WO 211116/11111879 PCT/ US2005/012318 1 LOW PROFI LE Cl RCULATOR BACKGROUND
OF THE DI SCLOSURE [0001] A transmt/receive nodule typically includes a
circulator for coupling a power anplifier transmtter and a | ow noi se

anpli fi erwposfliggoW th an antenna. One common circul atey /bmj,@mglltxatl on
includes a mcrostrip circuit pattern on a ferrite substrate A magnet

provides a DC magnetic field for rotating the fields in the resonant
portion of the mcrostrip pattern. The mcrostrip circuit patternis laid
out such that the required DC magnetic field is orthogonal to the plane of
t he substrate. The DC magnetic field is provided by a puck-shaped nagnet

pl aced on top of the circuit pattern and above the plane of the substrate.
Havi ng the required nagnetic field orthogonal to the plane of the substrate
results in the placenent of the nagnet above the plane of the micro-strip
circuit. The transmt/receive nodule has a thickness equal at |east equal
to the thickness of the substrate plus the thickness of the magnet. SUMVARY
[ 0002] A circulator conprises first and second couplers. The first and
second couplers are coupled by first and second transm ssion lines. First
and second nmagnetic fields are provided crossing the first and second
transm ssion lines, respectively. In an exenplary enbodi nent, the magnetic
fields are substantially parallel with and within a plane defined by the
first and second transm ssion |ines. W 2006/001879 PCT/ 11S2005/012318 2

LOW-PROFILE CIRCULATOR
BACKGROUND OF THE DISCLOSURE

[0001] A transmit/receive module typically includes a circulator for coupling a
power amplifier transmitter and a low noise amplifier receiver with an antenna.
One common circulator implementation includes a microstrip circuit patternon a
ferrite substrate. A magnet provides a DC magnetic field for rotating the fields
in the resonant portion of the microstrip pattern. The microstrip circuit patternis
laid out such that the required DC magnetic field is orthogonal to the plane of
the substrate. The DC magnetic field is provided by a puck-shaped magnet
placed on top of the circuit pattern and above the plane of the substrate.
Having the required magnetic field orthogonal to the plane of the substrate

) results in the placement of the magnet above the plane of the micro-strip circuit.
The transmit/receive module has a thickness equal at least equal to the
thickness of the substrate plus the thickness of the magnet.

SUMMARY

[0002] A circulator comprises first and second couplers. The first and second
couplers are coupled by first and second transmission lines. First and second
magnetic fields are provided crossing the first and second transmission lines,
respectively. In an exemplary embodiment, the magnetic fields are
substantially parallel with and within a plane defined by the first and second

transmission lines.



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0003] Features and advant ages of the
disclosure will readily be appreciated by persons skilled in the art from
the follow ng detail ed description of exenplary enbodinments thereof, as

|| [ uswewdoors7e he acconpanyi ng draw ngs, in which: pe9RR%skiGis 1

Il lustrates an exenplary schematic circuit diagramof an exenplary

enbodi nent of an antenna system [0005] FIG 2 illustrates an exenplary
enbodi ment of a circulator. [0006] FIG 3 illustrates a cross-sectional view
of an exenplary enbodi nent of a circulator of FIG 2. DETAILED DESCRI PTI ON
OF THE DI SCLOSURE [0007] In the follow ng detail ed description and in the
several figures of the drawing, like elenents are identified with |ike
reference nunerals. [0008] FIG 1 illustrates an exenplary schematic circuit
di agram of an exenplary embodi nent of an antenna system 1. The antenna

system conprise f eceive anplifier 3. In an
exenpl ary emodmﬁfﬁg%ﬁpﬁg}sﬁ#f ﬁﬁ%ﬁ@&\& ﬁ@ corrprl ses a hi gh power .
anplifier. In an exenplary enbodi nent, the receive anplifier 3 conprises a
| ow noise anplifier., The transmt anp I|f|er 2 and the receive amplifier 3

are c&NA3Gestyras andadyentagessf @ﬁé‘#ﬁc'%w%twwéﬂ%!ﬂ?etarﬁ)ﬂ[ﬁ@gﬂefébltl rculator 5.
[ 0009k elddnks Qﬁll(@é,"‘[‘(ﬂg”eaéry freRoAd 'f&%%r}ggf&et’élzl& déscrﬁﬂsn%%ﬁ&ﬁgla stem | conprises

a radar system transmt anpli provi a tran signal 25. The
t r ans embogingents txgeofags divsiraledén thenaagontpaayingrdrawiniggnialwhidtie upper linmt  of
the frequency may be determned by the material used for the transm ssion WO
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[0004] FIG. 1 illustrates an exemplary schematic circuit diagram of an

exemplary embodiment of an antenna system.
[0005] FIG. 2 illustrates an exemplary embodiment of a circulator.

[0006] FIG. 3 illustrates a cross-sectional view of an exemplary embodiment of
a circulator of FIG. 2.

DETAILED DESCRIPTION OF THE DISCLOSURE

[0007] In the following detailed description and in the several figures of the

drawing, like elements are identified with like reference numerals.

