WD 2006/ 001879 PCT/ US2005/012318 1 LOW PROFI LE Cl RCULATOR BACKGROUND OF THE
DI SCLORURE [0001] A transmt/receive nodule typically includes a circul ator
for ¢cou Iln% power anplifier transmtter and a | ow noise anplifier

recei ver WPEW'64MI8IAt enna. One conmon circul at or i npl enwarais2ons ipaBudes a
mcrostrip circuit pattern on a ferrite substrate. A nmagnet 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 the substrate.
The DC magnetic field is provided by a puck-shaped nmagnet placed on top of
the circuit pattern and above the plane of the substrate. Having the
required magnetic field orthogonal ta the plane of the substrate results in
t he placenent of the nagnet above the plane of the mcro-strip circuit. The
transm t/receive nodul e has a thickness equal at |east equal to the

t hi ckness of the substrate plus the thickness of the nagnet. SUVMARY [0002]
A circul ator conprises first and second couplers. The first and second
couplers are coupled by first and second transm ssion |lines. First and
second magnetic 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. WO 2006/ 1101879 2 BRI EF DESCRI PTI ON OF

THE DRAW NGS PCT/ US2005/ 1113@LBROFILE 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.



by persons skilled in the art fromthe foll ow ng detail ed descri pti ory of
exenpl arwo 2espmegment s thereof, as illustrated in the §rqONBAN dr &wi ngs,
in which: [0004] FIG 1 illustrates an exenplary schematic Ci F%L??’sdi agram
of an exenplary enbodi nent of an antenna system [0005] FIG 2 illustrates
an exenpl ary enbodi nent of a circulator. [0006] FIG 3 illustrates a
cross-sectional view of an exenplary enbodi nent of a circulator of FIG 2.
DETAI LED DESCRI PTI ON OF THE DI SCLOSURE [0007] In the followi ng detail ed
description and in the several figures of the drawing, |ike elenents are
identified with Iike reference nunerals. [0008] FIG 1 illustrates an -
exenplary schematic circuit diagramof an exenplary enbodi nent of an
antenna system 1. The antenna system conprises a transmt anplifier 2 and a
receive anplifier 3BRIEF &E%ﬁ%ﬂ%’ﬂ@‘: EHEJIRAMINGS he transnit anmplifier 2
conprises a high power anplifier. In an exenplary enbodi nent, the receive
anplifier 3 conprises a |low noise anplifier. The transmt anplifier 2 and

t he r ecef00@3jdreatures and advardagengftheidisaosure adli readiybe appredateddby ant enna 4

through a circul.ator 5. 091, | he exenpl.a nbodiment of FIG 1, the
ant enna %?)'g?%srﬁqi"?ecdﬁﬂﬁg? ébg%’%l*}ea@&éw‘%é’?g%edﬁ%cﬁ?tm?ﬁ%‘%g?%i er 2

provi desembbdimeats thefof N illiddratedlinghé Batsmpanyhd@ ordwidds, iywheanpri se a hi gh
frequency signal. The upper limt of the frequency nay be determ ned by the
material used for the transm ssion WO 2006/ 0411879 3 PCT/ U52095/ 012318 |i nes
8, 9. Th@OoDYMRIG. f 1 alljustrates Ry ekemplapt atkembtic tdicutti diagkdmi éfabhons or

demands of a %arti cuchar aé)fpl ication. |In an exenplary enbodi nent, the

Cr ansm t ST emEoGiRen A AT NG SYolfBe of about 10 GHZ to 20GHr. I

anot her

[ 0003] Features and advantages of the disclosure will readily be appr?i at ed

[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



exenpl ary enbodi nent, the transmt signal 25 has a frequency range between
about 6 GHz to 12 GHz. The transmt signal nay conprise a radar transmt
signal for driving an antenna 4 to transmt a radar pulse 28. In an

exenpl ary enbodi nent, the antenna system conprises an array of radiating

el enent s WO a¥/08183dr r espondi ng plurality of transmit anplchfiRideigigcul ators
and receive anplifiers. [0010] 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 pulse 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 connected by transmission limes 8 9. The first and second couplers
10, 20 and the transm ssion lines 8 9 are substantially in the sane plane.

