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Abstract

An improved multi-junction wavéguide circulator that eliminates the
transitions to dielectric transformers and air-filled wa'\}eguides between ‘

~ferrite elements is described. The wavegx.iiq!e circulator in accordance with the

invention can be implemented in variations from a minimum of two’ferrite circulator

elements held in close proximity to one another to any number of ferrite elements
as requir'ed to achie‘ve the desired isolation performance or to Create a\switch
matrix with any combination of input and output ports, The waveguide circulator in.
accordance with the invention eliminates the transitions between adjacent ferrite
elemen.fs and thus reduces losses, compdnent size, and mass. " |
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MULTI-JUNCTION WAVEGUIDE CIRCULATOR WITHOUT INTERNAL

TRANSITIONS

This application 1s a divisional of Canadian application serial number 2,738,538 filed
November 7, 2002 which itself 1s a divisional of Canadian patent number 2,476,399 filed
November 7, 2002.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates in general to waveguide circulators for the non-reciprocal
transmission of microwave energy; and more particularly to a novel system for reducing
the size, mass, and insertion loss of the transition from a first circulator to either a second

circulator or to a terminating load.

2. Description of the Related Art

Multi-junction waveguide ferrite circulator assemblies have a wide variety of uses
in commercial and military, space and terrestrial, and low and high power applications. A
waveguide circulator assembly may be implemented in a variety of applications,
including but not limited to LNA redundancy switches, T/R modules, 1solators for high

power sources, and switch matrices. Ferrite circulators are desirable for these applications

due to their high reliability, as there are no moving parts required. This is a significant

advantage over mechanical switching devices.

In most of the applications for multi-junction waveguide switching and non-switching
circulators, small size, low mass, and low insertion loss are significant qualities, for

example, in satellites where redundancy switches are desired directly behind an antenna

array.
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A commonly used type of waveguide circulatpr has three waveguide arms

arranged at 120° and meeting in a common jJunction. This common j'unction is loaded

with a non-reciprocal material such as ferrite. When a magnetizing field is created in

this ferrite element, there Wﬂlibe‘ a gyromagnetic effect that can be used as a

switching action of the microwave signal from ohe waveguide arm to another. By

~ reversing the direction of the magnetizing field, the dire ction of switching between

the waveguide arms is reversed. Thus, a switching.circulator 18 fuﬁctionally‘

equivalent to a ﬁxed’-bias circulator but has a selectable direction of circulation. RF

energy can be routed with low insertion loss ,from one waveguide arm to either of the

two outputs arms. If one of the Waveguide arms is terminated in a matched load,

_ then the circulator acts as an isolator, With high loss in one direction of prop agation

16

20

“and low loss in the other direction. Reversing the direction of the magnetizing field

will reverse the direction of higﬁ and low isolation.

For applications where additional isolation is re quired between waveguide

‘ports or where additional input/oi;tput ports are reqﬁired, multiple Wéve guide

cixculatdljs and isolators are used. The most basic building blocks for multi-junction

waveguide circulator networks are single circulator junctions and singl'e load

élemehts, both optiinized for an impedance match to an air-filled waveguide

' interface. For the purposes of this description, the terms “air-ﬁlled;” .“e-mp‘ty,” .
“vacuum-filled,” of “unloaded” may be used interchangeably’ to describe a waveguide

* structure. The circulators and loads can be connected in various configurations as

.
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| 't_ra_nsformer element, and losses in the adheswes typically used to bond the

‘transformers to the conductive housing.

waveguide structure. This increases the minimum separation distance that ean be

1s undesirably large and heavy.
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l:eqm’:fed for the desired iselatien and mput/output port cenﬁguratien. For circulator
and isolator junctions, ‘th'e direction of .eirculation may either be fixed or switchable. ‘

Conventional waveguide networks cemprised of multiple ferrite elements

- typically have impedance-matching transitions between the ferrite elements. For

example, conventional waveguide circulators may transition from one ferrite element
to a d.ielectric-ﬁlled Wave guide such as a quarter-wave dielectric transformer
structure, to an air-filled waveguide, and then back to another dielectric-filled

waveguide section and the next ferrite element. The dielectric transformers are

°typieeuy used to match the lower impedaneeef the ferrite element to that of the air-

filled waveguide. There are several disad.vahtagesto utilizing transformers m sucha

manner. When dielectric transformers are used, RF losses can be introduced in

' _verioﬁs ways, such as the following: losses in the dislectric material itself, increased
. losses in the wave gulde surfaces due to the high concentx ation of RF currents on the-

. metal waveguide surfaces dlsp esed directly above and belew the dielectric

The use of dielectric ti'ansfefmers also take_s up add:ltional space in the

obtained in multi-jurlction. assemblies when the input/output ports of multiple -
cii'cﬁlaters are intercoupled to provide a more complex microwave switching or

isolation arrangement. This can result in a multi-junction waveguide structure thet‘

%n_._‘
.
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J u_st as the standard transitional sections from one ferrite element to another

occupy a significant amount of space in traditional multi-junction waveguide

| birgulator netwdrks, so do the transitions from a ferrite element to an absorptive
~ load. These Ioa.d elements are required' to absorb thé power that passes thiough the
~ ferrite element in one directidn when the circﬁlator is used as a.n i_sOlaitor. .Although
deé;eased loss is not an issue for the absorptive load de’s.ig.n, decreased size and mass ‘

~are sti]lf desirable atiributes of the design.

U.S. Pat. No. 4,697 ,158 (the "158 patent) discloses one method for decreasing

~ the spacing and loss between the ferrite elements by replacing the standard _diele¢t1'ic

! transformers with a reduced height waveguide transition. This method removes the

transformers, but the reduced height transition is sensitive to dimensional

variations, which results in a design that is expensive and difficult to manufacture

and aésemble. Additionally, the reduced height transition design requires thé

- presencé of a significant gap between the ferrite elements, which increases the size of

' the component.

In view of the problemé with the conventional waveguide circulator strugtures
disclosed above, there is a need for .a multi -Junction waveguide circillatof Strﬁciguxe '
with improvements in the critical.are-as of size, mass, cost, and inserﬁoﬁ lossi

 SUMMARY OF THE INVENTION

The mvention 'provides, a niulti-jnnctioxi waveguide circﬁiatof thaf climinate s'
the tranSitions to dielectric transforme rx's" and long s_ectiqné of a.ir-ﬁlled wave g'ui.de |

between ferrite elements. Thtis, the invention eliminates the .transition_s out of the -

.
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ferrite-loaded wave guide found in conventional structures. Inste ad of using the

typical method of transitioning from one ferrite element to a dielectric-filled

waveguide to an air-filled waveguide and then back to another dielectric-filled

waveguide section and into the next ferrite element, the iﬁventibn provides a multi-

junction waveguide éirculator that transitions directly from one ferrite eléme nt int’o‘
the next. The waveguide circulator" in accoiﬁ ance with the invention elimin ates the

loss ;alssociated with the dielectric sections and the adhesive used in the assembly of
such, and eiiminates the addil;,ional size and mass req\ﬁied for the dielectric az'ld. air-
filled waveguide &msiﬁonﬂ sections. ‘

- Furthermore, the configuration of the waveguide circulator in accordance with

- 'the invention does not require the additional assembly and tuning steps associated

with the dielectric tran sformers; these steps add additional time and cost to the
manufacturing and assembly process. Additional manufacturing and assembly cost
savings can be achieved by taking advantage of the close proximity of the ferrite

elements and absorptive load elements in this invention. A single magnetizing'

winding can be shared between multiple ferrite elements, and the absorptive loads
" can be used in place of the comrentional lossy aperture feedthrough elements used for

- attenuating the undesired RF le akage sighal that propagates along the magnefizing

windings. These innovations reduce the parts and manufacturihg comp lexii? cost.