[0008] FIG. 1 illustrates an exemplary schematic circuit diagram of an
exemplary embodiment of an antenna system 1. The antenna system
comprises a transmit amplifier 2 and a receive amplifier 3. In an exemplary
embodiment, the transmit amplifier 2 comprises a high power amplifier. In an
exemplary embodiment, the receive amplifier 3 comprises a low noise amplifier.
The transmit amplifier 2 and the receive amplifier 3 are coupled to a radiating

element or antenna 4 through a circulator 5.

[0009] In the exemplary embodiment of FIG. 1, the antenna system 1 comprises
a radar system. The transmit amplifier 2 provides a transmit signal 25.
The transmit signal 25 may comprise a high frequency signal. The upper limit

of the frequency may be determined by the material used for the transmission



lines 8, 9. The |lower frequency nmay be dictated-by—-the-size |imtations or
demands of a particular application. In an exenplary enbodi nent, the

transmt signal 25 has a frequency range of about 10 GHz to 20GHz. In

anot her exenplary enbodi nent, the transmt signal 25 has a frequency range
between about 6 GHz to 12 GHz. The transmt signal may conprise a radar
transmt W&rynaboiBor driving an antenna 4 to transmt a paf@acd@sbe88. I N
an exenplary enbodi nent, the antenna system conprises an array of radiating
el enents, and a corresponding plurality of transmt anplifiers, circulators
and receive amplifiers. [00101 In the exenplary enbodinent of FIG 1, the
antenna 4 receives a return signal 26 and provides a receive signal 27
responsive to the return signal 26. The return signal 26 may, for exanple,
conprise a return echo fromthe transmtted radar pul se 28. The circul ator
5 routes the receive signal 27 to the receive anplifier 3. [00111 In an
exenpl ary enbodi nent, the circulator 5 conprises first and second couplers

10, 20 co nect transni ssi on The first and second couplers
10, 20 andERe 1 abR Qe OlERIaTEY B2 BecigRistbY it ik fRaeTRS sars bl ane.
The coupl edemdittis 3@ ﬁéﬁf&(dr%ﬁplid&h@ﬁ d!ngalr{é%e‘ﬁ@blé’ﬂy‘é'?ﬁtﬁd'mentc@féﬁﬂaﬂéﬁntor Lange
coupl ers. Lange couplers are described, for exanple, in Lange,

"I nt er di gi $ata®R5shas |l requancudarge ok absubll BrGMz teR@8GHanda@noder on
M cr owave EE"?? e‘?ﬂ?z In an
al terna;/e e o%jr?g/rren dﬁ%en@gﬁ% grp?%@'gp%h}\??ggqlg glif ?é&e Wé%;‘

coupl er, iatmiuhﬁi@tjz to ﬂBrGHma‘ﬁm Hananﬂusigdlaamaw&:ouwpleea radﬁneraosmnl er s 10, 20
may conpris f.or tlve traces d on a dielectric
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or how | osempedigienglthe Bhnna system comprises an array of radlatmg elements,
and a corresponding plurality of transmit amplifiers, circulators and receive
amplifiers.

[0010] In the exemplary embodiment of FIG. 1, the antenna 4 receives a return
signal 26 and provides a receive signal 27 responsive to the return signal 26.
The return signal 26 may, for example, comprise a return echo from the
transmitted radar pulse 28. The circulator 5 routes the receive signal 27 to the
receive amplifier 3.

[0011] In an exemplary embodiment, the circulator 5 comprises first and second
couplers 10, 20 connected by transmission lines 8, 9. The first and second
couplers 10, 20 and the transmission lines 8, 9 are substantially in the same
plane. The couplers 10, 20 comprise interdigitated microstrip couplers or
Lange couplers. Lange couplers are described, for example, in Lange, J.,
“Interdigitated Stripline Quadrature Coupler,” IEEE Transactions on Microwave
Theory and Techniques, December 1969, pages 1150-1151. In an alternate
embodiment, the couplers may comprise a different type of coupler, including,
for example, a quadrature coupler. The couplers 10, 20 may comprise, for
example, conductive traces formed on a dielectric substrate 7 (FIG. 3). The
traces can comprise gold, copper or other metal or low-loss material. The
conductive traces can be fabricated onto the substrate 7, for example, by
printing, plating or other thin film or photolithographic technique. The substrate

7 may comprise alumina, silicon, gallium arsenide, a printed circuit board or



conductive traces can be fabricated onto the substrate 7, for exanple, by
printing, plating or other thin filmor photolithographic technique. .The
substrate 7 may conprise alumna, silicon, galliumarsenide, a printed
circuit board or WD 211116/ 1411879 PCTIU S21NI 5/01231 S 4 other |owl oss

di el ecVPiUEi al . The substrate may be, for exanplRCT/USRO802HKge of ‘about
0.005" to 0.125" thick. [0012] The transm ssion lines 8, 9 are

non-reci procal in that they provide different phase responses for signals
propagating in different directions across the same transm ssion |ine.
Non-reci procal transmssion lines 8 9 may conprise, for exanple,

ani sotropically perneable material under the influence of opposed nagnetic
fields 28, 29. For exanple, the transmssion lines 8 9 nmy conprise

ani sotropical |y perneable material® such as, for exanple, ferrite |oaded
transm ssion lines. In an exenplary enbodi nent, the transmssion lines 8, 9

are pl acther iow-pssddielectlit roftefial. Syhe vlibstrat® ntay bé\r for@Rainpke, Snilast rat e and may
smssion lines 8 9 may conprise a substrate