The couplgrs 10 C ri.se interdiqitat \crostrip.cquplers or Lange
coupl ers. ﬁrf_%f‘n 'eg‘cgﬁﬁ @Wér &F&U%%WFMEC& P%SG&M ?es,lqup]mﬁg 9.,

"I nterdi giémbads Std paricunsr dRpacktRInUIaexdthplary erhbsdimEne fftedrisaiis on

M crowave . Theory and_Techni ques, Decenber 1969, g&ges 1150-1151. In an
al t er nat eSI9BALERINRER frefuRnqyoi@noerd ahapt donsrzste Hes dpegrothepe of

coupl er, éf&hbﬂ?bfr‘&nbo&iﬂérgm mi?sigdela?és%gé?reaegné grr]\gnggt lers 10, 20

may conpri se, exanpl e, conducti traces forne lelectric
subst r at ealfoytfd GHz3p.12TGHz. Thadensoitrsignalpndyseorgprise, a caggrdransmitot her net al

or |owl og I | ve.trac n fabric d onto the
substr at eg'a”%@fdﬁﬁﬁ%ﬂggt@%g@ﬁﬁfﬁsﬁﬁt5 ﬁqagq% ipﬁge(ér?f olf"%} é)f(%rig i1 mor

phot ol i t hegbagiment] theamterna. sybtetn sobptised an afrayeof radiaping etereéntsi na, silicon,
galliumarsenide, a Rr,i nt ?d ci rguit board or WD .21106/0 0,1 8 79 4

PCT/ US2008N@ foaargesponding plurality of transmit amplifiers, circulators and receive

amplifiers.

[0010] In the exemplary embodiment of FIG. 1, the antenna 4 receives areturn
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 @xample, 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



other lowloss dielectric material. The substrate may be, for exanple,.,in a
range of about 0.005" to 0.125" thick. [0012] The transmssion lines 8, 9
are non-reciprocal in that they provide different phase responses for
signal s BPIPUIRE g in different directions across thePGIAWEROYHRYRI sSi on
line. Non-reciprocal 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 sotropically perneable material such as, for exanple, ferrite |oaded
transm ssion lines. In an exenplary enbodi nent, the transmssion lines 8, 9
are placed into holes 71 (FIG 3) cut into or through the substrate and may
be epoxied into place. The transnmission lines 8, 9 may conprise a substrate
7 conprising ferrite material wth external surfaces which are netalized
with a gotentm-foss diegetricGhateRal. OThed Bgbstiate naaydbé, far exaspld, n lai ne 82, 92 on
the other sid &FIG. 3%; The external surfaces can be netalized, for '
exanpl e, @SR Cg@ gut §-882°3p § R Mhigkenpl ary enbodi ment, DC magnetic fiel ds

28, 29 are provided acting in opposite directions along the plane defined
by the coypl 10, 20.and .the_transm ssion lines 8, 9. The pagnetic fields
25, 25 a2 T dansmisHan, ines: BhB RO S RRA dndhit ey WoviRansn osi on
l'ines 8, 94iereritPBsd frespbiaesdor dighaiprofA@ativigan Hiffe Rl dirBBiYns dchsssmagnet i ¢
fields 28, 29 are provided by two magnets 18, 19 placed back-to-back. The
magnet s 1te samgalfanssmipsipa dinef oNondggeipiical trigasmission: linggyBetSsMAY bar magnet s