As will be described in greater detail'below in connection with various

embodiments of the invention, the invention can be implemented in variations from a

minimum of two ferrite circﬁlator elements in close proximity to one another to any

O
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number of ferrite elements or loads as required to achieve the desired isolation

' performance or to create a switch matrix with any combination of input and output '

ports.

The imple mentation of the invention re quires an analysis of the. magn’eﬁc bias
fields in the ferrite elements to verify that the biasing of one element will net .impact
the‘performence of the adjacent elemeht. In aceordance W1th the invention,. the .si-ze
of the ferrite elements at the common location can be increased or a small air _gép can

be introduced between the ferrite eleinez;ts in order to prevent this cross talk

. between the adjacent elements. A similar tradeoff exists when designing a load

‘element in close proximity to the ferrite olements. 'The load should be designed to be

as close to the ferrite element as possible in order to reduce the size and mass of the

circulator assembly, but the load should not be so close to the ferrite elements so that
1t absorbs power that was intended to pass through the circulator, thereby increasing’

- the insertion loss of the design.

The waveguide circulator in accordance with the invention pre ve nts the
ferrite-ﬁlled waveguide transitien‘ from one element to the next from supporting
higher order modes, which can result in degraded mic;:ov#ave performance.

According to embodiments of the invention, these higher order modes can be

' eliminated by de.creasing_‘ the width of the Waveguide betW'eexi the eIements, by

adding p'os_fs connecting the top and bottom waveguide walls, or by;.other methods of

" mode suppression. The coniiguration of the waveguide circulator in accordance with
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the invention sufficiently suppresses the higher order modes without introducing"aﬁ
impedance mismatch for the propagating mode.

- According to one embodiment of the invention, a deminimus gap is provided

~ between the ferrite elements for structural or cross talk e]jmination purposes. ‘In

this embodirﬁént, the gap betWeen the ferrite elements may be on the order of a few
thousandths of an inch, and less than 1/10 of a waveguide wavelength at the.
6p erating frequency. According to another embodiment of the invention, the ferrite

elements are manufactured from a single piece of ferrite, which results in no gap |

 between the ferrite elements. Also, according to embodiments of the invention, the

dielectric sp acers commonly used to center the ferrite eleme nis along the height of
the v}aveguide can be employed to aid in. the assembly of the par_t, can be ﬁsed to aid
in the transfer of heat out of the ferrite elements in the case of high powé;; designs, or
can be eliminated to further reduce the insertion loss. of the device. In additi&n, tﬁe

invention contemplates that dielectric transformers, reduced height waveguide

_transitionS, or any other standard method of imi)edance matching can be used at the
.tpansitio_hs between the multi-j unctioh ferrite. circulator assembly and the

input/output waveguide interfaces. It is important to note that the invention can be .

applied wherever mﬁlti_ple circulator junctions or absorptive load are 'requi'red. )
Examples include the following: a switchu triad assembly cdmprised of one switching
circulator and two switching or non-switching isolators, a dual redundant LNA =

assembly comprised of two switch triads and two LNA’s, a C-switch/R-switch

~assembly comprised of four switching circulatbrs and eight switching is‘olators? and

7

v mare
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sﬁvit’cb matrix with the numb.e'r of circulators and load eleme nts

$£3% (b

an “i*-to-"j

- dependent on the values o “.and “”.

The invention also provides a ferrite circulator having one or more ferrite

elements, at least one ferrite to load transformer attached to at least a section of the -

ferrite element and an abSBrptive load element ‘attached a section of the ferrite to

load transformer. Alf:ernaﬁvely, there may be a deminimus gap betweenthe -
absorptive load element and the ferrite to 1oad‘transformer.
The invention further provid'eS. a feljrite circulator having at least one ferrite

element, where each ferrite element has a ferrite ap e'rturé‘ through at least one

forrite leg, at least one absorptive load element, where éa.ch absorptive load element

has and absorptive aperture, and a control wire that is threaded through the

absorptive aperture and the ferrite aperture allowing for con’i_;rol_ of the ferrite

element. The contifol wire may be a singlé continuocus wire that passes through

adjacent ferrite elements before exiting the wave cuide structure which houses the
ferrite elements.

The invention also provides a ferrite circulator' having at least two-ferrite -

elements, where at least one leg of the each ferrite element has a'fer:_rite aperture and

where a control wire is tli_readed through the ferrite apertures of the two or more

adjacent ferrite elements. The control wire may be a single wire that passes through
two or more adj acent ferrite elements before exiting the waveguide structure hHousing

the ferrite elements.
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Thus, it is an asp ect of the invention to provide a mﬂti—juncﬁon ferrite

- circulator that eliminates transitions to dielectric transformers and an air-filled

waveguide between forrite elements.

- It is another aspect of -tﬁé invenﬁon to provide | a ferrite circulator having at
least one ferrite eiement_, wherebﬁ the distance betwe en two adj aceﬁt and facing legs
of the ferrite element is no. g:reatér than 1/10 of an pperating frequency ﬁvé.velength
for the wavéguide circulator. .

‘ It is another aspect of the invention to provide ferrite circuiator where the.
junction between two adj acent ferx_'ite eleiﬁents 1S a continuous junction having no
gap between the ﬁdjacent ferﬁte element Iegs. f . N

It 18 another aspect of the invention to provide a 'Wave‘guide structure which

includes at least two opposing boundary walls forming a channel width W2, where

the width of a leg of the ferrite element is W1 and were W2 is no greater than 4x W1

and W2is 1o less than 2 x W1.

It 18 another aspéct of the invention to provide a ferrite circulator having a

control wire that is threaded through a channel formed in an absorptive load |

| ele_’ment, Wher‘e the control wire is alsothreaded through a;t least‘ one ferrite aperture

of a ferrite element that is adj a_éent to the absorptive load element.

