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'iI:ThE:SG

AN 3102 244 e
N ONRECIPROCAL WAVE TRANSMISSION
COMPONENTS -

:l- Harold Seldel Fanwood NJ., asmgﬂor to Bell Tele hene.:" |
o cor -

Laboratorres, Incorporated New York N Y
poratlon of New York
Frled Jan, 11, 1961 Ser. No 82 090
20 Clauns._ (Cl 333-—-—24 2)

o Th1s 1nventlon relates to eIectromagnenc wave transmrs-
~sion systems and ‘more particularly to directional or non- -

_rec1proca1 attenuators and phase shrfters for use in such
. systems.

o Decernber 8, 1959, now abandoned

The use of materrals havlng gyromagnetic propernes to |

10

| “Whereas special ernphasrs is devoted to two-
- element transmission systems operating in the TEM mode;
. _the invention can readily be practiced using hollow, con-
s ductwely bounded wavegmdes or other types of transmrs—' S
.'ISIQH medla S 3 R _'

- "This. applroanon is'a contmuatron-rn—part of rny co- -
"”Pendmg appllcatrons Ser1a1 No. 777,924, filed Decernber
3, 1958, now abandoned, and Serjal No 858 244 ﬁled:f

.-obtarn both reclproc'al and nonrecrprocal effects in micro-

. 'wave. transmlssron circuifs is widely. known in the art.

CA résumeé of

o jthe earlyr work done using- Wavegmde elements is con- ¢

tained in technical papers too.numerous to mention.

"The
~ need for nonrec1proca1 circuit ‘elements; however, is at~
- least as. great in the lower frequency ranges in which two- . |
* line transmission components operating in the TEM mode - of gyromagnetic mater1a1 nsed 1s extremely srnall as is the. o
- are nsed ‘These lower frequency: ranges - 1nclnde the - - ; | S
. ranges demgnated as N.rery I:ngh freqnency and ultra high 389
. '-"frequency -
-t s, therefore the broad object of thxs lnvennon' e
g to prodnce nonrecrprocal transmission effects mnin trans- |
o rnlssron systems opérating in the TEM mode. =
" In United States Patents 2, 895,114 and 2,892,160, 1ssned_

| _!--to J. H. Rowen on July 14,1959 and June 23, 1959, re- -

30

- -spectwely, and in Unlted States Patent 2,892,161, 1ssned to - -
- IM. Clogston on June 23, 1959, there are dlsclosed struc-

-~ tures and technlqnes for ntﬂlzlng one or more of the

. 'i3severa1 nonreciprocal

: -“-ffenergy below a few thousand megﬂﬁydes

. -'-mlss1on lines are used. .

- Like their: mrcrowave connterparts the Iower frequency .
;-lsolaters and nonrec1procal phase shifters descnbed in the . 55 _.
" above-mentioned patents operate by exciting in an ‘element "
. of polarlzed gyromagnetlc material a circularly- polanzed* -
~ component of radio frequency magnetic field that rotates
~in ‘one sense relative to the steady polarmng field when
"the radio freqnency wave is propagating in one direction, 60
- ._bnt n the opposrte sense when the wave 18 propagatlng in
- the opposite direction. - When the polarizing field is ad-
- justed to the strength necessary to produce gyromagnetic
 resonance in the gyromagnetic mater1a1 a substantial part
- of the energy is absorbed for one direction of rotation and
- direction of propaganon but'it is substantrally unaff ected' e
| ffor the other direction of rotation .and. direction of pro-

- __;pagatlon

- produced. - The ‘prior art devices, however, tend to be

effects: prodnced by polarlzed ele-_"': 49 -

ments of gyromagne’ac material at freqnenc:les of wave
_ ‘These strnc-l;},_
o _tnres comprise two branch coaxial or balanced transmis-
" sion line networks capable of mtroduclng a nonrec1procall-;t.
S 50
. aftenuation or nonreclprocal phase shift to wave energy in -

‘the frequency range in rWhrch coanral and balanced trans- -

?65.

_. “When the polarized ‘field is adjusted to a
- strength. substantlally below that . necessary to produce*

. ‘gyromagnetic resonance, a nonreclprocal phase shift is- "o

I" K Iarge and relatrvely comphcated in thelr structure and

| recrprocal e

.+ the crossover point.

| ﬁ: 'l.llt "wall

rra 3 102 244
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.. | reqmre a fanlj,r large plece of gyrornagnetrc Inaterral
; -_Further e

It'is therefore a more specific object of this mvennon N

- to simplify the means for generating circularly polarized =~

" radio frequency magnetic fields whose sense of rotation is

o '_a function of the direction of the wave propagation. .

o ent of gyro--
R _w-s-magnetrc material is snnultaneously coupled to two elec-

~© trically spaced regions of a transmission system.. The de-

layed portion of the propagating signal is fed back and

. coupled to, a small element of gyromagnetic material soas

- -to'induce a magnetic field component at an angle to that - =~

“induced by the other coupled region.’

~ ing the electrical delay and the spatlal phase angle of the
15

nore, they are, in general, nontunable.

In accordance with the nrventlon an eler

~intersecting fields a crrcnlarlyr polarrzed resultant radloi--',i*-'.j e
~ frequency magnetic field is produced in the gyromagnetic -
:materlal Whose sense of rotatlon 13 opposne d1rectlons of

.. propagation of the wave ehergy.

. degree of coupling to the gyromagnetic material, low-loss =~ |
20 |

nonreciprocal phase shift or nonreciprocal attenuation ef-

 fects are obtained. A steady biasing field is’ directed nor-j R
“mal to the two radio frequency magne‘nc vectors.and is
-adjausted to produce gyronlaonetlc resonance 1n the rna- Lo

. aterials have found numerous and varied applica- 25
~ tions in. propagatlon structures employrng waveguide com-
_-ponents and are therefore limited in their operatlon to
~ the microwave frequency range and. above.

terial.

 ‘merely by changing the spatial phase angle at which the

- radio frequency magnetic fields intersect in the gyromag-

- netic material, and by adjustnlg the magnetic biasing field =~
intensity. These adjustments may be. gauged and made_ R
L srmnltaneonsly as the frequency is varied.. |

It is a fnrther featnre of the invéntion thlat the element

entn*e structure.