or any ot I | RN bi ' o1 T osed magnetic
fields 28?&98%6@2&)?&‘6&%% sop?glggly%egb%ggﬁﬁ%gal ngbjeﬂuhee 'Fﬁ%% ssion lines
8, 9 to abf oppdsedappgrmticdiettisr28; t290 rfor eXxampleadmetransmissioindinegd, 929 al i gn t he
perneability tensors of tthe Ijyes‘?oect bve tranlsm' ESi o] Iines| fi .9 so that the
| ef t - t o- r MEHCOPHY T8 ABISOIPHI Rl P EARIG Tt ER G aS; 'I[E&f/f"?’SPes % s 251, 252

g B 82 ?88& i8:7mgdéd @8hsMisslondinBs! In ahexemplty MbeaiHRINE thdRansnaidsion links, WO
8, 9 are placed into holes 71 (FIG. 3) cut into or through the substrate and may

r

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 length of the transmission lines 8, 9 as shown in 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,



5 PCT/ US2005/ 1112318 respectively, is different fromthe right-to-Ieft
pernmeability (or receive perneability) for signals 271, 272 propagating
fram.coupl ed port 24 or 23 to coupled port 13 or 14, respectively. [0015]
For exa 20hd rmeability of the transmission line 8 for the signal 251
may be Hpgﬁgphﬁﬁgﬁﬁthe permeability of transnmission |inePEUSHIMRIE gnal
271, whereas the perneability of the transm ssion line 9 may be higher for
the signal 272 than for the signal 252. In an alternate enbodi nent, the
relative perneability of the transmssion lines with respect to the
direction of signal travel may be reverse. The transmssion lines 8, 9 are
sel ected to achieve the desired phase-shift and phase rel ati onshi ps anong
the signals 251, 252, 271, 272 as further described bel ow. Suitable
transm ssion line structures may include, for exanple, mcrostrinp,
dielectric guide and inset dielectric guide transmssion |ines. An inset

di el ectric d@rerctiygly. cisngifiesenta froat ttag giighirtodefb oRermeabilidy nfer atecsivab wi t h

| ayers of di i) 301 [ ' C ' vie. The
sidewal | s ofﬁétrﬁ%%g)‘r“%ve égﬁa‘éﬁggb?? g%hgééeﬁgaﬁb'ﬁa@eap IIGgjo%(\g}g 24%?@&% to all ow
for a | ayer afupladrparb1ber t4ecespactpalyt of the transmission line. A variety

of transm ssion characteristics can be obtained by layering the materials

in this fashion. [0016] In an exenplary enbodi nent, the first coupler 10
recei ves t heg0Dt&@iamexampigyribé peéneabilityh ef thepranspissiond lina8dfodithe sigsalt he si gnal

into two si | s 51 .and . 252. The s al. 251 i.s .route o,the ¢ | ed port
I13, thr oug;]gé]%em?y i’ﬁ;‘?{?a@%fi tBﬁn %'I'? R%rngak)gi& ?]fetr%r}?un'ﬂﬁsgan 38?% ft?ﬁtqﬁ Sig ug econg
coupl er 20. Jhie whiegss thd parrnaalfilityofthe tiadsinissiarDling ®ehaydid higher foftheugh t he

transm ssion |i o the coupled port 23. The signal 251 at the coupled
port 13 is sﬂgﬁ?g’ﬁaitgﬁl‘fpﬁtﬁepﬂ‘&?@ﬁ{I'P?H@'tgfr&rﬁ%ﬁmbé’gﬁn%’ﬂtv fhee"elasyBI ed port

flg'r Eﬁglﬂ Thgmeablity 8F theARdnsPhisdibRNREY With Se8FERIth ithe dRbchidrAdSsysal on |ine 8
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.
Avariety of transmission characteristics can be obtained by layering the

