”
“the othér face 32 of elément 14 in
o ‘b ‘#s indicated 'by Solid lire gl
t absolate values .
of electric field, intensity within ‘tHe “coaxial ling, sing
the periphéry of fiher condictor 11 ‘as ‘abscissa, “and
radial Tinés és?oﬁdiﬁétés') f :

conisequience the electric field

qilency wave is “thuich “greafet 4t

; 4 ‘tha
the "diréction ‘from :

Propagating from branch b

. to’brarch a,"the whole s tuation s reversed. Thus the
50 ?}ngul‘g; SeHise "Of ‘thie “circilar polarization and -the elec-

tron §pin ‘precéssion will ‘Be opposite ‘at face 32 and’in
agréetent at‘face 34, 'The wave, ‘hierefore, traveling in
this f Slative

“will_enicounter ‘periiieabilities relative ‘to°

the z to b di

tion, 'The field ‘displacenient in line 10, bein yfic-
tion'of permeabilify, will be differéiit, therefote, 4 Sppo-

site directions of propagation, and hence ‘Honareciprocal.
This ‘Hicans that faces 32 ‘and 34 will' cooperate pow to
displace the electric. field components ‘of “the ‘radio-fre-
quency wave in the ‘opposite sense from which it displaced -
them in a wave traveling in. the @ to b direction. The -
etectric field intensity “distribution for the b to a direc--
tion is, ‘therefoie, represefited by broken lide "curve 42.
In' the plane of reésistive element 17, 4t inay therefore'be
notéd -that the-eléctric field intensity for the direction of
propagation: from @ to b 'is zero ‘while in the derection
from: b to-q it is a substantial amount. ‘Accordidgly;
wave ‘energy propagating from- a to b swill supply “tio
attenuation' while- for - the reverse ‘direltion -of “propaga--
tion. the wave energy will be substantially completely
attenuated. 00 s :
‘It has above been demonstrated that the structure of
the invention will provide a’differential in-the “electtic
field intensity . distribution at the lossy element,. To en-

sufe that an eléctric field ‘null ‘appéars t the lossy ele-
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ment for one direction of propagation, it is necessary
- to proportion certain parameters of the embodiment of
the Fig. 1 according to a special relationship. If  this
is done, substantially zero loss is obtained in one direc:
tion of propagation (while a large loss occurs for the
opposite direction of progagation); and efficient isolator
action is achieved., )
To develop this parametric relationship, the ferrite
slab ‘loaded coaxial line may be viewed as a parallel
plate transmission line, as in Fig. 4, to render the mathe-
matical synthesis reasonably manageable.. The compat-
ibility and similarity of these two structures for these
purposes is well known in the art, and is discussed in
detail in-such standard works in- the microwave art as
“Principles and Applications of Waveguide - Transmis-
sion,” by G. C. Southworth, D. Van Nostrand Co., Inc.,
1950, at pages 93 and 9. Thus, if the two parallel
plates of Fig. 4 were bent into concentric cylinders, they
would be coaxial in the same way as conductors 11 and
12 of Fig. 2, and separated by a space (as 13 in Fig, 2)
if the plates are of different transverse widths in the x
direction. However, as Southworth indicates, the error
introduced into various calculations of interest by treat-
ing the parallel plates as if of equal width is ordinarily
small. In this arrangement the transverse electric field
components, which extended radially in the coaxial line,
will now extend vertically, while the transverse magnetic
components, which extended circularly and concentrically
in the coaxial line, will now extend horizontally, In
Fig. 4, the ferrite slab at the left-hand of the parallel
plate guide is the analog of the sectoral ferrite slab of
the coaxial line. As indicated, the left-hand face of the
slab corresponds to a position x=0, the right-hand face,
or thickness of the slab, to x=3, and the right-hand end,
or width, of the parallel plates to x=L. In a coaxial
line, 5 is the thickness of the sectoral ferrite slab meas-
ured along the arc of a circle concentric to and midway
between, the outer surface of the inner-conductor and
the inner surface of the-outer conductor, while L is-the
circumference of that same circle. . e
It may be noted that when the plates are bent to form

a coaxial line, x=0 and x=TI describe the same point., . In

the discussion to follow, all field component parameters |
so indicated by a superscript -

within the ferrite slab are
f, while those in the air or dielectric medium are indi-
cated by a superscript . - N

A relationship which
at x=0, must not only be one such that the vertical elec-
tric field component, E,, is zero thereat, but must also
be compatible with the required boundary conditions for
a4 wave transmission line. Thus E,! must equal E,d at
x==8; similarly the longitudinal magnetic intensity field
component in the ferrite in the y direction, AJf, at x=0
-must equal i9, at x=L; in addition at Xx==§ it must also
be the case that hf=hA, If it is possible to develop a
relationship satisfying all
possible to establish an electric field mull at the face of
the ferrite slab. :

The first condition is that there be an electric field null
at x=0, and x=L and thus

Ef=A sin kynyx
Ed=B sin ki(L-x)

would provide such a null, where A and B are the
plitudes of the electric field intensity. distributions in
ferrite and air regions, respectively,
constants k4 and k,, are the rate of change of the electric
field intensities respectively. - Performing the operations
rite, respectively. o ) . :