In a first: prlnclpal embodnnent of the inventron non—-"'-" o
fects are obtained in a two-wire transmission -

- system by bendnlg at least one of the wires back wpon it-
. self to form alocp. The electrical Iength of theloopand =~
40 the spat1a1 angle at which the wire crosses itself are ad-
=7 justed to produce a crrcularly polarized magnetic field at =~
CA magnetlcally polarlzed elementof = .

- gyromagnetic material is located in the reglon of the cir- -~
“cularly polarlzed hlgh freqnenc y Inagnenc ﬁeld to prodnce;' R
: 'nonrecrprocal transmission effects. o T
In the above- descrlbed ﬂlustratnre embodnnent the mag— T

O netlc fields that build up within the loop structure. are es- -~
- sentially only those of a unidirectional traveling wave. .~
- _As.a consequence, & relatlvely small magnetic field density . |

is developed resulting in a correspondmgly small interac-

* tion between the gyromagnetic material and the elec-
. tromagnetic wave energy. associated with the propagatrng_ ;
. wave. NI
. tween the travelin g wave and the gyromagnetic material ..

is to increase the size of the material, thereby extending - -~ -

One way of increasing the energy interaction be-

'the region over which the wave and material can interact. .

- This technique has been used before with the obvious dis- =~

advantages that large pieces of material are needed andthe =

dielectric losses are substantially increased.  On the other.

hand, the same effect can be produced by causing the wave

to traverse a small gyromagnetic element many times.

- This latter result can be readily produced. by coupling. the =~

- small element of gyromagnetic material to a resonant sec- = =

- tion of .transmission line’ wherein successive. reflections

' '?ifrom the line ends produced the effect of multiple passes. = =
Wavegulde cavities which operate between electric walls .

- ‘are well documented and understood.- S

~ ble, however to formna 'cawty by honsmg a leng -

- mission line between two magnetic walls (that is, opemn -

In the case of an electric wall - oawty, conphng is.

.}accomphshed by openlng up small holes in- the short cir- -~

Slmllarly, 11‘1 the open c1rcu1t cawty, conphngj S

It is equally feasi- -
h of trans- -

ends)

By’ propelly relat-- o

~ Depending upon the

ot is'a feature of th...., 1nventron that the nonrecrprccall_'; RERE
'de*nce so produced “is readily tunable with frequency.
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of the input and ocutput transmission lines to the cavity
structure 1s accomplished by placing said lines in close
proximity to the cavity ends. A typical form of coaxial
line cavity then, is one in which a nominally half-wave
center conductor is coupled by fringing fields to gap-
spaced transmission lines at either end. For all practical
purpaoses, if the gaps are relatively small they may be rep-
resented as small series capacitors over the frequency
vand of operation.

Applying the technique of multlple reﬂectlons Im-
proved nonreciprocal two-element transmission compo-

nents are produced, in accordance with the invention, by

coupling an element of gyromagnetic material to two

series-connected sections of transmission line, such as a
pair of coaxial cavities, crossed in the region of their
current maximum points.

In a second principal illustrative embodiment of the
invention, the coaxial cavities are crossed at right angles
and the output of the first cavity is delayed a quarter-
wave before being coupled to the input of the second
cavity. The entire structure is observed to take on the
form of a loop in which the time and spatial phase angles
of the intersecting magnetic field components are such as
to produce a circularly polarized resultant radio frequency
magnetic field in the gyromagnetic material whose sense
of rotation is opposite for opposite directions of propaga-
tion of the wave energy. If the coupling between the
gyromagnetic material and the resonant cavities is in the
region of critical coupling or below, nonreciprocal attenu-
ation effects are produced. At couplmgs greater than
critical cougphng, the lossy effect is diminished and the
primary effect is that of nonreciprocal phase shift.

The use of resonantly tuned cavities greatly enhances

the 1nteraction between the gyromagnetic material and the

propagating electromagnetic wave energy by producing,
in effect, a substantially greater magnetic field intensity
in the region of the gyromagnetic material. As a result,
the attenuation or phase shift produced is much greater
for a given volume of gyromagnetic material.

In one configuration of the second principal embodi-
ment of the inventfion, the ninety degree phase delay is
obtained by inserting an appropriate length of transmis-
sion line between the output of the first cavity and the
input of the second cavity. However, as is known in the
filter art, two large series reactances separated by a quar-
ter wavelength can be recomposed into a single larger
reactance substantially equal to the product of the two
reactances divorced of any spacing whatsoever.

Accordingly, in an alternative configuration of the in-
vention, the required time delay is produced by adjusting
the amplitude of the coupling between the ocutput of the
first cavity and the input of the second cavity. This re-
sults 1 a nonreciprocal coaxial component of greater sim-
plicity and compactness of design.

Whide, as indicated above, special emphasis has been
placed upon coaxial, or two-wire, transmission systems,
this in no way was intended to restrict the application of
the principles of the invention to such systems. To the
contrary, the principles of the invention can be readily
practiced using hollow, conductively bounded waveguides
oT other transmission media.

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 illustrative
embodiments now to be described in detail in connection
with the accompanying drawings, in which:

FI1G. 1 is a perspective view of the first principal em-
bodiment of the invention showing a coaxial nonreciprocal
device;

FIG. 2 is a close-up view of the crossover region show-
ing the magnetic fields in the region of the gyromagnetic
material;

FIG. 3 shows, by way of illustration, the space orienta-
tion of the magnetic ficld Vechns in the region of the

gyromagnetic material;
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F1G. 4 is a time vector diagram of the radio frequency
magnetic fields in the region of the gyromagnetic ma-
terial;

EFIG. 5 shows an alternative arrangement of the first

- principal embodiment of the invention using parallel wire

transmission lines;

FIG. 6 is a perspecitve view of the second principal
embodiment of the invention employing resonant sections
of coaxial line;

FiG. 7 is a block ldmgram equivalent of the delay net-
work;

FIG. 8 1s an alternative block diagram representation
of the delay network;

FIG. 9 shows an alternative arrangement of the-second
principal embodiment of the invention; and

IFIG. 10 illustrates the application of the principles of
the invention to other transmission media.

Referring more particularly to FIG. 1, a perspective
view of the first principal itlustrative embodiment of the
present mvention is shown connected and utilized to pro-
duce nonremprocal transmission effects. Such a device
comprises the two intersecting channels 10 and 11 which,
tor convenience, may be integrally constructed by mill-
ing or casting them in a block 13 having a suitable cover
plate 14. Channels 10 and 11 are connected to each
other within block 13 by means of an additional channel
12 and thus form a continuous channel from the input
of channel 1§ to the output of channel 11.