2

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



signal 251 is substantially equal to the left-to-right or transmt ,
pernmeability of WD 200611111 1879 6 PCT/US2005/012318 the transm ssion |jne
9 for th¥OSI0BHUI8DS2. As a result, the signals 251 and BSRuUsIax@I2818
substantially equival ent phase Shlft across the equal length transmn ssioh
lines 8, 9, respectively, so that the signals 251 and 252 are substantially
I n-phase at the coupled ports 24, 23. The second coupler 20 conbi nes the

i n-phase signals 251 and 252 into the signal 25, corresponding to the
transmt signal 25, and routes the signal 25 out through the input port
21. [0018] In an exenplary enbodi ment, the second coupler 20 receives the
receive signal 27 at the input port 29 and divides the signal into two
signals 271, 272. The signal 271 is routed to the coupled port 24, through

t he transrfhé&bﬁgmisbm lnﬁetQQ‘loé aPpsxd 04 Feskift Bk sﬁgﬂ%li psPhngoypl er 10. The
signal 272 is routed he coupl ed port 23, t hr ou he transm ssion line -

9 to the cdtﬂye@cﬁubptantlalwmva!eféphaaemftamﬂséhe egual tlstrgmfamlgs&rrl and 272
are substa I r ctively.

The tr ansm Derch 'Y (o8e8Re, §bhab HEPHENE A b B52E SibetdsRAFC

confi gur ed isphabatt theecoupted perts p&rageabhe segorfdocourilghz() tombinks tise gnal s 271,
272 through_transm ss | i 8 .and 9 se nd 272 to be 180
dogr eos.outngnans auBsls3 aodcSainale dond 257 SSrfapbiiine e Brvaly ' [ooroi
I'n an exerrpé,@farzsnmﬂrdwgthetsk@arwwuttmou?fmne%pmtw ¢ per neabi I ity of

the transm ssion |ine 8 causes a phase shi in the signal 271, propagated

bet ween coupl ed ports 24 and 13, which is 90 degrees greater than t he phase

shift of tk[eo*sa]gmadn aﬁémpleqp@gmoemdmtmeesemupb@mblaom)swi:&va@dh@ The
right- to-left or gelveg&ermaa the transm ssion line 9, on the

ot her hand, rec%“é?@%‘a 2piRhde WRHE iPO'T% taﬁg diyidesainessigna Bi9atye: ANt ween
gﬁ;g'eeghmzﬁn%z antle Idgidti 2 isSroRfedIRpiRESolME] PdHaRal figrotgh tesPONdi g
transmission 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 pius 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



signal 251 propagated between coupled ports 14 and 23. In an alternate
enbodi ment, the relative plus or mnus 90 degree phase shift relationship
for .transmtted or received signals through the transm ssion lines 8, 9 may
revebiﬁg In ejther case, the signals 271 and 272 are substantially 180
degrees ¥o8PB81879 7 PCT/ US211115/0 1 2 3 1 8 out ofPCEHigersWMBENS T ecei ved
at the coupled ports 13 and 14, respectively. The first coupler 10 conbi nes
t he out - of - phase signals 271 and 272 into the signal 27, corresponding to
the receive signal 27, which is routed out through the isolated port 12 to
the receive anplifier 3. [0020] In an exenplary enbodi nent, the receive
anplifier 3 is connected to the circulator 5 through a swwtch 15 (FIG 1).
The switch 15 may be, for exanple, a singl e pol e doubl e throw (SPDT)
switch. During use, the switch 15 nay be normally in the cl osed position,
but can be opened to protect the receive anplifier 3 when the magnitude of
t he recei vat sf ghase ﬂvhehsret:emedhiaglﬂwe)rcoupledipmgtst Taaaaem, reppachivelgns. For

exanple, Ln th cas h 15 ca 0 ere the radar
f_requencyLrBE f'l5§i°r?b'p 3’ éfr#?@dw?T’ﬂp #5e siopdls '@ﬁ%ﬂ%l%\,\/ﬁh t he .
ci rcul at okigpafam, @cﬁré‘spaﬁ@ﬁg‘&ﬁtrﬁlréeéﬂlémghﬁl zmvrfcﬂﬂglre;@tedmtﬁréu . I'nan