It is another aspect of the invention to provide a ferrite circulator having a

control wire that is thre aded through ferrite apertures of two or moi'e adjacent ferrite

elements for controﬂing- the forrite elenients.
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It is another asp ect of the invention to have a gin gle control Wire for

bontrbllin,g the entire ferrite circulator where the single wire passes through two or

~more ferrite elements before exiting a waveguide structure that houses the ferrite

elements.

It is another aspect the invention to provide for ferrite elements have an

- number of operable shapes, including a Y-shape, a triangular shaped or a cylindrical

- shape. .

It should be understood that both the foregoing general description and the

following detailed description are exemplary and explanatory, and provide further

explanation of the invention as clMed.-
Brief Description of the Drawings -

The accomp anﬁng dra,wings, which are incluagd to providé a further _
understanding of the invention and are incorporated in and constitute a part of this
specification, illustrate .embo diments of the invention. To ge thef with the written
description, these drawings serve to GXpléin the pfinciﬁles of the invention. In the
dréwings:

Fig. 1 shows a conventional two-junction wave gﬁidé circulator structure;

Fig. 2 shows a conventional ferrite e lemel‘lt;.-

Fig. 3 shows a top view of a multi-junction waveguide circilator utilizing three

ferrite elements and two absorptive load elements in accordance with an embodiment

of the invention;

10
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Fig. 4 shows a magnified view of a portion of the multi-junction wave guide

. ~ circulator of Fig. 3;

‘Fig. b shows a perspective view of the multl-Juncnon waveguide c:rculator of

) Flg 3 mcorporated into a housmg,

Fig. 6 shows outline dimexisions' of a prototype design of the multi-junction

waveguide circulator of Fig. 3, exemplary of the Ka-band of operating frequency; .

Fig. 7 compares measured data for a prototype of the design shown in Fig. 3 to

mea'sured data for a convehtional design as shown in Fig. 1, exemplary of the Ka-
band of operatmg frequency,
F1g 8 shows a functmnal block diagram usmg two of the multx-Junctmn

waveguide circulators of Fig. 3 as the input and output switching me_ch_anisms for

- primary and redundant LNA’s; -
Fig. 9 shows a perspective view of a design follbv&ing the block diagram of Fig.
-8 and usmg two of the multi-junction wavegulde circulators of F1g 3.as the mput and

output swfcchmg mechamsms for pnmary and redundant LNA’

F1g 10 shows a persp ectlve view of the de31gn followmg the blo ck dia grazﬁ of
Fig. 8, as it would be QSed in an apphcahon Where redqndancy switches and LNA’S'
are mounted behjnd an éntenna array; . ‘

Fig. 1,1 shows a mag'niﬁed view of a pbrtibn of an alternate .embod'im'ent of a

multi-] unction waveguide circulator:

11
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Fig. 12 shows a top view of e._ multi-junction waveguide circulator utilizing |

twelve ferrite elements and eight loads in accordance with a another embodiment of

the invention;
Flg 13 shows a magnified view of a portion oof the muiti-juncﬁo'n Weveguide
circulator of Fig. 12; ' ' .
. Fig. 14 shows a perspeetive view of the multi-jﬁnction w‘eveguide circulator of
Fig. 12 incorporeted into e housing; .

. Fig. 15 shows two functional block diagrams of the multi-junction waveguide

~ circulator of Fig. 12;

Fig. 16 shows o_utline djmene‘;ions of a prototype design of the multi-j unction'

waveguide circulator of Fig. 12;

Fig. 17 shows measured data for a prototype of the multi-junction Waveguide |

circulator of Fig. 12 for the Ka-band of operating ﬁequency;

Fig. 18 shows a top view of a five-port, multi-junction Waveguide circulator

utilizing nine ferrite elements and six loads in accordance with enether embodiment -

of the invention;

Fig. 19 shows a perspective view of the multi-junction waveguide circulator of

~ Fig. 18 in a housing.

Detailed Description of the Preferred Embodiments

- Fig. 1is a top view of the interface between two ferrite elements in a.

S PP T Ll ek ———ryy
a '0 .' * .

PR

b i

~ conventional two-junction Waveguide circulator structure. Fig. 1 shows a first ferrite
- .element 102 disposed adjacent to a secend' element 104. Each of the ferrite elements _ '

12
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102 and 104 have a quarter-wave d1e1ectr1c transformer 110 or 111 attached to each

leg. There are two transformers 110 attached to the adJ acent le gs of the fernte

B elements and four transformers 111 attached to the remam:mg legs of the .elements

A dxelectnc spacer 112 is disposed on the top surface of the ﬁrst element 102 and a

N dlelectrrc spacer 114 i8 dlsposed on the top surface of the second element 104 These

dielectric spacers are u‘sed to prop erly posrhon the ferrlte elements in the housing

- and to provide a thermal path out of the ferrite elements for high power .applicatlons.
 Generally, two additional spacers would be used, located underneath the ferrite -

. elements, hidden from view. An empirical ‘matchi_ng element 120 is disposed in close

proximity to the air gap of distance “D” between the quarter-wave dielectric '

transformers 110 that attach to adj acent legs of the first a:ed second elements 102

- and 104 As shown in Fig. 1 there is a substantial air gap of dlstance D between the

quarter-wave dieloctric transformers 110 that are attached to the adjacent legs of -

- elements 102 and 104. This distance D is typically longer than a quarter-

15

wavelength.

- Fig. ‘2 isa ferrite element 102 as used in the conventional .structure shoiml in
Frg 1 This ﬁgure 18 used to define the termmology concerning the fernte elements.

‘ .Although magnetmng Wmdmgs are not shown in tl:us wew, dashed lines 135 denote

~ the.apertures for the magnetlzmg windings. These apertures 135 are created by

20

bonng a hole through each leg of the ferrite element If a magnetlzmg wmdmg is
: mserted through th_e apertures,° then a magnetlzmg field can be established in the _

'~_ferrite element. The polarity of this ﬁ’eld can.he switched back-and-forth bjr 'the

13
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.' application of currexrt-' on the magnetizing Wihding to create a sw‘itchabqle circuiat cr.
The porti.on- of the ferrite element where the three 'le gs- of the eiement converge and to '_ -
the inside of the three apertures 135 is the resonant section of the ferrite element -
130. The d.i.mensioxrs of this section determine the operating ﬁ:equency for circulation
'In accordance W'};.th conventional design and theory. The three sections 14¢ of the |

o ferrite element to the outside of the magnetizing winding apertures 135 act both as

return pathe for the bias fields in the resonant section 130 and as ferrite .quarter-

wave transformers out of the resonant eecti_orr’; The faces 150 of the ferrite element

are located at the outer edges of the three legs.
Although the exemplary embodiments of the inifenticn are described with
respect to a latchmg circulator switch Junctlon, such as in Figure 2, the mventmn can

be apphed to a ﬁxed cn'culator Junctron that uses a current pulse of only one. polar1ty

through the magnetizing winding, or to a circulator for which a permanent magnet is

,' used' to bias the ferrite element..