Suitably supported within channels 10, 11 and 12 and
extending longitudinally therein in a plane parallel to the
walls of said channels is the conductive member 15. To-
gether, member 15 and the walls of the several channels,
serving as the conductive ground plane therefor, form a
strip-line or coaxial wave supporting structure. It will
be noted that in conforming to the channel boundaries,
conductor 15 bends back upon itself in a plane essentially
parallel to the ground planes to form a loop 16 which
extends from a point a on conductor 15 to a point b on
conductor 15. From the crossover point defined by the
axis ab normal to the plane of loop 16, the transmission
line continues in both directions away from loop 16 and
connects to the rest of the transmission system. As
shown, the input signal is supplied from a source to mem-
ber 15 i channel 10, whereas the output connects to that
portion of member 15 in channel 11.

Located between the two adjacent ends of loop 16
along the axis ab is an element of gyromagnetic material
20. The term “gyromagnetic material” is employed here
in 1its accepted sense as designating the class of magneti-
cally polarizable materials having unpaired spin systems
involving portions of the atoms thereof that are capable
of being aligned by an external magnetic polarizing field
and which exhibit a precessional motion at a frequency
within the range contemplated by the invention under
the combined influence of said polarizing field and an
orthogonally directed varying magnetic field component.
This precessional motion is characterized as having an
angular momentum, a gyroscopic moment and a magnetic
moment. Typical of such materials are ionized gases,
paramagnetic materials and ferromagnetic materials, the
latter ancluding the spinels such as magnesium aluminum
ferrite, aluminum zinc ferrite and the rare earth iron
oxides having a garnet-like structure of the formula
A3Bs;04y where O 1s oxygen, A is at least one element
sclected 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, indium and chromium. In the par-
ticular embodiment of the invention shown in FIG. 1,
aluminum-substituted ytirium iron oxide is used.

The element of gyromagnetic material 20, in the illus-~
trative embodiment of FIG. 1, is in the shape of a disk,
disposed with its faces normal to axis ab. Element 20,

however, may assume any other convenient shape since




~vide the necessary loss mechanism. 3
;ff'"mognct1ca,11y polarized gyromagnonc motcrlals exhibit
~-distinctly different propetties tdopondlng upon. the. nature. .«
.of the npphed magnenc fields. ' These unusual proportles
- " which are produced can be, cxplamcd by recognizing that
i the sgyrommgnotlc materials contain unpaired electron or .
" ‘nuclear spins’ which' tend: to align themselves with the =
i polomnlncr field but which can be made to precess. about
- an axis parallel to the direction of this field by the applica- -
. tion' of a high-frequency miag
- moments associated- with the opmnmg atolmc pamcles
- however, tend 1o precess. in only one angulor sense and - -
~resist rotation in’ the opposite sense. -
~‘evident that oppooltcly circularly polarlzod waves influence . -
o the gynomngnotlc matorlal leorcntly, dopcndmg upon
Tlns is' so since a circularly -
l.polanzcd wave Totating in one direction will be- totating -

- f'then' sense’ of mtnnon

g

tho part1cn1or shnpc is not ossennal to tho operatmn of?.f'é:f'_'--'f"*'-.:_ncrmal to the plono of lcop 16 and conscqucntly nozrmal"'- RS
. the invention. A static magnetic field H,. is. applied. ‘to both field componcnts f. and fp.

[parallcl to’ axis ab (normol to the fnccs of the d1sk) and

- oftor

_--f20 itself may be. pcrmancntly mognctlzcd

: }hshed whereby cnorgy can bc dissipated in one direction
- of ' transmission to ‘a substantially omallor degree than -
~ in the reverse direction of transmission. In the isolators’ . -
“-‘_--."-constructcd in accordance with the invention, the: pho-'f.:f"

si.r;_;.f-'- nomcnon of gyromogncuc rcsonanco is ntuhzcd to pro-

" in the'easy angular direction of precession of the magnetic

| Thc lblnsmg ﬁcld Hdc :may bc oupphed by any sn1tablo
- --fﬁmca,ns (not shown) such as an electric solenoid; a per-
_.'_;:xmancnt mngncnc structurc or in some mstanccs thc dlsL"gi

netic ‘field. - ‘The magnetic

Tt is. therefore

5

T -'f.j,'_ifthc fields f; and fp.

To produce isolator ‘action, conditions must bc csta;b-,-gio'

15 -
As-is. well known o
._;_j 20

50

;f-“‘-.;‘_'-;"momcnts thrcas an. oppos.ltcly mtotmg cncular polanzcd; o

' _wave will be rotating in a sense inconsistent with the
 natural -behavior of the: mngnotlc moments of the gyro- -
- '_magnetic material. -

i opposnc angular direction. -

. While this difference in conphng, and conscqncnt dlf-;-'
L fcronlcc in pcrmcobulhty pcowdcd by opposnoly rotating. .= -

}'_{'}-l_'c1rcnlarly polarized: Inagnetlc ‘fields “is not limited ‘to any -
" particular frequency or polarizing field strength, pnrtlcu-: -
- larly useful effects are observed at-gyromagnetic resonance -
.+ when the froqnency of "the circularly polarized magnetic
o field. is tho same :-as tho natural ‘precessional frequency. -
- of the ma,gnenc momcnts as- determ
" of the polarizing field.: Undor ‘these patrlcular condi-
" tions, a large amount of power can be-extracted from a
. mhagnetic field clrcularly polarized in the preferred sense

‘and: absorbod in. the gylomngnonc ma,tonal

'_polannod component

: .;j':;':__; 81gnal thron rrh tho system

- trated by the closed loops fa- and fy representing. magnetic
- field components ‘havin g sub. stantlally equal -amplitedes .
. encircling ‘conductor 15 at points a and b, respectively.
. ‘The planes .of the rospcctwc loops. are normal to the

iined by the strength

In partlcnlar the.

35

Trits maximum: Valnc

- the- mag

1 L . e . -t . . R
' ' L . " .- " - LR
- . . |II . "
.. - L)
] ' N N . -

' ]
L] . "

h A R '

gram of FIG. 3.