al ternate, exerrpl ary enbodinent, the circulator nay be connected to the

recei ve aths ispiatad p@rt A3 ta the respive AMpEfieH021] In an exenpl ary enbodi ment,
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
noi se anpl§33%m a'F@lxe’é‘i?@ﬁ)bP@boﬂ'F“Q’ﬁethﬁrrﬁ%Hﬂa ieq Biieeonnecigiita he recei ve

anpli 1 o1 b BFudyf Bordibh o LA of A5 90, Ofnd SGRLY Asoh@0 U 87 from the

antenna 4 may e predom fantly contr by t e term nat on
t er m nat i éxamelec arsingte pae doutda throwd SEET) awisclor Duriid wss, thanswitabcls ved 5| gnal s

'n a control) gd BRRARY iPBL S8 BolRSS AT cAPOKE opehad B bR i/ or tuning.
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 illustrates 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.



(0022] FIG 2 illustrates an exenplary enbodiment of a circulator 5. The
circul ator conprises first and second couplers 10, 20. The couplers 10, 20,
conpri seWanweoesupl ers. The couplers 10, 20 are fabricp¢pgsansmSppstrate 7
(FIG 3). In an exenplary enbodi nent, the couplers may be about 135 mls’ '
| ong. The length may be sel ected based, at least in part, on the operating
frequency of the circulator 5. WO 2006/001879 8 PCT/ US20115/1112318 [ 0023]
In an exenpl ary enbodi ment, the first coupler 10 conprises an input port

11, an isolated port 12 and two coupled ports 13, 14. The second coupler 20
conprises an input port 21, an isolated port 22 and two coupled ports 23,

24. The coupled port 13 of the first scoupler is connected to the coupled
port 24 of the second coupler 20 by a transmi ssion line 8. The coupl ed port

14 of the fj coupler 10 i onnect e o the _ second coupl e grt 23 of
the second (15051 ErAXRPIEVembraee Lt e bl 1DEaBaTsST AN BR et or 5 al so
conpri ses ani S44 isBRitERpdry 12@hdBAY ceufle@Pens 33| PN Thé BE&Sor’ colipfedPect i ng
coupled ports 13, 14 wth cou orts 24 respectively. Magnets 18,

| ed 23,
19 provi de 6PPBHERS AR inRLE pert 25) earui§g'2t¢,d past 22 ppd a@epp&éeq .p0¢ﬁ§3n%net ic
fields 28, ' ' '
transm ssi OEHF ?Eggl%g%Baﬁ?ggﬂb%agﬂs%%m&qﬁﬁén%%%ﬂeﬁ}@e#gP%grbfgtfmtz bi as the
t ransmi ssi othe $esepd 8pugies?) bynatransnissioafiserBt The coupled potty4of thefiest

i frerent  PRolPETSoaturdh b stk Blbpl pBREER Wb Rat g2 g * ¢

si gnal s 271pyateanshii€sid] linend.an exenpl ary enbodi nent, the transm ssion |ines
and magnetic field strengths are chosen so that the magnetic bias causes
signals 251, 252, 271, 272 to have the desired phase-shift and phase

rel ati onshi [3024] Thé birculatend aldo wemiprisdartisdtrapicaily peimeable traas@issbnpr ovi de t he

same phase ﬁr%sf t8,09 I'c-olﬁi'\ecting coupled ports 13, 14 with coupied 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] [n 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-shift and phase relationships. in this
embodiment, both transmission lines 8, 9 provide the same phése shift @ L-R,
to signals propogating from left to right in 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