Flg 3 shows a tOp view of a multl-Junctmn waveguide cu'culator in accordance

‘Wlth a first embodiment of the mvennon Tlns circulator con.ﬁguratmn 18 referred to .
- as atriad switch. A triad switch is comprised of a single switching circulator and two ._

- switching or non-switching isolators, The isolators are added to the switch so that

. the inipedance match for any one port'is independent of the imP edance match on the

20

- other ports. Any srgnal reﬂectlons generated by m.lsmatches at the other ports are
\ absorbed in the absorptive load elements that are part of the 1solators It mportant

‘to note that while the embodlments below ﬂlustrate the ferrrte element as havmg a

14
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Y-shape with three legs, the invention also includes a variety of differing shapes,
including a triangular puck or rectangular puck shape. While fhese shape may not

be considered to have legs as described below, they nevertheless have a particularly

. 'protruding portions which may operate in a manner similar to the toroid le o8

described below.

Fig. 8 shows a conductive waveguide structure 240 that includes three ferrite
glements (aiso called torbids) 202, 204, and 206 configured in a maimer so that ét
least oné leg of each ferrite element is adj écent to one leg of a neighboring ferrite
ele‘ment. Each ferrite element 202, 204, and 206 hés three legs and has dielectric
;spapers 208, 210, and 212, respectivelﬁ, disposed on its outér' su:r'facé. ,Apertures’ axle

bored through each leg of the ferrite elément 202 so that the magnetized wmdmg 214

| can be threaded through each leg of the ferrite element 202. Similarly, ferrite

elements 204 and 206 have magnetic windings 216 and 218, respectively, threaded

thr’ough eachleg. Alternatively, the magnetic windings may be threaded through at

least one of the ferrite element legs, but not néc’:essarﬂy all three. As shown in Fig. 3,

the adjacent legs of ferrite elements 202 and 204 are sp aced very closely to one

another, leaving a de minimus air gap. Similarly, the adjacent 1@ gs.of ferrite
elements 204 and 206 are disposed closely to one another leaving a de minimus air
gap.

One leg of each of the ferrite elements 202, 204, and 206 is attached to one

quartér-wave dielectric fe;:rite-to-air {ransformer 222, 224, and 226 to transition from

the ferrite element to the input/output waveguide ports 242, 244, and 246. The

15
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ferrite element 202 is attached to a qﬁaxter-wa\%e dielectric ferrite-to-air transformer

222. A second leg of the ferrite element 202 is attached to a quarter-wave dielectric N

ferri_te-tb‘-load transformer 220, which in turn is attached to an absorptive load

| 'el_ément 230. With the ferrite element connected to the absorptive load element in
_this manner, the ferrite element acts as an isolator, with low loss in one direction of

- 'propagation and high loss in the opposite direction. With the magnétized winding

214 running through the ferrite element 202, the direction of low loss propagation

can be switched back and forth, although other eﬁ;bodiments could be implemented |

with the direction of isolation fixed. The third leg of the forrite element 202 is

'a'.dj acent to a leg of the ferrite element 204, and thus is not attached to a transformer.

One leg of the ferrite element 204 is attached to a quarter-wave dielectric ferrite-to-

air transformer 224, The other two legs of the ferrite element 204 are directly
adjacent to legs of the ferrite eloments 202 and 206 and thus are not attached to
transformers. Like the ferrite element 202, ferrite element 206 also has one leg that

is attached to a quarter-wave dielectric ferrite'-fo-a.ir transformer 226 and one leg

- thatis attached to a (iuarter-wave dielectric ferrite-to-load transformer 228, which in

‘turn is attached to an absorptive load element 232. Thus, as shown in Fig. 3, there

are no ferrite-i:o-air transformers at the two junctions between adjacent legs of the
ferrite elements 202, 204 and 206.

“All of the components described above are dispoéed within the conductive

waveguide structure 240. The conductive waveguide structuré 18 genei'a]ly air-filled.

For the purposes of this description, the terms .“air-ﬁ'll,ed‘,” “empty,” “va‘cuumAﬁJléd,”
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or “unloaded” may be used interchangeably to describe a waveguide structure. The

conductive wave guide struct ure 240 also includes waveguide input/output ports 242,

244 and 246. The waveguide poris 242, 244 and 246 provide mterfaces for 81gna1

~ Input and output. As known in the pr1or art emp1r1cal matching elements 248, 250

| .and 252 may be d1sposed on the surface of the conductive Wavegmde structure 240 to

affect the performance The -matching elements are generally capacitive/inductive

dielectric or metalhc buttons that aie used to empmcally mprove the 1mpedance

match « over the desired operating frequency band Kach empmcal matching element

248, 260, and 252 is disposed near a quarter-wave dielectric ferrite-to-air

- transformer. Thus, the emp'irica‘l‘ matching element 248 is disposed ad) acent to the
quarter-wave dielectric ferrite-to-air transformer 222, the empirical ,matching

element 250 is disposed adjacent to the quarter-wave dielectric ferrite-to-air

transformer 224, and the empirical matohdng element 252 is disposed adjacent to the
qlrarter-weve diele ctric ferrite-to-;air transformer 226. '

In operatron asal mputlz output switch, an RF mgnal is prov:xded as input to .

the Wavegmde port 244 and is dehvered as output through e1ther Wavegmde port 242

or 246. The SIgnal enters the wave guide structure 240 through wave gmde port 244
and depend.mg upon the magnetlzatlon of femte element 204 is dlrected toward

femte element .202 or 206. The d1rect10n of mgnal_prop agation through a ferrite

- element can be described as clockwise or counter-clockWiSe with respect to ‘th‘e center

of the femte element. For example if the mgnal input through wave gmde port 244

passes in a clockmse dJrectlon through ferr1te element 204, 1t Wﬂl prop agate in the
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direction of the ferrite element 202, For this signal to continue through. ferrite .

element _202 towards port' 242, the magnéﬁizaﬁdn of ferrite element 202 should be
~ established so as the propagating signal passes m the coﬁnter-clbckwise direction

- with respect to the center junction of forrite element 202. The RF signal will thereby

£

exif through ‘Wave cuide port 242 with low insertion loss. Depending on the

applicatioﬁ for the switch, the magnetization of ferrite element 206 can be

 established such that an RF signal would propagate in either a clockwise or counter-
clockwise direction when waveguide port 246 is not the desired output port.' :

Summarizing the above-described scenario, the RF signal propagates from the input

port 244 to the first oﬁtput port 242 with low insertion loss (effectively ON) and from -

' the input port 244 to the second 6utput port 246 with high inéertion loss (effectively

OFP).

" To change the low loss output port from the first output 244 to the second

output 246, a magnetizing current is passed through magnetizing Winding 216 50 48
to cauée circulation thrdugh ferrite element 204 in the cbuntercléckwis.e direction.