t7)e gg(r)rg'iﬁe“gpi tagem&ﬁgtjnﬁé[bg?ééﬂ%ﬁ%-th external surfaces which are netalized

with a groundplane |ayer 81, 91 on one side and a mcrostrip line 82, 92 on

t he ot her jde (FIG 3)..The_external surfaces can he nmetaljzed, for

exanpl ef,%o\lﬁfJFP%gSﬁ(aa.sm'i%%h%'}eﬁ A énargx%Tegwo‘?iﬂBéﬁ%ﬁﬁy PEVIf&gnetic fiel ds
28, 29 @ﬁ@rmpmamsgaﬁéasﬁ&si MPProphgtingiin aFferam YirabpsHs dchessp| ane def i ned
by the couplers 10, 20 and the transm ssion lines 8, 9. The magnetic fields
28, 29 theysyBeskiagmission|ling. bloptegpresal transtRissiomn ifes & & AM@Y r ansni ssi on
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magnet sofighposedmaggreticpieidse28,f28r For example, the transmission lines 8, 9

may comprise anisotropically permeable material such as, for example, ferrite '

loaded transmission lines. In an exemplary embodiment, the transmission lines

8, 9 are placed into holes 71 (FIG. 3) cutinto or through the substrate and may

be epoxied into place. The transmission lines 8, 9 may comprise a substrate 7

comprising ferrite material with external surfaces which are metalized with a

groundplane layer 81, 91 on one side and a microstrip line 82, 92 on the other

side (FIG. 3). The external surfaces can be metalized, for example, with gold.

[0013] In an exemplary embodiment, DC magnetic fields 28, 29 are provided
acting in opposite directions along the plane defined by the couplers 10, 20 and
the transmission lines 8, 9. The magnetic fields 28, 29 may be substantially
orthogonal to the Iength of the transmission lines 8, 9 as shownin FIG. 2. Inan
exemplary embodiment, the magnetic fields 28, 29 are provided by two
magnets 18, 19 placed back-to-back. The magnets 18, 19 may comprise, for
example, permanent magnets or bar magnets or any other appropriate
magnetic field source.

[0014] The opposed magnetic fields 28, 29 cause the anisotropic permeability
of the transmission lines 8, 9 to align in opposite directions. The magnetic
fields 28, 29 align the permeability tensors of the respective transmission lines
8, 9 so that the left-to-right permeability (or transmit permeability) for signals
251, 252 propagating from coupled port 13 or 14 to coupled port 24 or 23,



exanpl e, permanent magnets or bar nagnets or any other appropriate magnetic
field source. [0014] The opposed magnetic fields 28, 29 cause the

ani sotropic perneability of the transmssion lines 8 9 to align in

opposi t eVBiEiIs. The magnetic fields 28, 29 align pdweupmnsmelbis ity
tensors of the respective transmssion lines 8, 9 so that the left-to-right
pernmeability (or transmt perneability) for signals 251, 252 propagating
fromcoupled port 13 or 14 to coupled port 24 or 23, WD 211116 /11111 8 7 9
PCT/ US21111>/ 012318 5 respectively, is different fromthe right-to-Ileft
pernmeability (or receive perneability) for signals 271, 272 propagating
fromcoupled port 24 or 23 to coupled port 13 or 14, respectively. [0015]
For exanple, the perneability of the fransmission line 8 for the signal 251
may be higher than the perneability of transmission line 8 for the signal

271, \Aherea@sgz VB! n'galalfférérsf &ond hﬁetﬁ@ﬂam@mwrﬂéd&ﬂu@ (&Y regivBi gher for

the signal than for the signal . In an alternate enbodi nent, the
relative Rarmeability) for signalpdr &?%mopgg@tmg framscaupled pers géatr 23dot he

direction oé mn1%59\{glreg§é(%ggwrevers_e The transmi ssion lines 8, 9 are

selected to a |eve t ase-shift and phase rel ati onshi ps anong
the signals 251 252, 271 272 as further described bel ow. Suitable
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dielectric gw e ransm ssion | n inset
di el ectric 2ffi nilayrmwgmhasmeaperemmgubfahra@memen fina aafonﬂ’ueastgealab with
| ayers of nd/or fe
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for a | ayersighal @72 than iér theeigras 2p2r tin ah ditendte @AsHIdRRER) thd Reative
permeability of the transmission lines with respect to the direction of signal
travel may be reverse. The transmission lines 8, 9 are selected to achieve the
desired phase-shift and phase relationships among the signals 251, 252, 271,
272 as further described below. Suitable transmission line structures may
include, for example, microstrip, dielectric guide and inset dielectric guide
transmission lines. An inset dielectric guide may comprise a rectangular groove
in a metal slab with layers of dielectric and/or ferrite material placed in the
groove. The sidewalls of the groove can support a material layer above
another to allow for a layer of air to be used as part of the transmission line.
A variety of transmission characteristics can be obtained by layering the

o

) materials in this fashion.

[0016] In an exemplary embodiment, the first coupler 10 receives the transmit
signal 25 at the input port 11 and divides the signal into two signals, 251 and
252. The signal 251 is routed to the coupled port 13, through the transmission
line 8 to the coupled port 24 of the second coupler 20. The signal 252 is routed
to the coupled port 14, through the transmission line 9 to the coupled port 23.
The signal 251 at the coupled port 13 is substantially in phase with the signal
252 at the coupled port 14.