to signals propogating fromleft toright in FIG 1. One transmssion line 8
or 9 wll provide a phase shift to signals propogating fromright to |eft
whiich is.90 degrees nore than O L-R and the other transm ssion line 9 or 8
wil | provige a hase shift to right to left propogating signals which is 90
degr ees ¥ %"‘F’H’élﬁ‘”&) L-R This will provide signals at JuiffUsdossoesis 13, 14
of coupler 10 which are 180 degrees out of phase, which wll cause the
coupler 10 to route the signals at ports 13, 14 to port 12. For exanpl e,
signals 251, 252 are in-phase at coupled ports 13, 14 and at coupl ed ports
24, 23, signals 271, 272 are in-phase at coupled ports 24, 23 and are 180
degrees out of phase at coupled WO 2006/001879 9 PCT/U 5 211115 /111 2 3 1
8 ports 13, 14. The receive phase shift of signals 271, 272 across
transmssion lines 8 and 9 are 90 deQrees nore or less than the transmt
phase shift of signals 251, 252 across their respective transm ssion |ines
8, 9. [002&oriEis, l1dndhle reteivd phagessiftrofssgmais PV he27 Bacrdsstransmiseioned so t hat

the transmt jgnals are routed fromthe {nput port 11 of the first coupler
10 and out _"Lnﬁésd %B&tg an o§q dggreafs e @éﬁ%ﬁ‘%o{rj‘ﬁl té?”séwgi pggsq At of receive
signal 27 iggidiipsel 4520a8rbStheiri@spech fradsmigbiohNifes@cond coupl er 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 couplieo26)heiéegthengielrapbmidsRnlihas8Nd sk SHledtedSs that thd trapkmital So
sel ected so that the S|3nals 251, 252 and 271, 272, respectively, have the

desired, relignals@rerauiedyeon thegrrutpecttdof shediss qaualestO@ndast eyt ght )
phase- shi f thorf £ &fth@88 mo@w#aﬁ@sé atrB@eiﬁf &pﬁéﬁziéjroutéz Fopfle252, 272
have the desired 1n-phase or out-of-phase relationships at the coupled
ports 13, IlapetmprDa] opthe sacopdsouplor!y; divided intggidnaln271t hed 27Vamedi ssi on
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ci rcul at or isolafed pnt £2x@frthw firsy coupler 10. The length of the transmission fines 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.
Inthe 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 on 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.



enbodi ment, the effective electrical length of the-transnmission lines 8 9
I's about one quarter of a wavelength at the center of the operating
frequency range. [0027] FIG 3 illustrates a cross-sectional view of an

exenpl aryeesabeeligent of a circulator of FIG 2. The ci L mprises a
substrate 7, magnets 18, 19 which generate opposed rrag'?\(gt’lbgi"ﬁﬂ'éﬁgg‘ 28, 29, -

and transmssion lines 8 9. 1In the exenplary enbodi nent of FIG 3, the
transmssion lines 8, 9 are netalized 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

transm ssion lines 8 9 are placed into holes 71 cut into or through the
substrate and may be epoxied into plagg. WO 2006/1)111879 10 PCT/ U 5 211115
/11 1 2 3 1 8 The transmission lines 8 9 may be about 10 mls thick (in a
direction orthogonal to the surface of the substrate 7), 40 mls w de and

500 mils | oherapsmaisgiondines 8P may beaboutd@pnitsthisk fin asiirestion @rdivgraal to t he
correspondi e, : . enpl ary
cnbod: et . RE SHREEEoRRE sublste ), 4B IE AL R 300 mhiSREY o £ 4PELEAETE

subst rat e ofrombaoourdéd pottwoftone couplas td thegecareespbading aesipiesisparhof thenes or
about 500 m{h%rl ONGe and sufficiently wide to generate sufficient nagnetic
field st ren8 ?%u‘g‘?ovi de the desired phase-shift and phase relationships
anong the signals 251, 252, 271, 272. In an exenplary enbodinment, the

magnetic fi r i ; %ﬁH tel J?tgr may be
pl aced i nt Oﬁgﬂ%ﬁlhéﬁ%}e&pl%rx%ﬁ@%@ﬁeﬂ?ﬁp o?ifwrﬁéwéélﬁ%s gfpzeW and may
be epoxi ed asthickhatite sitkifd of abaut 10xaipthicky agribrglbswing trahsmissnt he
magnetic figlds act alqQng the | ane of__the circuit provides a.
'over - pr of | €5 PEcAreHt S0H; Bifhiare. G siTfieighty wide to denerate 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. In an
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.