‘ The mégnetic"bias of ferrite element 206 is established so that the 'input signal will

propagate in a clockwise direction with re spect to the center j_,unction of ferrite

"~ element 206. This allows the RF signal to propagate from the inpﬁt pdrt- 244 to the R
" second oiltput port 246 with low iﬁsertion "l_oss (effe ctiveiy, ON) and from the input

‘port 244 to the first output port 242 with high insertion loss (éffectivelyOFE).'

- Fig. 4 shows a magnified view of a_ portion of the multi-junction waveguide

circulator structure of Fig. 3. The interface between the ferrite eléments. 202 and 204
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- is shown in greater detail. Asin Fig. 8, Fig. 4 shows a leg of the ferrite element 202

disposed adj acent to a ieg of the ferrite element 204, Ferrite element 202 is shown

 with a resonant section 280, a quarter-wave ferrite section 282, and dashed lines 281

representing an aperture bored through the ferrite element for the magnetizing

winding. Ferrite element 204 is shown with a resonant section 290, a gquarter-wave

ferrite section 292, and dashed lines 291 representing an aperture bored thi'ough the

ferrite element for the magnetizing winding.

In the conventional designs, as ‘Was.shown in Figure 1, additional quarifer. o
wave dielectric ferrite-to-air transformers 110 and a -aietance D ef air-filled
waveguide are employed to tnansition frem one ferrite element 102 to a second ferrite
eleinent. 104. The additional' transformer' sections 110 do g‘_enera]ly improve the
frequency bandwidth of a design, but this eomee' af the cosf of increased size, rnas’s‘,'
a_nd insertion- loss.

Instead of the conventional method of using two two-’stage ’(ene ferrite and one

dielectric) quarter-wave transformer sections and a section of air-filled waveguide of

“distance D, _W'hich is gener_'aIIy at least a quarter-waveguide wavelength in length, the

“novel impedanee matching approach shown in Figure 4 requires only the use of the

two quarter-wave ferrite sections 282 and 292 and a de 'nzin:_imu_s lengtﬁ of unloaded

- waveguide “G1” between the faces of the ferrite elements 202 and 204. The _lengﬂi- -

(1 is a very small fraction of a wavelength, no greater than a tenth of a waveguide

anelengt‘h, _e_nd on the order of a few thousandths of an inch in the exemplary

design for the 27 to 31 GHz frequency range. In contrast, for conventionel des'igns. '
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“having a - frequency range of 27 to 31 GHz, the separation between the faces of the

ferrite elements is on the order of 0.5” inches or approximately one hundred times

the separation between the faces of length G1 employed in this invention. The length

(31 is kept short enough so that the standing waves generated by the impedance

10

15

20

mismatches at the ferrite-to-air interfaces effectively cancel each other out. The

. impedance mismatches at the interfaces between the forrite resonators 280 and 290

and the ferrite quarter-wave transformer sections 282 and 292, réspectivély,-o are

separated by a total of a half-wavelength of ferrite-loaded waveguide, so the standing

waves generated by' these impedance mismatches cancel out as well. Thus, a more

compact matching network has been implemented for the_ microwave signal

“transition from one..férrite element 202. to a second ferrite element 204.

As stafed above, the adjacent legs are located in close proximity to one another
so that th_ere is a de minimus air gap of length G1 between them. In this

enibodiment, the gap serves two purposes. The ferﬁte elements 202 and 204 are both

“bonded to the conductive waveguide structure 240. If this multi-junction waveguide
- carculator is used in a high power application or in an application that sees a wide

range of temperatures, differences in the coefficients of thermal expansion between

i:he_ferrite elements 202 and 204 and the conductive waveguide structure 240 will
stress the adhesive bond lines. Simply stated, the longer the ferrite elemenfs, the
higher the stress in the bond lines, and the greater the chances of breaking a bond

line or damaging a ferrite element. This de minimus gap between the ferrite

elements will minimize the bond-line stress. A sécond advantage of this de minimus
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elements 202 and 204, the resulting matching circuit is esséntially.. a half-wavelength i

wave guide section so that bigher order modes cannot prob agate and degrade the
| -performance; In Fig, 4, the distance W1 denotes the mdth of each. leg of the ferrite
| el_erﬁents, 202 and 204. Fig. 4 also shows walls of the Wavéguide that are adjacent to

- the ferrite elements. Thus, in ‘Fig. 4, a wall 260 and a wall 270 are disposed'i_n close
f ‘sh'o‘rt enough so as to prevent higher order modes from propagating, but also long

. waves generated by the impedaxic_e mismatches at the resonant section-to-quarter-

wave ferrite section interfaces.

CA 02862851 2014-08-29

gap is to magnetically isolate the ferrite elements 202 and 204. In this manner,
when ferrit? 'elenient 202'is biased in the d’t:}sired direction, tﬁere will be no 6r§ssta]k - '
to affect the magnetic bias fields i;hat are present in the 'adjacen’p ferrite element 204,
aﬁd vise-versa. - .
| . By eliminating the conventional quarter-wave dielectric ferrite-to-air

transformers and air-filled waveguide section in the transition between two ferrite

section of ferrite-loaded waveguide. Care must be taken to design this ferrite-loaded

proximity to the ferrite elements 202 and 204. Fig. 4 also shows a distance W2 that s

is the distahce' between opposing walls 260 and 270. The distance W2 must be kept

'enough so that the resonant design is not pertu;:bed and so that fhé'half-wavelehgth

section of ferrite-loaded waveguide is still effective in Canceling out thé standing - _ | B

Foi- the design shown in Fig. 4, the optimal distance W2 was determined
empirically, using finite element analysis soft'wére.. In this design, for the Ka-band of
frequency operation, the preferred relat_ionship between djsiiances W1 and W2 is.
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- described. as follows: W2 is no greater than 4 ‘x(multiplied) by W1 and W2 is no less

10

than 2 x(multiplied) by W1. However, it is understood that- this dimeneionai. '
relationship can be varied within the scope of the design of this invention, as
required for o‘ptiinum signal transfer with reduced loss and signal reflection. -

- Fig. b shows the conductive waveguide structure 240 of Fig. 8 disposed within

a housjng 299. The housing 299 provides the conductive Waveguide structure 240

and the interfaces for cennection to other components. Fig. 6A, 6 B and 6CA show-

outlme dunensmns of an example of a de sign of the multl-J unction wave gmde

circulator of Fig. 3 for the 27 to 31 GHz fre quency range. Thls design is quite

compact, with a width of 1.190 inches, a‘height of 0.853 inches, and a length of 0.827

~ inches. Measured data for an exemplary prototype of the invention are ineluded in

" Figure 7. Measured data for a functionally equivalent multi-junction cifculetor'

15
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structure designed using the prior art of Figure 1 are also shown for comparison.

| ‘F’igure 7 shows an improvement in room temperature ingertion loSs'ftom 29.5t0 30.5