From Maxwell’s equations

)
2)

am-
the

Curl E= —u.,(1+x)aa-lf ®3)

it may be demonstrated that

Curl F=—jouo(1+[x1) A @

provides an electric field null

these conditions, then it is ;
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where [x1 is the magnetic susceptibility in tensor form
as is- appropriate in the analysis of field distributions in
ferrite material, 43 is the. permeability ‘of free space, v is
2w times. frequency and j=V/—1; the vectors & and &
represent in standard notation, the electric and magnetic
field intensities Tespectively. Performing the operations
indicated. in Equation 4, substituting Hquations 1 and 2
In into the expanded form of (4), and collecting terms for
the significant components, provides the expressions:

R Bp . kmp
ot 4By 4
hy = ol sin k,’,',x-l— Gt coS kmx (5)
Bkd :
de
by o cos ky(L—2z) (6)

g is the phase constant of the transmis-
p and 6 are merely shorthand notations

In (5) and (6),
sion path, while
for

1 +Xxx 1 +Xxx
(1 +Xxx)2+xzxy and Xxy

respectively; xx. and X=xy are the diagonal and off diagonal
components of the magnetic susceptibility tensor, [x1.
From the prior discussion, the following necessary condi-
tions were established:

Py | omo == by 4 o,

hyllz-ﬁ':h.vdlz-ﬁ

"
8

‘and e

E:f[z—ézEzdlz-ﬁ : €)]
By operating on (5) and (6) as indicated by (7) and
(8), we obtain respectively, -

Alkmp=—Bl, (10)
A4 sin kyd=B sin ky(L—3) (11)

By operating on Equations 1 and 2 as indicated in 9 we
obtain. ‘

_ %’3 éin kowd+ Akwp cos bmd=— Bk cos ka(L—8) (12)

‘Thus Equations 10, 11, and 12 incorporate all the neces-
sary conditions for an operative structure with an electric
field null at one fact of the ferrite slab, i.e., they incorpo-
rate Equations 1,2, 7, 8, and 9.

Substituting Equations 10 into 11 and 12 and then per-
forming ‘various -simplifying algebraic and trigonometric
operations provides;

: 2
k2ot —Fg?— ﬁ”(j'g)

2Bpkm<j§):

‘Thus Equation 13 provides a simplified expression which
insures an electric field null at a given face of the ferrite
slab for one direction of propagation. It should be noted
that ‘the phase constant g in the denominator of 13 is
linear. Accordingly, for the opposite direction of propaga-
tion- the sign of .8 will be reversed and an electric field

cot kpde= (13)

‘null will appear elsewhere in the transmission line than at

x=0 (and in particular at x=5). Since the resistive ma-
terial is located solely at x=0 in the coaxial line, it is clear
‘that an efficient isolator is provided by this parametric
relationship. - :

It is to be understood that the above-described arrange-
-mients’ are illustrative.of the application of the principles
of the invention and no attempt has been made to exhaus-
tively illustrate all possible embodiments thereof. Nu-
merous other arrangements, obviously, may readily be de-
vised by those skilled in the art without departing from
the spirit and scope of the invention. - .-

What is claimed is: - S

1. A coaxial transmission line for electromagnetic wave
‘energy adapted to propagate said waves wi.thin' 2 given
Irequency range of interest and having a longitudinal axis,




= —

‘9A

means-for exciting said line in a wave mode having mag-

- netic field components extending solely circumferentially

around the inner conductor of said coaxial line, means
disposed within said line for producing an electric field
intensity differential in at least one portion of said coaxial
line for wave energy being transmitted in opposite direc-
tions of propagation therealong, said means consisting
solely of a single element of magnetic material exhibiting
the gyromagnetic effect at frequencies within said given
range, said element being magnetically polarized in a di-
rection transverse to said direction of propagation and oc-
cupying a part only of the transverse cross section of said
line, means including 4 loss producing coating of material
of electrical characteristic different from that of said mag-
netically polarized material located in said one portion
for converting said field intensity differential into 2-non-
reciprocal attenuation, and a homogeneous nonmagnetic
dielectric ‘material filling the remainder of said cross
section. )

2. A transmission line as recited in claim 1 in which
said element of magnetic material is in the form of a sec-
tor-shaped slab extending longitudinally parallel to said
axis and having two planar surfaces which extend radially
in transverse cross section, one of said surfaces extending

within said one portion, said loss producing coating being 28

contiguous to said one surface.

10

15

2,946,966
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3. A transmission line as recited in claim 2 having pro-
portions and characteristics satisfying the expression

2
b (1)

2ﬁpkm< J %)

to provide an electric field null at said one surface for one
direction of propagation therealong, wherein & is the
thickness of said sectoral slab measured along the arc of a
circle concentric to and midway between the inner and
outer conductors of said coaxial line, 8 is-the phase con-
stant of said line, ky, and k4 are the transverse constants
in the magnetic and dielectric materials, respectively, and
p and ¢ are functions of the diagonal and off-diagonal
components of the magnetic susceptibility tensor.

cotangent kynd=
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