circulator 5 for a given application when conpared with circulators with a
magnet - above or bel ow the plane of the substrate. Having the magnetic fields
28, 29 act along the plane of the circuit permts placenment of the nmagnets
18, 19 iwobhrwe®¥ 8 Pl ane as the transmi ssion lines and/ Tbé}ofijﬁﬁ flgbstrate,
as shown in FIG 3. The resultant lowprofile circul ator E’S not¥be as
thick as a circulator in which the required magnetic fields are or t hogonal
to the plane of the substrate and the nagnet placed outside the plane of
the substrate. In an exenplary enbodinent, the circuit need not be strictly
pl anar. The circuit may be provided on a surface that conforns to a
contour, for exanple a gently curving surface, but where the nagnetic
fields 28, 29 and the transm ssion jines 8, 9 are substantially in the same
pl ane such that the circulator 5 perforns the desired functions. WO

2006/ 00187 CT/U 200S/1112318 [ 003 rstood that the
above- desc,[ap%édgD ﬁg’r‘?ﬂ tjﬁafﬁ" [’%Y%/&‘Lﬁq”tbﬁgt?rﬁg?‘sg‘eé? S e MSBEYi bl e
speci fic anixadtioe ot tﬁe%tsg.mermc;reEﬁ%@.med%wn@h RS Tepr@behtrinipRsent
invention. Other arrangenents nmay readily be devised in accordance with

t hese pri rifi PEeRreggnt fiyeatianki Pthef arrangreieats man Frasily degpalevisag infrom t he
d 0.
ISD(C:Z%O (LEJSZZAQH ?Fd:%ailé:g '{'{]ﬁegg H&Pr@g bly\s{\%glé)gﬁﬁég{l}%ﬁﬁ at or%t Mégamnpm ng: a

first coudram tiel 83qpesarsbsmiritofdhaijpiventiqre0) coupled with the f| rst coupler by
first and



second transm ssion lines (8, 9), wherein the first and second transm ssi on
lines define a plane; a first nagnetic field (28) crossing the first
transmission line (8) and substantially parallel with and within the plane;
a secondworgnetiig7S i el d (29) crossing the second transnpesiRankihgd9) and
substantially parallel with and within the plane. 2. The circulator (5) of -
claim1, wherein the first magnetic field (28) is substantially orthogonal
with the first transmssion line (8) and the second magnetic field (29) is
substantially orthogonal with the second transmssion line (9). 3. The
circulator (5) of claim1l1, wherein the first and second couplers (10, 20)
are Lange couplers. 4. The circulator (5) of claim1, wherein the first and
second couplers (10, 20) are formed dA a surface of a substrate. 5. The
circulator (5) of claim1, wherein #@; fLrst and second transm ssion |lines
(8, 9) conprise anisotropically per HW material. 6. The circulator (5) of
claim5, wherein the first and second transmssion lines (8, 9) are ferrite.
| oaded. WO 2006/]1111879 13 PCT/ U5 211115 /111 2 3 1 8 7. The circul ator
(5) of claimi1, Yhatkeslaimaddsising a first magnet (18) for providing the

first magnetic field.flRoA@ycamamsagd magnet (19) for providing the second
magnetic field (29). 8. Tﬂe circulator (5) of claim7, wherein the first and
second magnets @figst cogpleatid)t he first and second transmission lines (8, 9)

hG, SIS AN K 4 ork e A B e TR Y fr ) 18 ™ 7
second transmission lines (8, 9), wherein the first and second transmission
lines define a plane;
a first magnetic field (28) crossing the first transmission line (8) and
substantially parallel with and within the plane;
a second magnetic field (29) crossing the second transmission line (9)

and substantially parallel with and within the plane.