[0017] The left-to-right or transmit permeability of transmission line 8 for the
signal 251 is substantially equal to the left-to-right or transmit permeability of



A variety of transm ssion characteristics can be obtained by |ayering the
materials in this fashion. [0016] In an exenplary enbodi nent, the first
coupler 10 receives the transmt signal 25 at the input port 11 and divides
the sWERPYHE® two signals, 251 and 252. The signaPCRES 2005012018 ed to the
coupl ed port 13, through the transmission line 8 to the coupled port :24 of
the second coupler 20. The signal 252 is routed to the coupled port 14,
through the transmssion line 9 to the coupled port 23. The signal 251 at
the coupled port 13 is substantially in phase with the signal 252 at the
coupl ed port 14. [0017] The left-to-right or transmt perneability of
transm ssion line 8 for the signal 251 is substantially equal to the
left-to-right or transmt perneabiPity of WD 2006/ 001879, PCT/ US2005/ 012318
6 the transmssion line 9 for the signal 252. As a result, the signals 251

and 252 th@&nﬁsmssswhsm@rgtfbadhbxsxg?ﬁuzsml/es"léréshuﬁsm 'ﬁélsasfaﬁazshe equal |ength
transmssion |in respectively, so that e signals 251 and 252 are

subst antl?aé(PIaySUbFﬁnBﬁlé’seél%‘fa'Q’ﬁBh’t\?ﬁf’ﬁ‘!f@fr%tf‘% egual ‘%Eth traesnaissiBRd coupl er 20
conbi negjkleg, 9, ”re@ﬁééltr SBahst %’élsgﬁéis%a bR 250N5reS s RhntEm,

corresponding to t smt sign , and routes t Si gngl 25" out
t hr ough inipbase plithepeoupledt portHRA.833. | Phenreexshpdupisr %Orbgmbh’@mthet he second

coupl er 8 S 2 1 and divi des
The st orldPieRE Soles 251 ana 2 Ry hesgiiton ofbsiatfid Bhe BRbHRES 15" he
coupl ed gl 284and i’umsgthets@xal 25 s thiresgothel ihpet ghrt 21.t he coupl ed port 13 of
the first coupler 10. The signal 272 is routed to the coupled port 23,

through the transmssion line 9 to the coupled port 14 of the first coupler
10. The [80tB]ah san2 éterapldr? éthbadineahbtieasecand goupler 20 receives the

receive signal 27 at the input port 21 and divides the signal into two signals
271, 272. The signal 271 is routed to the coupled port 24, through the
trarnsmission line 8 to the coupled port 13 of the first coupler 10. The signal 272
is routed to the coupled port 23, through the transmission line 9 to the coupled
port 14 of the first coupler 10. The signals 271 and 272 are substantially
in-phase at the coupled ports 24 and 23, respectively. The transmission lines 8
and 9 and the magnetic fields 28, 29 are configured so that the receive
permeability for right-to-left signals 271, 272 through transmission lines 8 and 9
causes signals 271 and 272 to be 180 degrees out of phase at the coupled
ports 13 and 14, respectively.

[0019] In an exemplary embodiment, the right-to-left or receive permeability of
the transmission line 8 causes a phase shift in the signal 271, propagated
between coupled ports 24 and 13, which is 90 degrees greater than the phase
shift of the signal 251 propagated between coupled ports 13 and 24. The right-
to-left or receive permeability of the transmission line 9, on the other hand,
causes a phase shift in the signal 272 propagated between coupled ports 23
and 14 which is 90 degrees less than the corresponding phase shift in the
signal 251 propagated between coupled ports 14 and 23. In an alternate
embodiment, the relative plus or minus 90 degree phase shift relationship for
transmitted or received signals through the transmission lines 8, 9 may be
reversed. in either case, the signals 271 and 272 are substantially 180 degrees



I n-phase at the coupled ports 24 and 23, respectively. The transm ssion
lines 8 and 9 and the magnetic fields 28, 29 are configured so that the
receive perneability for right-to-left signals 271, 272 through

transm ssi owa nesoid7and 9 causes signals 271 and 272 to Reri§hosespes out a

of phase at the coupled ports 13 and 14, respectively. [0019] In an

exenpl ary enbodi nent, the right-to-left or receive perneability of the
transm ssion |line 8.causes a phase shift in the signal 271, propagated

bet ween coupl ed ports 24 and 13, which is 90 degrees greater than the phase
shift of the signal 251 propagated between coupled ports 13 and 24. The
right- to-left or receive perneability of the transm ssion line 9, on the
ot her hand, causes a phase shift in the signal 272 propagated between
coupled ports 23 and 14 which is 90 degrees | ess than the correspondi ng

phase shi {1t bid bfnact AAgh rd6dyd SPRALSCHIAP LURENLOHPAd iy and 23

In an alternate odi nment e re us or m nus ree’ phase
shift rel ati dhsfirgh cbopler ﬂﬁanmimrtetsetde mut—oépimseedgnlg Qarlsaridmmugto thee

transm ssion_lines,8, 9 my.be ever sed her .cas the,siqgnals 271
and 272 ar e SEDS 2 sceoRes tn R e ipriand ot B adbpe B0aTs” 7
out of phasetMgaafe@c@jryezjtoathetré@|@g;mbmrmorts 13 and 14, respectively.
The first coupler 10 conbi nes the out-of-phase signals 271 and 272 into the

