LOW PROFI LE Cl RCULATOR BACKGROUND OF THE DI SCLOSURE
[0001] Atransmt/receive nodule typically includes a
woizomwogd7er for coupling a power anplifier traReWUSR@E/012318
and a | ow noise anplifier receiver with an antenna.
One comon circul ator inplenentation 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 pattern is laid out
such that the required DC magnetic field is orthogona
to the plane of the substrate. The DC magnetic field
is provided by a puck-shaped nagnet 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 placenent of the nmagnet above the plane of the
mcro-strip circuit. The transm t/receive nodul e has a
t hi ckness equal at |east equal to the thickness of the
substrate plus the thickness of the nagnet. SUMVARY
[0002] A circul aLOWw-PROFILE RCULATCRd second
couplers. The first and second couplers are coupl ed by
first and second transm ssion lines. First and second
magnetic fi el gRCRERGUNINICRTHEDISTLTLWRE first and
second transm ssion |ines, respectively. In an
exenpl ary enbodi nent, the magnetic fields are
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1512[6% Eéjsg)ﬁgﬁﬁogot er&%e m?c?oét é\Hétt[%rﬁt ?He h’ﬁchQtﬁp circuit patternis
laid out such that the requwed DC magnetlc 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. Firstand 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.



[0004] FIG 1 illustrates an exenplary schematic
circuit diagramof an exenplary enbodi nent of an
wanv@mos7system [0005] FIG 2 illustrates an exemsk@syi23is
enbodi ment 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 foll ow ng detailed
description and in the several figures of the draw ng,
like elements are identified wth |like reference
nunmerals. [0008] FIG 1 illlustrates an exenpl ary
schematic circuit diagram of an exenplary enbodi nent

of an ante comprises a
%ﬁgfpﬁ%@h@h%w%@mﬂmb@ﬂ npri ses

transmt a and a receive anplifier 3. In an
exenpl ary enbodi nent, the transmt anplifier 2
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exenpl ary enbodi nent of FIG 1, the antenna system 1
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of the frequency may be determ ned by the materi al
used for the transm ssionlines 8 9. The | ower

[G005) B yillnstratdreani pxeraplaty ybedieest ofea ¢iGHatak i ons or
demands of a particular application. In an exenplary
enbodi nent, the transmt_ signal 25 has Iﬁ frezﬁue r%é ¢
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enbodi the transmt signal 25 has a frequency
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signal may conprise a radar transmt signal for
driving gEe0tepNsESCRPTIONGRTHEDISTIa0SPRESe 28. |n

an exenpl ary
[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. Inan
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



enbodi ment, the antenna system conprises an array of
radiating el ements, and a corresponding plurality of
wonessgwigroanpl i fiers, circulators and recei ve PCT/US2005/012318
anplifiers. [0010] In the exenplary enbodi mrent 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 circulator 5 routes the receive signa
. 27 to the receive anplifier 3. [001 1] In an exenplary
enbodi nent Ithe circulator 5 conprises first and
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exanpl e, ive traces forned on a dielectric
aopdierate 7 (FIG 3). The traces can conprise gold,
copper or other netal or |owloss rmterial The
conductive traces can be fab nto the substrate
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[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 axample, 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



di fferent phase responses for signals propagating in
different directions across the same transm ssion

wOi20@/00M0m- 1 eci procal transmission lines 8, 9 Fay/Us2005012318
conprise, for exanple, anisotropically perneable
material under the influence of opposed magnetic
fields 28, 29. For exanple, the transmssion lines 8,
9 may conprise anisotropically perneable material such
as, for exanple, ferrite |oaded transm ssion lines. In
an exenpl ary enbodi nent, the transm ssion lines 8, 9
are placed into holes 7 1 (*FIG 3) cut into or through
the substrate and may be epoxied into place. The

bR -Rssis UlelbbRe Siteridl. M S@ENats ay 158) 7ot exdraplé, in a
conprising ferrite material with external surfaces

wnigerof abeun®Pad’ tedd 24 thicka gr oundpl ane layer 8 1, 9 1
on one side and a mcrostrip line 82, 92 on the other
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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 showninFIG. 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,



permeability) for signals 271 , 272 propagating from
coupl ed port 24 or 23 to coupled port 13 or 14,
woespmoid7yel y. [0015] For exanple, the permeabpCTiup26/012318
the transmssion line 8 for the signal 251 nay be
hi gher than the perneability of transm ssion line 8
for the signal 271 , whereas the perneability of the
transmission line 9 may be higher for the signal 272
than for the signal 252. In an alternate embodi nent,
the relative pernmeability of the transmssion |ines
Wi th respect to the directiof of signal travel may be
reverse. The transmission lines 8 9 are selected to

aGRESN% c@ivél? igegirersht phame 15 right-enftppasaeability (or receive
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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