The spatial orienta-
" tion of the various. magnenc fields in the region of the =~

s ad]nsted as Wlll bo cxplamod in +grcator dotaﬂ hﬂ‘em‘f . ‘gyromagnetic. matcrlal is shown in the spacc vcctor dla-.,--_-.;.'_l' L

Bccansc of the tlme delay expencncod by thc wavc en..;j,-___.l-: -

. in the gyromagnetic material.

50

. 'wire ‘transmission- line."

~In an alternative cmbodlmcnt of thc 1nvcntlon a [palr'i. BRI
":_'J;"of loops “are- mscrtcd in the two clcmcnts of a parallcl':_;--'--
- Refcrrmg more partlcularly to. .
. ;fFIG 5, -an: illustrative. cmbodlment of a parallel line type =

| .ergy in tr avchng from point a to point. b along condnctor'”_.-_' T
- 15, there is & correspondlng time dclay associated - w1th,__':. T
In partlcnlnr if:at a particular op-, -
"crntlng froqnency the loop 16 is made to bo a quarter of -~
~.a’'wavelength in length botwccn points a and b, field fo
'_Iags field f. by nlnoty degrccs -as shown in thc time vcctorl T
diagram of FIG. 4. “Because of this ninety dogrcc time
--..-_:dlﬁcroncc as. field - fa passes: throngh its. maxmmm am- . . |
plitude and starts to decrease towards zero, field fp is'
_;-'-_-j}passmg through zero . and is otartlng to increase- towards R
'The effect of having the field com- = =
: -ponents f, and f; Vnry;tng in this manner, is to produce =
- the equivalent of a single- resultant field vector which ap- =~
pears to rotate in space in the region of the gyromagnetic =~ - =
"material 20. - With the polarizing field Hy, directed nor- =
mal to the planc of field components f, and fo» a8 shown-_'-_-'f o
- in ‘FIG. 3, a negative or counterclockwise: rotation is: =
) :.;;,prodnccd whcn viewed along the ‘direction. of - the. b1as1ng‘s"f?_ﬁ;’- AR
field. - This sense of circularly polarizing magnetic field,. . =
L howcvor 18 opposnc 1o the natnral prcccssmnal sense. of .
the magnetlc moments in the gyromagnctlc IR
- little or no interaction takes place between the electrical . =~
'._cncrfry and the . gyromagnotlc material and substantlallyz;ff;'j' AN
all the wave oncrgy introduced mto the systcm in the for-= .
ward direction, as-indicated by arrow 17, continues to. - '
j'propagntc substannally nnnttcnuatod along conductor 15 T
Howevcr for cnengy ;propagotmg n thc rcverso dlroc-.
non as indicated by ' the dotted arrow 19, there.is .a -
i-chancro in the sense’of rotation of the resultant

" As a consequence, when the high- field vector.:

- frequency magnetic field is rotnnng in the same sense as
the preferred ‘direction of precession” of ‘the magnctlc_;-
' moments, it couplcs strongly to the gyromagnetic mate- 40
~ rial.

;tho oxtor

aterial. and .

agnetic =~
~For transmission in the reverse direction, =~ . .
- the resulting mngno‘uc field loops f'3-and f'y are, as be-;--*':. EEE
. fore, ninety dcgrcos out of spaco phase and are so shown -
as dottcd vectors in FIG. 3. There is, ‘however, a change
Howoncr very little: couphncr takcs place betwccn_._ o in the rclauVo time phase. I"31ﬁt101151’11P between the mag-. -
al’ magnctlc field .and the. magncnc moments - _=_.;--_net1c field VEGtOl'S such- that the: ‘phase of f’. a; lags 7 » by o

-f};;.-fwhon thc hlgh frcqnoncy magncnc ﬁcld is zrotnmng m thc-'.

- minety degrees, as shown in FIG. 4. - As a consequence; ..
~ the - resultant. field prodnccd by fa and f'y appears to- .
"'_f-'rotnte in.a: pontwo or clockwise’ sonsc as - viewed- along-{-iﬂ_' R
- the direction of the blosmg field Hyg,. -~ This sense of ro-
::'“--E;tatlon is the same as the prcfcrred sense of precession of - .
etic moments in the gyromognonc material and

_f-._'hcnco energy is absorbed fronl the c1rcu1t and d13$1pntcd :. - |

nonreclprocal dcwcc constructed in accor danco with the

55
Howcvcr,

’;'5.:':;-'_, d1+ag:ralnrnat1cally the component magnetic- field. pattcrns{- L
.__-’f_1n tho region of the crossover point.

P ) ]lu wi .
.,.._.mogn etic. ﬁelds in thc v1c1n1ty Df conductor 15. are 1 5- - .the Spacc phasc of thc oxcltmg ﬁeld componcnts nlncty'

| It should be noted, however, that there are other ' |
_combmanons of tnne ‘and space phasmgs which also pro- .
o duce a cwcnlarly polnmzcd resultant field.

- degrees:

. principles of the invention is shown,.comprising a. pair of - o
L tt1e b 01b cd fro m nn o osn;el clrcnlnrl . paraliel clongntcd conductive.elements 51 and 52. Each
- ery little power is abs | pp y y__: - of the elements.51 ‘and 52 have at least one loop 53 and

It is apparent,’ thorcforc that a c1rcu1&r1y polarmcd‘.;.”,", . 54, respectively, included along their lengths.

.-“:"";?':"unagnctlc field must be generated whose sense of rotation:

3 dcpondcnt upon . the dnecnon _"?‘f propogofuonuo | ?" ©- biased by .an cxtornal biasing field Hy, applied i in.a dlrcc-_; P

“FIG: 2, given for the purposos .of cxplananon, shows"_ -.'_:f-_fnon normal to the- plane -of 100133 53 and 54.