signal 27', corresponding to the receive signal 27, which is routed out

t hrough the[oogo] mt@deia@‘hblaﬂaﬂemm@lh%nlt &ﬁelré@l@é@h'ipiméﬂS?s cdirﬁ%ﬂid ion an
exenpl ary e odlnent the receive_amplif I.S connected to

ci rcul at or '@HlﬁﬁmasstWOPSH a §witeh @5 (ﬂG 'ﬂ1e e swilch 45 fagy L’S’@ fﬁ"ror
exanple, a Sé%ﬁlepﬁk%gm 8olidlé Mol PEPDIN) SWkdtE Mourtly i tHéSgwitch® swi tch 15

may be normally in the closed position, but can be opened to protect the
receive amplifier 3 when the magnitude of the receive signal 27 is too high or
during transient operations. For example, in the case of radar, the switch 15
can be opened where the radar frequency is being actively jammed. In an
alternate embodiment, the circulator 5 can be connected directly to the receive
amplifier. In an alternate, exemplary embodiment, the circulator may be
connected to the receive amplifier without a switch 15.

[0021] In an exemplary embodiment, the isolated port 22 of the second coupler
20 may be connected to a termination or load 16 (FIG. 1) for absorbing any
) reflections from the low noise amplifier. For example, if the transmit amplifier 2
| and the receive amplifier 3 are turned off, the reflection of receive signals 27
from the antenna 4 may be predominantly controlled by the termination 16.
The termination 16 can be selected to dissipate or reflect and received signals
in a controlled manner and can be used for power dissipation and/or tuning.

[0022] FIG. 2 iliustrates an exemplary embodiment of a circulator 5. The
circulator comprises first and second couplers 10, 20. The couplers 10, 20
comprise Lange couplers. The couplers 10, 20 are fabricated on a substrate 7
(FIG. 3). In an exemplary embodiment, the couplers may be about 135 mils
long. The length may be selected based, at least in part, on the operating
frequency of the circulator 5.



may be normally in the closed position, but can be opened to protect the
receive anplifier 3 when the magni tude of the receive signal 27 is too high
or during transient operations. For exanple, in the case of radar, the-

swi t cVQ306@a87he opened where the radar frequency i eClraisagpsmctsiyel y j amed.
In an alternate enbodi ment, the circulator 5 can be connected directly to
the receive anplifier. In an alternate, exenplary enbodi nent, the
circulator may be connected to the receive anplifier without a switch 15.
[0021] In an exenplary enbodi nent, the isolated port 22 of the second
coupler 20 nmay be connected to a termnation or load 16 (FIG 1) for
absorbing any reflections fromthe | ow noise anplifier. For exanple, if the
transmt anplifier 2 and the recei¥e anplifier 3 are turned off, the
reflection of receive signals 27 fromthe antenna 4 may be predom nantly
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di ssi pat recelve Ina er and can be
used for 1pparisotbted ppdtl2@amddwd/coupled mportg. 13 180Z8¢ seténd GouplénX r at es an
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enbodi nment first coupler 10 conprises an I nput por % an isol ated
port 12 @M@tfwnmwmh@ﬁﬁorts 13 14. The second coupl er 20 conprises an
i nput port 21, an isolated port 22 and two coupled ports 23, 24.

[0024] The circulator 5 also comprises anisotropically permeable transmission
lines 8, 9 connecting coupled ports 13, 14 with coupled ports 24, 23,
respectively. Magnets 18, 19 provide opposed magnetic fields 28, 29,
respectively. The magnetic fields 28, 29 are substantially orthogonal with the
length of the transmission lines 8, 9, respectively. The magnetic fields 28, 29
bias the transmission lines 8, 9 so that the transmit permeability of the
transmission lines 8, 9 for left-to-right propagating signals 251, 252 are different
from the receive permeability for right-to-left propagating signals 271, 272.

[0025] In an exemplary embodiment, the transmission lines and magnetic field
strengths are chosen so that the magnetic bias causes signals 251, 252, 271,
272 to have the desired phase-shiit and phase relationships. In this
embodiment, both transmission lines 8, 9 provide the same phése shift I L-R,
to signals propogating from left to rightin FIG. 1. One transmission line 8 or 9
will provide a phase shift to signals propogating from right to left which is 90
degrees more than @ L-R and the other transmission line 9 or 8 will provide a
phase shift to right to left propogating signals which is 90 degrees less than &
L-R. This will provide signals at coupled ports 13, 14 of coupler 10 which are
180 degrees out of phase, which will cause the coupler 10 to route the signals
at ports 13, 14 to port 12. For example, signals 251, 252 are in-phase at
coupled ports 13, 14 and at coupled ports 24, 23, signals 271, 272 are
in-phase at coupled ports 24, 23 and are 180 degrees out of phase at coupled