GHZ' of approximately 0.2 dB 0 0.1 dB for the invention, resnlting from the

elimination of the loss aesoc:.ated with the dielectric transformers 110 and the long | |
dlstance D of air-filled wave gulde

An 1mportant application for a compact switch with low insertion‘ loss 1s for an

LNAre dundancy switch, as presented in the dual re dundant LNA block dlagram of
Fig. 8. Flg 9 shows a perspectwe v1ew of a des1gn follomng the block dlagram of Flg.__'

- 8 Thls de81gn uses two of the multl-J unction Wavegmde mrculators of F1g 3 as the

,mput and output smtchmg mechamsms for pnmary and redundant LNA’s The low |
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‘insertion loss of the switch minimizes the noise figure .for the LNA, and the small size
enables the positioning of the asSémblydifectly behind .a:a'antenna array.
Fig. 10 shows a peiSpeCtive view of the design, as it would be used in an applicétion-

“where redundancy switches‘ and LNA’s are mounted behind an antenna array. '

Fig. 11 shows an alternate embodiment of the mulﬁ-j unction waveguide

‘circulator. Like Fig. 4, Fig. 11 shows the interface region between ferrite elements.

Fig. 11 shows ferrite elements 3021and 304. In this embodiﬁzent, the ferrite elements

302 and 304 are made from a single piece of ferrite material. Thus, there.is no air

- gap betﬁreén,the ,feirrite elements 302 and 304 -Alfhough the -uée of a small air gap
has advantages as described abévé, the usé ofé siﬁgle piece of ferrite mat'eriél fdxj the ‘
~ two .felc'rite elements 302 and 304 l.nas‘ its dwn' advantageé.‘. This eliminates the need

for é precise gligninent of thé individual feifrite --é'lements, thereby elimjnating a.
potential s'oiirce. of standing waves thé.t would not cancél out andthat would hnut the‘
fre quendy bandv;ridth of ‘ the devicg or introduce ripple in the i;isertion loss of the

device.

Big. 11 shbi;vs opposing side walls 360 and .370 for a second embodiment of the
invention where W4 is the distance between these walls, an_d‘ the distance W3 is the

width of the legs of the'fer’fite élémer;;_ts ‘302 and 304. As in 'the_ embodiment of Fig. 4,

~ for the Ka-band of operating frequency the preferred relationshiﬁ between distances

W3 and W4 is described as follows: W4 is no gréatei' than 4x(n'1ultip]ied) by W3 and

W4 is no less than 2 x(multip]ied) by W3. However, it is understood that this

| dimensioﬁal relationship can be varied within the ‘scoi)e of the design of this

i . | Ny
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invention, as req'i;ired for optimum signal transfer with reduced loss and signal -
 reflection. Also, in Fig. 4, there is no gap between the contact region between the two
' adjacent ferrite elem’ents. 302 and 304. Instead, as ehown. in Fig, 11, the twe legs‘ of

ferrite elements 302 and 304 form a continuous piece that hes no discontinuity.

Fig. 12 shows a third embodiment of a multi-j u:;iction waveguide civculator. As

‘was described earlier, the invention can be implemented in variations from a

minimum of two ferrite circulator elements to any number of ferrite 'elemente asmay

be required to achieve the desired isolation performance or to create a switch matrix

with any combination of input and outpﬁt ports. Without the compact size and low

loss of this inirention, multi-junction waveguide circulators such as that shown in Fig.

12 are not practical. Fig. 12 ‘.s'hows a conductive waveguide structure 400 containing

‘of a plurality of ferrite elements disposéd in a circular configuration. A quarter-wave
| dielectric ferrite-to-air transformer 412 is attached to a leg of ferrite element 410 to

;assist in the impedance matching between the ferrite element 410 and the

mput/output port 452 A magnetlzmg Wmdmg 415, also called a control wire, passes

through femte element 410 Quarter-wave dlelectnc-to-load transformere 423 and |

433 are attached to one Ieg of ferrite elements 420 and 430, resp ectlvely, on one s1de

. and to absorptwe load elements 424 and 434 resp ectlvely on the other side, A single
' magnetmg wmdmg 425, enters the conductlye wave gulde structure 400 through a
| magnetizing | Wmdmg apertute 4;2 6, which is bored throug'h the floor of the
| 'Wave guide. The magnetizing winding continues th:ough an apertu;'e bered through_

‘the absorptive load element 424, then passes through the three apertures bored

24
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| through the legs of ferrite element 420, then passes through the three aperl:urés
bored through the legs of ferrite element 430, then passes through an aperture bored
through the absorptive load element 434, and ﬁnally exits the conductive waveguide
stfucture 4_00 through a magnetizing winding aperture 436 bored through the ﬂoqr of
the waveguide. A similar approach to that deécribed above applies to the remainiﬁg
components in the multi-junction circulator, but these components have not been
labeled for clarity. As with the aforementioned embodiments, the embodimentshown
in Fig._ 12 transitions directly from one ferrite element to the next without an

intermediate dielectric transformer or la;rge- air gap, thereby realizing the invention’s

10
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improvements in size, mass, and loss.

- The embodiment of Figure 12 has examples of -some additional innovations in

- multi-junction waveguide circulators that are possible as a result of the elimination

of the additional transformer sections between the ferrit_e‘elements. With the ferrite

elements spaced in such close proximity, it 1s feasible to run a single magneti’zing'

~ winding 425 through multiple ferrite elements 420 and 480 without first exiting the

conductive waveguide structure 400. For the embodiment of Figure 12, four of the

- magnetizing windings 415 pass through only a'single ferrite element 410 as in the

brior art, but the other four. magnetizing windings pass through two forrite elements
each (only the magnetizing windings 415 and 425 have been labeled for purposes of
claﬁty). This decreases the total number of magnetizing Wiﬁding_s required for the
assembly by four, resulting in a more efficient and lower cost manufacturing and

assembly ‘process. This tééhnique is not possible in the conventional designs due to

25
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the microwave ‘pérformance degradation resulting from runniﬁg the wires over the .

long distances between.the ferrite elements in the prior art.
A further improvei:nent over the prior art is found in _thé design of the
absorptive load elements 424 and 484. This innovation is analo gous to that

previously‘déscribed- for the transition between two ferrite elements. The design of

the circulator loads has traditibnally consisted of two separate isteps:' impbdance

matching the circulator to air-filled waveguide and impedance ndatching the load to

air-filled waveguide. A"signjﬁcant (non-de minimus) gap of air-filled waveguide is.

required between the circulator and load Would, then be required as used in the ﬁfior }

art. With the inventive approach shown in Figure 12 (shown but not discussed in

Figure 3'as Well), the absorptive load elements 424 and 434 are designed for an
optimal impe dance match with the waveguide loaded by the quarter-wave' dielectric-

to-load transformers 423 and 433, and no air gap is requireﬁd. As with the

elimination of the substantial gap between the ferrite elements, the reduction in size

in the 'design of the absorptive load matching circuit comes as a trade-off mth -

~ frequency bandwidth. By e]iminaﬁng the additional impedance transformations -

between the dielectric transformers and the air-filled waveguide and between the
absorptive load elernents and the alrﬁ.lled waveguide, the i.mped'aﬁcé matching

netwark has fewer transformer stages, which decreases the maximum performance

bandwidth for the design.