2. The circulator (5) of claim 1, wherein the first magnetic field (28) is
substantially orthogonal with the first transmission line (8) and the second
magnetic field (29) is substantially orthogonal with the second transmission
line (9).

3. The circulator (5) of claim 1, wherein the first and second couplers
(10, 20) are Lange couplers.

4. The circulator (5) of claim 1, wherein the first and second couplers
(10, 20) are formed on a surface of a substrate.

5. The circulator (5) of claim 1, wherein the first and second

transmission lines (8, 9) comprise anisotropically permeable material.

6. The circulator (5) of claim 5, wherein the first and second

transmission lines (8, 9) are ferrite loaded.



(10. 20) are forned on a surface of a substrate (7) and the first magnet
(18) s in ahole (72) in the substrate and the second magnet (19) is in a
hole (72) in the substrate (7). 10. A circulator (5) having a lowprofile
configuration, conprising: a dielectric substrate (7); a first

i nt er di gMAIEHFEELUr - port microstrip coupler (10) for meBCHASEMSOBubSt r at e
(7) and having a first input port (11), a first output port (12) and first
and second coupled ports (13, 14); a second interdigitated, four-port
mcrostrip coupler (20) formed on the substrate (7) and having a second

I nput port (21), a second output port (22) and third and fourth coupl ed
ports (24, 23); a first ferrite-loaded transm ssion |ine (8) connected
between the first coupled port (13) ggd the third coupled port (24); a
second ferrite-loaded transm ssion line (9) connected between the second

coupl ed port (147. Bwedcitdifatbo(s) o caipl, darttid donfptiing AifirSitmagktgegpnd magnet s
(18, 19) attached to the substrate f57), the first nagnet (18) providing a
first magnefarcPreviging thesfirst mpagnelis figld (28} and a rsesend guagnet (198 fos) and

substanti al bbvab?ﬁga{Heeéecbﬁdgﬂé?_néh'@ﬁélag‘?@b(7)1 the second nmagnet (19)

provi di ng a second nagnet | leld (2 f opposite polarity to that of the
first magnetic field and crossing the second transmssion |line (9) and

substantially paé.a'f'l'tee&iréu?atémas) %'f'?l%‘rﬁa}t, %/h%@in the first and second magnets
(18, 19) and the first and second transmission lines (8, 9) are substantially in
the same plane.

9. The circulator (5) of claim 7, wherein the first and second couplers
(10, 20) are formed on a surface of a substrate (7) and the first magnet (18)
is in a hole (72) in the substrate and the second magnet (19) is in a hole (72)
in the substrate (7).

10. A circulator (5) having a low-profile configuration, comprising:

a dielectric substrate (7);

a first interdigitated, four-port microstrip coupler (10) formed on the
substrate (7) and having a first input port (11), a first output port (12) and first
and second coupled ports (13, 14);

a second interdigitated, four-port microstrip coupler (20) formed on
the substrate (7) and having a second input port (21), a second output port
(22) and third and fourth coupled ports (24, 23);

a first ferrite-loaded transmission line (8) connected between the first
coupled port (13) and the third coupled port (24);

a second ferrite-loaded transmission line (9) connected between the
second coupled port (14) and the fourth coupled port (23);

first and second magnets (18, 19) attached to the substrate (7), the
first magnet (18) providing a first magnetic field (28) crossing the first
transmission line (8) and substantially parallel to the substrate (7), the
second magnet (19) providing a second magnetic field (29) of opposite
polarity to that of the first magnetic field and crossing the second
transmission line (9) and substantially paralle! to the substrate (7).