The coupl ed port 13 of the first coupler is connected to the coupled port 24
of the second coupler 20 by a transm ssion line 8. The coupled port 14 of
the first coupler 10 is connected to the second coupled port 23 of the
second cowpl @6e/Pg79by a transm ssion line 9. [0024] The péf,ggl}"@g,wn& al so
conprises anisotropically pernmeable transm ssion |ines 8§, connecti ng
coupled ports 13, 14 with coupled ports 24, 23, respectively. Mgnets 18,
19 provi de opposed magnetic fields 28, 29, respectively. The magnetic
fields 28, 29 are substantially orthogonal with the Ilength of the

transm ssion lines 8, 9, respectively. The magnetic fields 28, 29 bias the
transm ssion lines 8 9 so that the transmt perneability of the
transmission lines 8, 9 for left-to-risght propagating signals 251, 252 are
different fromthe receive perneability for right-to-left propagating

signals 271 7 5] In an_ex | ar. i t, the transm ssion |ines
and nagneti 8()%? i?’dd’gﬂ%ee#@?wg pﬁlage %ﬂgggﬁéggl%t g?gécf%éﬁa"?@'ﬁﬁ% causes

si gnal s 251}ine¥5@ ,and7d are 30 Hegpedtamerd bieleds thare thed frassmithitdse ashiit phase

rel ati onshi g,s. I r}@t hi%g enbodi nent, both transm ssion |ines 8 9 provide the
sane phase SENFIE 4571292 actogs dhelirgsredive HagsRYSSiPT inss 8.t to right in FIG
1. One transmssion line 8 or 9 wll provide a phase shift to signals
propogating, fr right . tq. left which is 90 degrees nore than O L-R and the
ot her transpdo_ggﬁ'ﬁe %Pﬂg‘ 3“&”@%%“3%'#&??%8 aéegﬁ’ﬁﬁ@g SQHP?ttth?'_('iarﬁ"_@iﬁt to left
propogat i Ngsigh&i8 s roMé EhomIhdRpdebrersofltes first BapI&r 1d-afd odtthsinplut | provi de
signals at coupled ports 13, 14 of coupler 10 which are 180 degrees out of

phase, whi cRoH2 lof bsesond eouRieandisothatiareceivesianad 2igioates fram Mgorts 13, 14
19 Do o 2 2T B 8090 gl 02U NS D eneo s o< 13

ports 24, 2tcambiredintdGighal2Ze scoresparidimhés ¢hatreczivelsighal 27, at the

isolated port 12 of the first coupler 10. The length of the transmission lines 8, 9

are also selected so that the signals 251, 252 and 271, 272, respectively, have

the desired, relative receive (right-to-left) and transmit (left-to-right) phase-shift

relationships, and so that the signals 251, 271 and 252, 272 have the desired

in-phase or out-of-phase relationships at the coupled ports 13, 14 and 24, 23,

respectively. The lengths of the transmission lines 8, 9 may be selected, for

“example, at least in part based on the frequency of the signals 25, 27 to be

transmitted and received through the circulator 5. In an exemplary

embodiment, the effective electrical length of the transmission lines 8, 9 is

) about one quarter of a wavelength at the center of the operating frequency

range.

[0027] FIG. 3 illustrates a cross-sectional view of an exemplary embodiment of
a circulator of FIG. 2. The circulator comprises a substrate 7, magnets 18, 19
which generate opposed magnetic fields 28, 29, and transmission lines 8, 9.
In the exemplary embodiment of FIG. 3, the transmission lines 8, 9 are
metalized with ground planes 81, 91 and microstrip lines 82, 92. The couplers
10, 20 (FIG. 2) are fabricated oh a surface of the substrate 7.

[0028] In an exemplary embodiment, the transmission lines 8, 9 are placed
into holes 71 cut into or through the substrate and may be epoxied into place.



WO 211116/00 1 5 79 PCT/ U5 211115 /0 1=2=3~1—8—9 ports 13, 14. The receive
phase shift of signals 271, 272 across transmssion lines 8 and 9 are 90
degrees nore or less than the transmt phase shift of signals 251, 252
across their respective transmssion lines 8 9. [0026] The |ength of the

t r ans@Wigshhétiktones 8, 9 are selected so that the tr ' | S are

rout ed froﬁ?ghe I nput port 11 of the first coupler i%@ghgmgﬁ?ﬂ$ e i nput

port 21 of the second coupler and so that a receive signal 27 is routed from
the input port 21 of the second coupler 10, divided into signals 271 and
272 and reconbined into signal 27', corresponding to the receive signal 27,
at the isolated port 12 of the first coupler 10. The length of the
transmission lines 8 9 are also selected so that the signals 251, 252 and
271, 272, respectively, have the dgsired, relative receive (right-to-left)
and transmt (left-to-right) phase-shift relationships, and so that the
signal s iSl 271 and 252, 272 have the desired in-phase or out-of-phase
rel at i onsh® ffansimission lipes B LMay e aRouts 0 mils thigk (ip 4 diregtion erqgopdl vel y. The
lengt hs @fthk RarfbEAHRAL SabAte 7))86 nilis widdBiNd BEO ﬁﬁlls,%ﬁgg(gn agﬁéctio?wxa”m e, at

| east in part based on the frequency of the signals , 27/ to be

transni t fre@ aaaupled ot ankrosupler thihecsareasipandingsioupledaporbrbthel ary
enbodine&%erE Igrffective el ectrical length of the transm ssion lines 8, 9
i's about on uarter of a wavelength at the center of the operating
frequency range. [0027] FIG 3 illustrates a cross-sectional view of an

exenpl ar | ' . | | r conprises a
substr at O?@?Iﬁ%é\%&ﬂp%'y e?ﬁ’%h{/\"ﬁm%ﬁhgé"nagngg e%daéo"s]£8?fgg{é{é|n@l ields 28, 29,
and t r anasrthick as the sasst@te 8r abdut 10hmilsethdek) lagrigng ab dide mansmiskioRl G 3, t he

transms u%eosnolr Iarl])%lsjt %Oogmﬁlsf ?ong, and sufficiently wide to generate sufficient

magnetic field strength to provide the desired phase-shift and phase
relationships among the signals 251, 252, 271, 272. In an exemplary
embodiment, the magnetic field strength is about 3500 Gauss. The magnets
18, 19 may be placed into a hole 72 or holes cut into or through the substrate 7

and may be epoxied into place.