In the many applications where small gize and low mé.SS are desirable,

elimination of the air-filled waveguide section between the | dielect:ic transformer and

26
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the load not only reduces the length of the impedance matehing circuit into the load,
but it also allows for a reduced wave guide width to be-implemented in this section

without increasing the cut-off freqﬁency above the desired op erating frequency of the

absorptive load. This reduction in waveguide width alloevs for robust walls between

the load elements, thereby making the design easier to manufacture and lower in

cQSt to go along with the overall size and mass savings. Another innovative aspect

of the absorptive load elements 424 and 434 shown in Figure 12 is their dual use as

absorbers for RF le akage traveling on the magnetizing Windjﬁgs.- Because the

magnetizing windings must enter and exit the condﬁctive Waveguide structure 400

threugh an aperture bored through the structui'e, mMicrowave energy can leak out of :
this same aperture and interfere with other microwave components. Often, these ,.

magnetizing winding apertures are lined with the same losey material used for the

absorptive loads to try to attenuate the RF leakage down to an aceept able level. As

_ shown in Figure 12, this same feature can be incorporated into the absorptive load
elements themselves. For example, the magnetizing winding 425 passes through an

aperture in the absorptive load element 434, far enough to the beek of the absorptive

load element so that the incident miCroane energy is sufficiently attenuated. The

“absorptive load element attenuates any RF ,le'aka;ge DrOp agating on the winding, and

the Wmdmg emts the cxrculator structure through a magnetizing wmdmg aperture

436 that dees not contam addltmnal losey matenal Analo gous to the ai'oremenhoned |

ferrite element wn:mg mnovatlon, this new technique for absorptlve load mrmg 1S

practical as a result of minimizing the distance beétween the ferrite elements and the
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“absorptive load-elements. The dual use of the absorptive load element 434 to absorb
both the main RF signal and the RF leekage reduoes the parts oou.nt for the device o
_and allows for the lmplementatlon of a magnet1zmg Wmd.mg ap erture 436 that is

~_ easier to manufacture. Tbrough tlus 1nnovat1on, the location and orlent ation of the

magnetizing winding aperture 436 are no longer critical as the aperture 1s located in

- aregion of relatively low microwave energy, resulting in a lower cost-device that can
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‘be manufactured at a higher rate.

A final innovation_ of the embodiment of Fig. 12'is shown in greater detail in
Fig. 18. Fig. 18 shows a m'egni.ﬁed view of a three-ferrite element segment of the

multi-junction waveguide circulator of Fig. 12. ‘Asin F1g 4, the gap of len'gth “G2”

- between the ferrite elements is a very small fraction of a wavelength. G2 is no

greeter than a tenth of a waveguide wavelength, and on the order of a few

thousandths of an inch in the exe mplary de sign for the 27 to 31 GHz fre quency

‘range. Fig. 13 shows Opposmg side Walls 470 and 480 where the distance between
the side walls 470 and 480 is W6. F1g 13 also shows that the length W5 represents ‘
. the Wldth of the leg of the femte element 430. For an, exemplary case 1n the Ka-band

of frequency from 27 to 31 GHz . th’e preferred relationship between distances Wb and

W6 is. app roxlm ated by the following exp ressmn W6 3*W5 However it i is

' -understood that this d.unensmnal relat1onsh1p can be vaned W1thm the scope of the

design of tl:us invention, as required for .Optlmum 81gnal transfer‘ Wlth reduced loss -

) and signal reﬂection.
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As with the embodiment shown in Fig. 4, the adjacent faces of the ferrite
elements 420 and 430 are para.llel to one another, with a constant-gap of length G2

between them. The deference in the transition shown i in Flgure 18is that the

adJacent faces of the legs of the ferrlte elements 420 and 430 are not normal to the

axis of the leg. In F1g 4 the axes of the adj acent legs of the ferrite elements 202 and

~ 3

204 are in line and parallel to one another, and the adj acent faces are normal to the

axes of the legs’ and parallel to one another. In Fig. 13, the faces ave beveled at an

angle “o” of 7. 5° from normal with reSpect to the ams of the leg. Th.ls resu.lts in an
angIe f‘|3“ of 15° in the line between the axes of the legs of two adj acent ferrite |
elements. ThlS ’angle “Bis necessary'to keep the adjacent faces parallel while

constrained to the geometry ofa closed c1rcle of twelve ferrite elements, each with

three legs separated by 120°. By keepmg the faces of the two fernte elements

parallel to one another w1th a de minimus air gap, a 15° degree nntered bend has

been mcorporated mto the ha]f-wavelength section of fernte-loaded Wavegulde that
separates the resonant sections of the two femte elements 420 and 430. Wlthout

this innovation,‘ a comp act multi-j unction wave gujde circulator as shown 1n Fig. 12

‘W(-)l.l,ld not be possible either due to the limits of geometry in keeping the axes of the

legs of the'ferrite elements in line or due to the limits of performance from the
impedance mismat'ches_ at the interfaces between the adjacent ferrite elements.
Fig. 14 shows a persp ective view of the multi-junction wave guide oirculator

shown in Fig. 12 w:ithin a housing 490. The circulator arrangement presented in

these _figure‘s is sig_niﬁcant in that it allows for the emulation of the ﬁmctionaﬁty ofa
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mechanical “R” or “C” transfelj switch without any of the moving parts that limit the

reliability of mechanical switches, and with high isolation from the switch outputs
back to the switch inputs.
~ Figure 15 shows the functional block diagrams for this switch matrix in the

“C” and “R” configurations. A symbol for the switching circulator represents each of

the twelve ferrite elements in the ring of elements shown if Fig. 12. For the C-Switch

Emulation diagram in Figure 15, Input A, Output A, Input B, and OQutput B are

eqmvalent to the ports labeled 452, 458, 456 and 454, respectwely, in Figure 12 For

the R-Switch Emulation diagram in Flgure 15, Input C and Output C are equivalent

to the ports labeled 452 and 466, respectively, in Figure 12. For both the C and R
switch emulations, the .switchiag ciraulators and isolators can be controlled so that
any of the four ports acts an input port and any of the four ports acts as an output
port.