At the re-;" : -
'-_!'-66';-¢poct1vc crossover points there are located disks of gyro- - 7
- magnetic: Inatcrlal 55 and 56. Each disk is. magnotlcally S

In the- pnrtlcular embodiment. of ‘the lnvcnnon shonrn

(2n+1)7r—ﬁ

'_ 65111 FIG. 1, circular polarization was induced in the: gYrO-
-~ -magnetic ‘material by making both. the - time phaso and

It can be
o ‘-longltwdmal axis of conductor 15. -Since the two ends of . 'TFShOWil that, in general, for any arbitrary. spaco orientation,

- loop 16 formed by conductor 15 are normal to each other, f[x’ fg the tntzo equallﬁt;lci;omponcntsl(Ivher fl & 18 fsnmed:::j'--;'_i_ RN
- the magnetic field" componcnts fa, and f, are 11koW1scf - to ‘be ‘positive angle) there is a relative mo p asg, ﬁ’ S

 normal to each ‘other inthe region of disk 20. The " - {'._[.th&t 131"13“:1“33S CH'CUIM P“'-"l511'1331'-1‘3*Il whoro

o magncnzmg ﬁcld Hdc, also chown I8 d1rcctcd substannallyl
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where n is a whole number. Thus, if in the embodiment
of FIG. 5 loops 53 and 54 have an electrical length other
than a quarter wavelength, the angle « at the crossover
points may be adjusted to an appropriate angle in ac-
cordance with the above-mentioned relationship. Fur-
thermore, if the angle « is made adjustable, the device
- may be tuned as a function of frequency. Thus, for ex-
ample, as the frequency is changed and the electrical
lengths of the loops 53 and 54 correspondingly change,
circular polarization may nevertheless be induced in the
gyromagnetic material by appropriately varying the
crossover angle «.. -

In the description relating to the embodiment of FIG.
1, the device was referred to as an isolator. In my co-
pending application Serial No. 774,389, filed November

17, 1958, now Patent No. 3,010,085, an equivalent net-

work for the gyromagnetic material was given, and it was
shown that whether or not energy is absorbed in the gyro-
magnetic material depended upon the degree of coupling
between the system and the gyromagnetic material. In
particular, it was there shown that optimum isolator ac-
tion is obtained for the range of coupling about critical
coupling. 1t can similarly be shown that for tight cou-
pling a low-loss nonreciprocal phase shifter is essentially
obtained rather than a nonreciprocal attenuator. Thus,
depending upon the degree of coupling, it is possible to
obtain either nonreciprocal attenuation or nonreciprocal
phase shift. '
- In the first principal embodiment of the invention de-
scribed above, the high-frequency magnetic fields in the
crossover region are those associated with a unidirectional
traveling wave. As was also indicated above, the result-
ing interaction between the gyromagnetic material and
the propagating wave energy is relatively small. In the
second principal embodiment of the invention to be de-
scribed hereinafter, this interaction is substantially in-
creased by resonating the transmission line in the cross-
over region. Such an arrangement is illustrated in FIG. 6.
- The device of FIG. 6 comprises a conductive block 60
into which there is milled the two intersecting channels
61 and 62. Channels 61 and 62 are connected to each
other within block 60 by means of an additional channel
63, thus forming a continuous pathway from the input to
channel 61, to the output of channel 62. |
Suitably supported within channels 61, 62 and 63 by
the low-loss dielectric material 64, and extending longi-
tudinally therein parallel to the several walls of said chan-
nels, are the conductive members 65, 66 and 67. Each

member is physically separated from each adjacent mem-

ber by a given distance d so as to form a conductive gap
therebetween. Together members 65, 66 and 67, in con-
junction with the walls of the several channels (includ-
ing cover plate 68) which serve as the conductive ground
plane therefor, form a stripline or coaxial wave support-
ing structure. Electromagnetic wave energy is coupled
into and out of the structure by means of members 73
and 74, which are similarly separated from the ends of
members 65 and 67, respectively. |

It will be noted that in conforming to the channel
boundaries, the center conductor of the transmission line
comprising members 65, 66 and 67 bends back upon itself
in a plane essentially parallel to the ground planes to
form a loop which extends from a point a on conductor
635 to a point b on conductor 67 and includes member
66 therebetween. From the crossover point defined by
the axis ab normal to the plane of the loop, the trans-
mission line continues in both directions away from the
loop and connects to the rest of the transmission system.
As shown in FIG. 6, the input signal, indicated by the
arrow 69, 1s supplied from a source to member 65 in chan-
nel 61, while the output, indicated by the arrow 70, is
coupled to member 67 in channel 62. The element of
gyromagnetic material 71, in the illustrative embodiment
of FIG. 6, is in the shape of a disk, disposed with its

faces normal to axis ab. Element 71, however, may
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assume any other convenient shape since the particular
shape is not essential to the operation of the invention.
A static magnetic field Hy, is applied parallel to axis
ab (normal to the faces of the disk) and is adjusted as
was expalined in connection with FIG 1.

~ The biasing -field Hy, may be supplied by any suit-
able means (not shown) such as an electric solenoid, a
permanent magnetic structure, or in some instances the
disk 71 itself may be permanently magnetized. Thus, in
its basic aspects, the structure of FIG. 6 is similar to that

of FIG. 1.

In the preceding description of the operation of the
nonreciprocal attenuator of FIG. 1, it was explained how
the radio frequency magnetic field interacts with the gyro-
magnetic material and how, under certain conditions, en-
ergy is transferred from the signal to the gyromagnetic

~ element and dissipated therein. Let us now consider the

amount of energy thus dijssipated. It can be shown that
the energy absorbed in the gyromagnetic element is a
function of the susceptance of the gyromagnetic material,

rr

#, and the intensity of the high-frequency magnetic

‘field Hyy. Specifically the absorbed power P,y is propor-

tional to the preduct of 4 and the square of the field

- strength, o
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Poy=au" H 2

(2)

where q is a constant.

- It is apparent from this relationship that by increasing
the value of H,:, the attenuation of the isolator in the
reverse, or lossy direction can be substantially increased.

In accordance with the invention, the radio frequency
magnetic field components in the region of the gyromag-
netic element 71 are maximized by resonating the conduc-
tive members 65 and 67 and crossing them in the region
of their current maxima. Accordingly, the length 1 .of
conductor €5 and the length I of conductor 67 are ad-
Justed to be approximately an integral] number of half
wavelengths at the frequency to be attenuated. As is well
known, the current distribution along an open-ended
resonant cavity is essentially sinusoidal, being a minimum
at the ends, and a maximum at odd multiples of a quarter
wavelength from the ends. Accordingly, for maximum
mteraction conductive members 65 and 67 are made to

cross each, other at points along their lengths that are
. ‘odd multiples of a quarter wavelength from their respec-

tive ends, thus maximizing the radio frequency magnetic
field to which the gyromagnetic material is subjected.
For the case where both / and I’ are approximately
equal to half a wavelength, conductive members 65 and
67 are crossed at their midpoints. This particular lo-
cation is not to be regarded as a limitation, however.