[0030] In an exemplary embodiment, having the magnetic fields act along the
plane of the circuit provides a lower-profile, reduced-thickness circulator
circulator 5 for a given application when compared with circulators with a
magnet above or below the plane of the substrate. Having the magnetic fields
28, 29 act along the plane of the circuit permits placement of the magnets 18,
19 in the same plane as the transmission lines and/or in the substrate, as
shown in FIG. 3. The resultant low-profile circulator 5 may not be as thick as a
circulator in which the required magnetic fields are orthogonal to the plane of
the substrate and the magnet placed outside the plane of the substrate. Inan
exemplary embodiment, the circuit need not be strictly planar. The circuit may
be provided on a surface that conforms to a contour, for example a gently
curving surface, but where the magnetic fields 28, 29 and the transmission
lines 8, 9 are substantially in the same plane such that the circulator 5 performs
the desired functions.



nmetalized with ground planes 81, 91 and mcrostrip lines 82, 92. The
couplers 10, 20 (FIG 2) are fabricated on a surface of the substrate 7.
[0028] In an exenplary enbodi nent, the transnmission lines 8 9 are placed

i nto hol &0 7P6E¥8™ nt o or through the substrate and nay POE/USPUSINETSiS nt o

pl ace. WO 21)1)6/001879 PCT/ US2005/ 012318 10 The transm ssion lines 8, 9
maybe about 10 mls thick (in a direction orthogonal to the surface of the
substrate 7), 40 mls wide and 500 mls long (in a direction froma coupled
port of one coupler to the correspondi ng coupled port of the other coupler.
[0029] In an exenpl ary enbodi nent, the magnets 18, 19 may be, for exanple,
as thick as the substrate or about 10 mls thick, as long as the
transmission |ines or about 500 mil% |ong, and sufficiently wide to
generate sufficient magnetic field strength to provide the desired

phase- shi fitoaned Bhaseerstobl ahhohehapsycadarabed rbdiabats2ak mebdly 271, 272,

I n an exerrPI arK enbodi nent, the rragnetl c field strength is about 3500
Gauss. Thdiusighes of the gossiblespecifieepPadimentswiichmayreprese Pringiples cut into or
t hrough t e; i h{34,0 4 n an

exenpl ar y%é@gmﬁﬁt, ‘”&S@@ﬁg t ér %Erg"‘ﬁg?fﬁ?ﬁ I g{égsre?g??%eoﬁg@%ﬁ% "le ane of the
circuit praseordasce withvibese pafdipies by dioseeskilteli io kine eg withootidapantingci rcul at or 5
for a giv | jcatio on wWith circulators with a rmagnet above
or bel ow S&éﬁgf%a#@%gfaq%h 'rg%&ern@%&%vi ng the magnetic fields 28, 29 act
along the plane of the circuit permts placenent of the nmagnets 18, 19 in
the sanme plane as the transm ssion lines and/or in the substrate, as shown
in FIG 3. The resultant lowprofile circulator 5 may not be as thick as a



circulator in which the required nmagnetic fields are orthogonal to the plane
of the substrate and the nmagnet placed outside the plane of the substrate.
In an exenplary enbodiment, the circuit need not be strictly planar. The
circuit may be provided on a surface that confornms to a contour, for
exanple a gently curving surface, but where the nmagnetic fields 28, 29 and
the transmssion lines 8, 9 are substiantially in the sane plane such that
the circulator 5 perforns the desired functions. WO 2006/ 001879

PCT/ US2005/ 012318 11 [0031] It is understood that the above-descri bed
enbodi ments are nerely illustrativepaiMshe possi bl e specific enbodi nents
whi ch nay represent principles of the present invention. Oher arrangenents
may reddratys Ydamgdis'sed in accordance with these principles by those skilled
in the art without departing fromthe scope and spirit of the invention. 12
CLAIMS What is clainmed is: 1. Acirculator conprising: a first coupler; a
second IcouplAedircglatgolcenhpribing: t he first coupler by first and second

transm ssi on nes,, wherein the first and second transm ssion |ines define

i
a plane; a F#%fowgahetic field crossing the first transnission |ine and
subst ant i al k¥edoad ablpér couipied wahdhoMitshéduplehBy BlsdBfd se@osLeachissRaNgiet,c fiel d

crossing the second transm ssion |Ijine and substantially parallel wth and
Wit hin W%@gelrb}hgrﬁés_,t and second transmission lines define a plane;
a first magnetic field crossing the first transmission line and substantially parallel with
and within the plane;
a second magnetic field crossing the second transmission line and substantially parallel

with and within the plane.