In C-switch emulatiop, energy incident to Input A propagates with low

insartion loss (effectively ON) to Output A and with high insertion loss (effectively |

~ OFF) to the other two ports. Energy incident to Input B propagates with low
. insertion loss (effe ctiVer ON) to Outp ut B and with high insertion loss (effe ctivély

OFP) to the other two ports. Energyint:i(‘ient to Output A or Output B propagates

with high insertion loss (effectively OFF) to all ports;. In R-switch emulation, energy
incident to Input C pmp agates with low insertion loss to Output C and with high
msertlon loss (effectively OFF) to all other ports. Energy mcldent to any port other

than Input C propagates with high msertmn loss (eﬂ'ectwely OFF) to all ports
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Without the innovations presented herein, the size and insertion loss of a
multi-junction waveguide circulator assembly consisting of twelve ferrite elements.
and eight absorptive load elements would be prohibitive to any _consideration. over a

mechanical switch. The design p’reser‘lted' in Fig. 12, however, is approximately the -

: same size as a mechahical switch. For operation from 27 GHz to 31 GHz in the Ka-

band of ﬁequency with standard WR-28 waveguide ports, the outline dimensions of

the exemplary design are 1.75” long by 1.75" wide by 0.75” tall, as shOwn in Fig. 16.

- Fig. 17 shows measured room temperature insertion loss from 28.5 to 31 GHz for an

exemplary prototype of this design in the “C " switch cbnﬁguration.

Fig. 18 shows a top view of a five-port, multi-junction Wavegtﬂde circulator

utilizing nine ferrite elements and six loads in accordance with a fourth embodiment |

of the invention. This design could be used as a Qne input/output to four output/input

switch. Many of the features shown in the Fig. 18 desigh are similar to the bthei's

designs_preSented herein, so a detailed descriiption wﬂl not repeated. Some of fhese |
features are utilized in a s]ightly djfferent manner, pfoviding éoﬁe insight into the ‘
niany embodiments that are possible with this inventién. Ferrite element 520 .

combines some of thé features of ear]ief embodiments of the inventioil. Two Qf thé N
legs 6f- ferrite element 520 have faces normal to the axes of the le‘gs,: and are 'édj aceni;'

to ferrite elements separated by a de minimus gap, and a third leg has aface that is

20  beveled and is adjacent to a ferrite element with a similarly beveled face. This

design is an example of how the novel design approé.ch emplpying a de minimus gap .

~ between ferrite elements can be applied to all three legs of a ferrite element and how
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~ the geometry of the three legs doeé not have to be uniform. The Fig 18 design also

shows how the Wii:ing, innovations can be extended. The magnetizing winding 510is

shown passing through two load elements and three ferrite elements in this design.

Fig. 19 shows a ﬁerspeptive view of the Fig. 18 embodiment in a: waveguide

enclosure 590. The utilization of these novel design innovatibns_ for a four-to-one

. switch provides significant size and mass savings over the traditional design. The

operating frequency bandwidth is not as wide as in the traditional design, but the in-

band insertion loss is much lower due to the reduction in parts and size. Most

~ importantly, the desigﬁ of Fig. 18 is on the order of 25% of the mass and size of the

equivalent design emplojring the prior art. |
It will be apparent to those skilled in the art that various modifications and '
variations can be made to this inventibn without departing from the spirit or scope of

the invention. Thus, it is intended that the present invention covers the

' ‘_modiﬁcations and variations of this invention p:r_:ovided that they come within the

scope of any claims and their eq_uivalents.
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CLAIMS:

1. A ferrite circulator, comprising:

a waveguide structure having an internal cavity, the waveguide structure

including a plurality of ports extending from the internal cavity:

at least one ferrite element disposed in the internal cavity:

at least one ferrite to load transformer attached to at least one leg of the at

least one ferrite element; and

at least one absorptive load element disposed adjacent the at least one
ferrite to load transformer, the at least one absorptive load element having a first
surface, the at least one ferrite to load transformer having a second surface,

wherein a space is formed between the first and second surfaces.

2. The ferrite circulator according to claim 1, wherein the space consists of an
air gap.
3. The ferrite circulator according to claim 1, wherein the space is no greater

than 1/10 of a waveguide wavelength at an operating frequency.

4. The ferrite circulator according to claim 1, wherein the space includes an

adhesive material.
5. The ferrite circulator according to claim 1, wherein the space is a dielectric.

6. The ferrite circulator according to claim 1, further comprising at least one of
a dielectric spacer and a conductive spacer disposed on an outer surface of the at

least one ferrite element.

/. The ferrite circulator according to claim 1, further comprising at least one

empirical matching element disposed within the internal cavity.
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8. A ferrite circulator comprising:

a waveguide structure having an internal cavity, the waveguide structure

including a plurality of ports extending from the internal cavity:

at least two ferrite elements disposed in the internal cavity, wherein a leg of
a first ferrite element and a leg of a second element form a continuous piece having
no discontinuity, wherein the leg of the first ferrite element and the leg of the
second ferrite element are manufactured as two separate ferrite elements and are

subsequently bonded together to form a continuous piece:

at least one ferrite to load transformer attached to at least one leg of the at

least two ferrite element: and

at least one absorptive load element disposed adjacent the at least one
ferrite to load transformer, the at least one absorptive load having a first surface,
the at least one ferrite to load transformer having a second surface, wherein a

space Is formed between the first and second surfaces.

9. The ferrite circulator according to claim 8, wherein the space consists of an air

gap.

10. The ferrite circulator according to claim 8, wherein the space is no greater than

1/10 of a waveguide wavelength at an operating frequency.

11. The ferrite circulator according to claim 8, wherein the space includes an

adhesive material.
12. The ferrite circulator according to claim 8, wherein the space is a dielectric.

13. The ferrite circulator according to claim 8, further comprising at least one of a

dielectric spacer and a conductive spacer disposed on an outer surface of the at

least two ferrite elements.
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14. The ferrite circulator according to claim 8, further comprising at least one

empirical matching element disposed within the internal cavity.

15. The ferrite circulator according to claim 8, wherein the at least two ferrite

elements are Y-shaped.

16. The ferrite circulator according to claim 15, wherein at least two legs of the Y-

shaped ferrite elements have differing lengths.

17. The ferrite circulator according to claim 8, wherein the ferrite circulator is a

redundancy switch.

18. The ferrite circulator according to claim 8, wherein the ferrite circulator is
Incorporated into an LNA redundancy switch for satellite communications

applications.

19. The ferrite circulator according to claim 8, further comprising 12 ferrite

elements, 8 absorptive loads and 4 ports, wherein the ferrite circulator is disposed

in a protective housing having a length L and a width W, wherein L and W are no

more than 1.75 inches.

20. The ferrite circulator according to claim 19, wherein the ferrite circulator

operates at a frequency from 27 to 31 GHz.
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\_All 3 ports are standard

WR-28 waveguide
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Figure 7
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Figure 8

’In%lgvSide.g/Iuét.i-Juncﬁon Output Side Multi-Junction
eguide Circulator Waveguide Circulator
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Figure 10
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Figure 13
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Figure 14
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Figure 15 ' - - | b

C-Switch Emulation = ~ R-Switch Emulation
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Figure 17

Ferrite C/R Switch — Untuned Prototypé-
Insertion Loss in "C" Switch Emulation
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