- Thus, where less than maximum interaction is preferred

in some specific application, the crossover region (and
the location of the gyromagnetic material) may be shifted
to some other point along the resonant sections of line.
Obviously, a large range of interactions may be realized
by varying the position of the crossover region.

In the description of the embodiment of FIG. 6 the
cavity lengths ! and I were characterized as approxi-
mately equal to half a wavelensgth, or whole multiples
thereof. However, a modification of the cavity length
over 1ts nominal half wavelength value must be made to
take into account the series reactance introduced by the
coupling gaps adjacent to each end of the resonant line.
The correction to the length for each gap 1s given by the
formula

| 2

=- gretan —
7= X

where v is in electrical degrees and X is the gap re-

~actance. - Applying the correction twice to take into ac-

count both gaps, the electrical length ¢ of the coaxial
cavity is given by |

2 | 2
E—I—arctan ——-] | (3).

9=mr—l—%[:a,rctan e
| | X
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" to the product of the two reactances divorced of any
. spacing  whatsoever. .
_’shown 1n "FIG. 8, is. nsually deserrbed as a drreet couplef;_'- o
:_:.;fffi'.ﬁlter as: opposed to the quarter wave filter of FIG. 7.
R Applyrng this- teehnrque to.the usolator of FIG 6 re-
?;-;i-snlts in:an: alternate embodiment" of the unventron shown*fﬁ:&
- in FIG. 9, “having’ greater srmplrorty and corapaotness of:
U 'Ilhe isolator .of FIG 9 eompnses the two erossed,f“_i_

.-E',,:-"rf:resonantly tuned sections 90 and 91 ‘inserted .in" one v, bers being bent back and crossing over itself at'an’ angle.

branch 92 of the two-element transmission. pathe com- 70
'.-_..;,*j;'f-rﬁ{;prrsmg oonduotors 92 and 93 Conduotor 9315 eon-f‘f';"giﬁ_
duetwely 1neulated frorn the tu:ned seetlone 90 and 91-.*;:"5'3
“and: conductor 92 by a sheet of low-loss dreleetrro rna-

ter1a1 94 1nserted therebetween S

' design,

Where mis an 1nteger
o 5.jf If X1 and 'Xz are eqoal

larization of the radio ‘frequency magnetic field may be"

f_---'f{:.liobtalned bY causing the magnetic'field eornponents to 111--;:' ‘ the many. possible ‘specific embodiments which can rep- oo

- tersect at some anale « other than nrnety degrées, Pl’ 0_.:_-..::3;'-'5-*resent applloatrons of " the prrnerples of the invention. AR
:.-.:__z"-j_rrrded the tlrne phase delay, B is: ad]asted sueh that - B
TR o ;-—'_g:ffj._'_--_;;;1}2(9-):1;.':-_-_,_fﬁ"rfrnventron can be. praemoed i prrnelple using balanoed‘.;'_fé‘,.l'_'_'_'T'-'--_f;.f"_i3",’r';ﬂz-_
G e + strip-line, coaxial cable. or two-wrre transmission line. - = .-
- Similarly the Wavegude in FIG. 10 may be resonated in.
~-the crossover region. Thus, numerous and varied other N
' arrangements can readﬂy be devised in. accordance with R
- these principles by those skilled in the art mthont depart-,__ﬁ.__}
-rng from’ the spirit. and scope of the 1nver1t1on o

:‘f_f;§7-':_'where nisan 1 inte; ger

:f:'-"';{p(}llﬂnts f 8 alld f b-

l

6 mr—l- aretan f (4)

Q X2

S where n is an mteger, and X1 and’ Xz are the series Te-
- actances introduced by the conductive gaps between the'i-f-' |
. cavity and its ‘adjacent members.
of FIG 6 where the gap lennths, d are equal

In the: embodrment

e ) -

equal to X2

10

TLhe spaorng between the tnned segnlents 90 and 91:1_-:?

| and eonduetor 92 prodaces a series reactance X between -

‘each of the resonant sections ‘and the transmission line, |
Aeeordmgly, the spaemg between section ¢0 and’ section -

9% 1s ad]nsted to produce a- serres reaetanee substantlally e
S0 adjusted, the erremt of FIG. 9-has -~

o i ‘exactly’ the same electrical- propertres as the o1rou1t of
The rbandwrdth of eaeh strrp eavrty 15 related to 1ts:

- FIG. 6, and may be utilized in precisely the same man-. e
ij;loaded Q whreh is gwen by

S ~mer." “Thus, a resonantly biased element of gyrornagne‘ne s
.-rnaterral 95 plaeed between the cavities in the crossover o
- region will produce nonreciprocal transmresron eﬁeets;.-; EE

O _'-1n the manner ers:plarned hereinbefore.

The overall Q of the two oavrtres 18 that of a quarter'
';.'.;'::--;fwavo coupled resonant parr and 1s gwen as |

_X2
2.\/2

r,o (2m—[—l) + [aretan -—-————l—arotan i
2 : X1

Q’-‘" ( 2'?"!3 + 1 )2 ‘]‘ &I‘Ctﬂrﬂ “Xz = =

In the embodrment of the mventron shownrn FIG
'Ji6 nand herern deserrbed the cavities: have been orrented S0, 104 through aperture 101,

fff:'::;_f:j": that' the magnetro ﬁeld rcomponents 1nterseet at” rrght 3‘| 30
_i-:f':angles, and the time delay was adjusted to be ninety de- ™

- However, as was pornted out. ‘above, circular po--. -

L m:(ZH—]—l)?r—ﬁ

There 18, therefore freedom 1n ehoosrng the eross-"; 40.
et over .angle provrrded the delay eeetroa 18 eorrespondrngly“;; o
'-f'.-":5-'?';.mod1ﬁed to’ satisfy-the: eondrtron set” forth m. Equatron 9.
: out, however, that for the special case where o
= ,:-'and B are both-equal to- 1111‘1612}’ degrees the marrmsallyl_,“-*
~oo flat bandpase eharaeterrstre is obtained. " A nonreciprocal
- i'device so constructed is then not' limited by the loaded ~
2 Qoof either ‘résonator; but rather by the 11ne wrdth of the
e gyromagnetrc material alone.:

-Son

s It is known in- the ﬁlter art that ftwo large serres re-?‘f f'-';'f'?:;-:-; --
-' aetanees separated by ‘a quarter wavelength can be. re- . 60
'I-;'f-!_{;;jeomposed into a single: large reactance substantrally equal "

The alternate ﬁlter

s

99 For" E‘Jiﬂmple ‘whereas the: embodiment of FIG. 9 is . IR

- shown comprising a section of unbalanced Strlp-lrne the

e srraplrﬁeatlon of the ernbodnnent of FIG 6 can.”
?f";:'_be obtainéd by 1

- ninety ' degree phase delay between ‘the signal field com-
| In FIG. 7 there is shown the: equwa-’{ |
lent circuit -of the delay network which eompnses con- .
~ ductive member 66 and its two adjacent gaps. .
- J.i-ffwork eompmses the two: series reactances X and Xz pro--- g

855
~'duced by the gaps: between ‘member- 66 and the adjacent .

nodifying the network used to: obta1n the

~The net-

o -'_"lrne transmission systems. -

S ©

 ®®

‘structure;”
o SUpportwe of

So far we have only eonsrdered two-wrre or coaxral

‘However, as was previously . =~
‘indicated, the techniques. described above may be readily '
~ applied to other transmission: media.

S Lo - tration of this applreatron is given in FIG. 10 where a e
The eleetrrcal length @ of the quarter wave delay net--;_

. . hollow,: eonduetwelY bounded reetangular wavegtlrde 100::?7:'5;-:_ Ll
ks ';_Work (mernber 6 6) 1s grven by -

SRCTRRRE TR cansed to: bend back. upon itself to form the familiar: -
220 loop structure. P
__i;_:j;-.eontrﬂuous Wrde walls 102 and 103 in the crossover re-
L g1on wrll enpose rnagnetre ﬁeld eornponents [hav:[ng par-" o

“An’ aperture 101 extendrng through the

12y be’ establrshed -

;‘:sorrbed ab ove

~In all cases 1t is understood that the above descrrbed'-”:-"} o
_f_:;'arrancrernents are ‘illustrative. of but ‘a small number ‘of -

What is elanned 1S

1A nonreolproeal wave transnnssron eomponent com-
;'pmsrng a’two-conductor transmission line, at -least one
o vof said conductors forrnrng a loop of eleetrreal length 8,

" said one conductor crossing-itself at an angle «; such'that. -
= (zn‘l‘l)‘ﬂ’ —B, 1. being an’ flnteger, an element of mag- =

50 netically - polarizable material exhibiting - gyromagnetic -

- effects over ‘the operating frequency range of said com- o
~ ponent Iocated between opposite ends of said loop at sa1d3'f-:_"f-;
'.---f_ncrossover point, and means for biasing said element j in, a.'i S
e drreetron snbstantrally normal to the plane of said loop ALl
2. The combination aeeordrng to claim 1 wherein the
i 'mernbers 65 and 67, and the nlnetY degree reelproealf':;'f'.'-"'f;;' I:_jlelectrrcal length of said loop is a quarter wavelength of .. =
e DR - freqneney within said operatrncr range: and said. oppoarte“_.i_
+-» ends of said loop formed by said one" eondnetor eross“.-""' L
~each other at an. angle of nrnety degrees S

3. The eornbrnatron according to claim 1 Wherern one’_'”'f_.;-f'-"-'.
T of said conductors surrounds the other of said eonduetors ol
4. Inan eleetrornagnetro wave fransmission system -
a tange of operating frequencies, ‘'means

65 for seleetrvely attennatrng a band of frequencies:within - R

- said range comprising ‘a pair of ‘parallel- elongated con- "~
. ductive members, means for ener gizing ‘said members, -
_;:f;'S&Id members when energrzed having ‘a ﬁeld pattern- 1n-}.-.,_'.j'-f L
clndﬂng 1oops of rnagnetro ﬁeld at least one of said mem-~" "

o to form a 'loop of electrical length g at'a frequemcy =~
i:wrﬁhrn said band such that « and g satlsfy the relation- . -
~ ship: cc—-(2n+1)7r-—-ﬁ, w1]1e1e1n n is an integer, an'element - . -
- of magnetreally polarizable materral capable of exhibit-" .
1ng gyrornagnene ef“eets over sard range of operatmg{?' R

One’ snnple lus- RN

R ﬁ_'f',these phase dlfterenees in aeeordanee wrth Equatlon 9, .
a region -of circular polarrzatron e
" Nonreciprocal effects can then be obtained by inserting = -
T smtably magnetmed elernent of gyromagnetie rnaterral'{::i TS
“The operatron of the struc-" . .
. ture of- FIG. 10 13 111 all 1espeets substantrally as’ de—j}_--ff'f'j-'f.i""-"* O
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frequencies located at the crossover point, means for mag-
netically polarizing said element, means for varying said
band of frequencies and means for varying the crossover
angle « as said electrical loop length 8 varies {0 maintain
said relationship between « and S.

5. A nonreciprocal electromagnetic wave device sup-
portwe of wave energy in the TEM transmission mode
comprising a section of two-conductor transmission line
having an input end and an output end, means for apply-
ing wave energy at a given frequency to the input end of
sald line, said wave energy propagating from said input
end toward said output end past first and second suc-
cessive portions of said line having a time phase dif-
ference g therebetween, an element of material capable of
exhibiting gyromagnetic effects at said wiven frequency
located in a region proximate to said line, means coupling
wave energy exclusively between said two distinct por-
tions of said line and said element, said coupling means
being supportive of magnetic ficld components with the
wave energy at the first of said portions inducing first

magnetic field components in said region predominantly

of a single polarization and with the wave energy at the
seccond of said portions producing second magnetic field
components in said region also predominantly of a single
polarization, said first and said second components inter-
secting in said region at an angle « where a={(2n+41)7—3,
n being an integer, to produce circular polarization in
~said element, and means for magnetically polarizing said
element in a direction perpendicular to said mtersectmg
components, |

6. The combination according to claim 5 wherein said
portions are a quarter wavelength apart at said given fre-
quency and wherein said first and smd second ﬁeld com-
ponents intersect at right angles.