2. The circulator of claim 1, wherein the first magnetic field is substantially orthogonal with
the first transmission line and the second magnetic field is substantially orthogonal with the
second transmission line.

3. The circulator of claim 1, wherein the first and second couplers are Lange couplers.

4, The circulator of claim 1, wherein the first coupler is a four-port coupler and the second

coupler is a four-port coupler.

5. The circulator of claim 1, wherein the first and second couplers are formed on a surface

of a substrate.

6. The circulator of claim 5, wherein the substrate comprises a dielectric.
7. The circulator of claim 6, wherein the substrate comprises alumina.
8. The circulator of claim 1, wherein the first and second transmission lines comprise

anisotropically permeable material.



2. The circulator of claim1l, wherein the first magnetic field is
substantially orthogonal with the first transm ssion |line and the second
magnetic field is substantially orthogonal with the second transm ssion
line. 3. The circulator of claiml, wherein the first and second couplers
are Lange couplers. 4. The circulatorlgf claim1l1, wherein the first coupler
is a four-port coupler and the second “coupler is a four-port coupler. 5.
The circulator of claiml1l, wherein the first and second couplers are forned

on a surface, of substrate. 6. The circuylator of claimy5, wherein the
Substr ate COMBFITHEORORIEN: et thp r3sad actoBr TSN el MiGher ein the
substr apgegonpri ses alumna. 8. The circulator of claim1, wherein the first

and second transm ssion lines conprise anisotropically perneable material.
13 9. The circulator of claim6, wherein the first and second transmi ssion

lines are ferri T LLG f claiml. further conprising
a fi rs';Ell Ohngﬁlglte c?%%latlﬁkp%ﬁ%fnnéq?%%&? P’?’EEISIH%%E%&“ %gm%iiﬁgrlpcfo‘gﬁ&’ ggﬂesgréénd magnet
for pravaghenigfi¢ld@and e caodd magne ttorgprviding thelsbconBhpaghetic tikldt or of cl ai m 10,
wherein the first and second magnets and the first and second transn ssion

| ines are substantially in the sane plane. 12. The circul ator of claim 10,

wher ei nj it he i cREuRBHSESAN D, GRYRIEHS Rt 8nd El{cHFdijQne?s stdrth@GRt af seBond
substrate and the first magnet is in a hole in the substrate and the second

magnet tragsmissian Ho¢saare pubstahvalluib she satme plar8, The circul ator of claim 10,
wherein the first magnet and the second magnet conprise permanent magnets.
14. The circulator of claim 13, wherein the first magnet and the second
magnet QONprihsRirbéktor of claim 10, wherein the first and second couplers are formed on a surface

of a substrate and the first magnet is in a hole in the substrate and the second magnet is in a hole

in the substrate.

13.  The circulator of claim 10, wherein the first magnet and the second magnet comprise

permanent magnets.

14.  The circulator of claim 13, wherein the first magnet and the second magnet comprise bar

magnets.

15. A circulator having a low-profile configuration, comprising:

a dielectric substrate;

a first interdigitated, four-port microstrip coupler formed on the substrate and having a
first input port, a first output port and first and second coupled ports;

a second interdigitated, four-port microstrip coupler formed on the substrate and having a
second input port, a second output port and third and fourth coupled ports;

a first ferrite-loaded transmission line connected between the first coupled port and the
third coupled port;

a second ferrite-loaded transmission line connected between the second coupled port and

the fourth coupled port;



magnets. 15. A circulator having a lowprofile configuration, conprising: a
dielectric substrate; a first interdigitated, four-port mcrostrip coupler
formed on the substrate and having a first input port, a first output port
and first and second coupled ports; a second interdigitated, four-port
mcrostrip coupler forned on the substrate and having a second input port,
a second output port and third and fourth coupled ports; a first

ferrite-l oaded transm ssion |ine connect4ed between the first coupled port
and the third coupled port; a second ferrite-loaded transm ssion |ine
connected between the second coupled port and the fourth coupled port; 14

first and geeanfsIBENRhsA HACHAG0 HR sibSratl BRI &t BagnehSrolidinsta fBONEL

providing a first nmagnetic field crossing the flrst transm ssion |ine and
subst amaghetld ficlpenosdingthe fipst transnsisdien line and substantigHy pardlietdg thetsupstatd, tieng a

second nmagnetic fiel.d of opposite.polarity t.o that of . th [ kS magneti c

T of o s BPehd ity e fccsOBR Aeb Sic LR bt o i Bl b B 1, "o el | @

t 0 t henaghethfidl@iufl crdsingkheseebhd thidhddsionflinglapdl sabbntishepeilfel tdwdef i rst and
second coupl ers are Lange couplers. 17. The circulator of claim 15, wherein
t he fistsrater ansni ssion line, the second transmission line and the first and
second nmagnets are in a substantially co-planar relationship. 18. The
circulator of claim15, wherein the first and second transm ssion |ines
conprilée irtheciosiatonoficiamsiyi whereim the fiss arfdderorsiatoppleara Largerdotipletsoaded
substrate.

17. The circulator of claim 15, wherein the first transmission line, the second transmission

line and the first and second magnets are in a substantially co-planar relationship.

18.  The circulator of claim 15, wherein the first and second transmission lines comprise

microstrip transmission lines fabricated on a ferrite-loaded substrate.