7. The combination according to claim 5 wherein said
gyromagnetic material is biased to gyromagnetic reso-
nance. | |

8. The combination according to claim 5 wherein the
coupling between said portions and said clement 1s in
the region of critical couplmg to produce monreciprocal
attenuation,

9. The combination according to claim 5 wherein the
coupling between said element and said portions 1s greater
than critical coupling to produce low-loss nonreciprocal
phase shift effects. |

10. In an electromagnetic wave system supportive of
wave energy in the TEM mode at a given frequency, an
isolator comprising first and second series connected sec-
tions of two-conductor transmission line each tuned to
resonance at said given frequency and spatially oriented
to cross each other at right angles in a region along each
of said sections wherein the current is a maximum, an
celement of gyromagnetic material disposed in said region,
means for magnetically biasing said material to gyromag-
netic rescnance at said frequency, an input circuit cou-
pled to one end of said first section, means for producing
a ninety degree phase delay in said wave encrgy coupled
between the other end of said first section and one end of
said second section, and an output circuit coupled {o the
other end of said second section. |

11. A nonreciprocal wave {iransmission device sup-
~ portive of wave energy in the TEM mode at a given fre-
quency comprising a section of transmission line having
first and second conductively insulated metallic members
each tuned to resonance at said given frequency and
spatially oriented to cross each other at a point along
their respective lengths at which the current in each is a

maximum, an element of gyromagnetic material disposed

between said members at said crossover point, means for

magnetically biasing said material to gyromagnetic reso-
nance at said given freguency, means for coupling an

input circuit to one end of said first member defining a

first reactive impedance, means for coupling the other
end of said first member to one end of said second mem-

Gt
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ber delayed in time, and means coupled to the other end
of said second member to an output circuit defining a
secend reactive impedance.

12, The combination according to claim 11 wherein
sald means for coupling the other end of said first mem-
ber to said one end of said second member comprises a
third conductively insulated metallic member disposed
between and electromagnetically coupled to said first and
sald second members. | |

13. The combination according to claim 12 wherein
said clectromagnetic coupling between said third and said
first members defines a third reactive impedance, and
wherein said electromagnetic coupling between said third
and said second member defines a fourth reactive imped-
ance, |

14. The combination according to clalm 13 wherein
said third member has an electrical length « equal to

Tr 1 2 271
— Sk ' ——l
(2m—|—1)2—[—2[arctan el arctan .X4:|

wherein m is an integer and X; and X, are said third and

- Tourth reactive impedances, respectively.
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15. The combination according to claim 13 wherein
said first member has an electrical length 6, equal to

arctan _2__]
X3

wherein n is an integer and X; and X, are said first and
said third reactive impedances, respectively.

16. The combination according to claim 13 wherein
said second member has an electrical length 0, equal to

1
nw+—[arctan 2

mr—l—%[arctan —j—{%ﬁ—l—arctan ; ]
| 2 4

wherein n is an integer and X, and X, are said second

and said fourth reactive impedances, respectively.

17. A nonreciprocal wave transmission component
comprising a pair of serially connected resonant sections
supportive of electromagnetic wave energy at a given fre-
quency, said energy as supported in each of said sections
having a standing wave magnetic field pattern, said sec-
tions oriented with components of the magnetic field pat-
tern of the first of said sections intersecting at right angles
components of the magnetic field pattern of the second of
said sections, a magnetically polarized element of gyro-
magnetic material disposed in the region of said inter-

- secting magnetic field components, means for coupling

a0
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electromagnetic wave energy mito said first section defining

-a first reactive impedance X;, means for coupling said

wave energy out of said first section into said second sec-
tion ninety degrees delayed in time defining a second re-
active mmpedance Xg, and means for coupling said wave

energy out of said second section defining a third reactive

impedance X3, wherein Xo=X;Xs.
18. In an electromagnetic wave syste

1, means for pro-

ducing nonreciprocal wave transmission comprising a two-

element transmission line, means for supporting said ele-
ments in fixed spaced relationship with respect to each
other comprising a low-loss dielectric material dISposed
therebetween, at least one of said elements comprising a
plurality of conductwely insulated sections extending in
longitudinal succession with adjacent ends of said sections
spaced apart to form gaps in the conductive continuity
of said one element, the first of said sections and the last
of said sections crossing each other at a given angle at a
point substantially midway along their respective lengths,
an element of gyromagnetic material located between said
sections at their point of crossing, and means for mag-
netically biasing said element.

19, A nonreciprocal electromagnetic wave device com-

- prising a section of transmission line having an input end

75

and an output end, means for applying wave energy at a
given frequency to the input end of said line, said wave
€nergy propagatmg from sald 1nput end foward said output
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. end p"lst ﬁrst *md second successwe portlons of seld line |
- having a time phase difference g therebetween, an element
- of material capable of exhlbltlng gyrornagnetlc effects ‘at
“osaid given frequency. loceted N a region proximate to smd;ﬁ .
- line, means for conplmg wave energy excluswely between'-;jw
f':""';-:_._Sdld two distinct portlons of said line and said element:
. said C{)llpllnﬂ means 'being supportwe of magnetic ﬁeld_.-ﬁ._,- o
. components with the wave energy-at the first of said. por--".

14

netlcally polanzmg sa1d element 111 a dn*ectlon perpen-.':-'

d1cula,r to said 1ntersect1ng components

-20. A'nonreciprocal wave transmission component com-

~prising: a section of hollow, conductwely bounded wave- =
- guide for-n:ung a loop hawng an-electrical length B between S
rcspectwe ends, said -section crossing over itself at an

angle « where o= (2:1—[—1):-:-— 8, n being an integer, an ele-

- mentof magnetlcally polarizable: material exhibiting gyro-

;,.-"'-f'---ftlons inducing first: magnetlc field components in said re=
- gion predominantly of a single polarization and with the 19
. wave. energy at the second of said portions lndncmg sec-
- ond 'magnetic ﬁeld cemponents in said regionalso pre-- ' both of smd ends through apertures in the Wall of said
' ‘dominantly of a single pola.rlzanon sald first. and said -

- “second components intersecting in said region at an angle =
- o where c:,-_.(2n+1)7r—-—ﬁ, n being an: 1nteger to tprodnce

: ;_-'_-C1rcnlar polar:tzatlon in sald element and means for maﬂ-;.g -

magnetic effects over the operatlnfr frequency range of S
said. component located between said ends of ‘said loop at
: }smd crossover: reégion’ and extending into said guide at

“guide, and means for biasing said element in a direction
g -snbstentlally nomlal to the plane of sa;ld leopl |
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