4

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



[0017] The left-to-right or transmt pernmeability of
transmssion line 8 for the signal 251 is
weubsitarpal | y equal to the left-to-right or tpPamnaIseds/012318
pernmeability ofthe transmssion line 9 for the signa
252. As a result, the signals 251 and 252 have a
substanti ally equi val ent phase shift across the equa
length transm ssion lines 8, 9, respectively, so that
the signals 251 and 252 are substantially in-phase at
the coupled ports 24, 23. The second coupler 20
combi nes the in-phase signal% 251 and 252 into the
signal 25, corresponding to the transmt signal 25,
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[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



and 14 which is 90 degrees |ess than the correspondi ng
phase shift in the signal 251 propagated between
woaolel7ports 14 and 23. In an al ternate enbo#CWAIS2005/012318
the relative plus or mnus 90 degree phase shift
relationship for transmtted or received signals
through the transmission lines 8 9 may be reversed.
I'n either case, the signals 271 and 272 are
substantially 180 degreesout of phase when received at
the coupled ports 13 and 14, respectively. The first
coupl er 10 combines the out - of - phase signals 271 and
272 into the signal 27, corresponding to the receive
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term nation 16. The termnation 16 can be selected to

FOIO%%i r%aatneex%anrlaer{/ lan%t dl‘r?lr?ednt "R& Fs'oYaFt‘éjd Eé)rgffbﬁhe 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.



in a controlled manner and can be used for power
di ssi pation and/or tuning. [0022] FIG 2 illustrates
wanomwerghary enbodi ment of a circulator 5. ThecT/Us2005/012318
circulator conprises first and second couplers 10, 20.
The coupl ers 10, 20 conprise Lange couplers. The
couplers 10, 20 are fabricated on a substrate 7 (FIG
3). In an exenplary enbodi ment, the couplers may be
about 135 mils long. The length may be sel ected based,
at least in part, on the operating frequency of the
circulator 5.[0023] In an ex&nplary embodinent, the
first coupler 10 conprises an input port 11, an
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[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-shift and phase relationships. in this
embodiment, both transmission lines 8, 9 provide the same phase 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



enbodi nent, both transm ssion lines 8 9 provide the
same phase shift 0 L-R to signals propogating from
woebds/os7pi ght in FIG 1. One transm ssion |inecuseo0/012318
wi || provide a phase shift to signals propogating from
right to left which is 90 degrees nore than 0 L-R and
the other transmssion line 9 or 8 will provide a
phase shift to right to |left propogating signals which
is 90 degrees less than O L-R This wi Il provide
signals at coupled ports 13, 14 of coupler 10 which
are 180 degrees out of phasé&, which will cause the
coupler 10 to route the signals at ports 13, 14 to
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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.



transmtted and received through the circulator 5. In
an exenpl ary enbodi nent, the effective electrical
woenwido1sgd the transmission lines 8, 9 is abouPComs2005/012318
quarter of a wavelength at the center of the operating
frequency range. [0027] FIG 3 illustrates a
cross-sectional view of an exenplary enbodi ment of a
circulator of FIG 2. The circul ator conprises a
substrate 7, magnets 18, 19 which generate opposed
magnetic fields 28, 29, and transm ssion lines 8, 9.
In the exenpl ary enbodi nent ¥ FIG 3, the
transm ssi on lines 8, 9 are netalized with ground
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Gauss. The ma nets %? 19 may be placed into a hole 72
ora%ﬁ@é(b@lﬁp 1dJN9rP24% ough t he substrate 7 and may

be epoxied into place. [0030] In an exenplary

en‘ﬁ)%%fr% an exl?e?r\lldlerllr% em%odlmgwqeﬁé\ﬁné Jch%I rqﬁgl?ectfc f%llo%%t'érb%g 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.



pl ane of the circuit provides a | ower-profile,
reduced-thi ckness circulator circulator 5 for a given
wappleiooet79 on when conpared with circul ators w POTAS2005/012318
magnet above or bel ow the plane of the substrate.
Havi ng the magnetic fields 28, 29 act along the pl ane
of the circuit permts placenent of the nagnets 18, 19
in the sane plane as the transm ssion |lines and/or in
the substrate, as shown in FIG 3. The resultant
| owprofile circulator 5 may not be as thick as a
circulator in which the retuired magnetic fields are
orthogonal to the plane of the substrate and the
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an exenplary enbodi nment, the circujt need not %ﬁ |
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a@;or@emoanmh these pangpies Hiydhosg ﬁ@l@dgm tlge aftawithout departing
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i's understood that the above-descri bed enbodi nents are
merely illustrative of the possible specific

enbodi nents which may represent principles of the
present invention. O her arrangenents may readily be
devi sed in accordance with these principles by those
skilled in the art without departing fromthe scope
and spirit of the invention. CLAIMS What is clained is:
1. Acirculator (5) conprising: a first coupler (10);
a second coupler (20) coupled with the first coupler
by first and second transm ssion lines (8, 9), wherein
the first and second transm ssion lines define a
plane; a first magnetic field (28) crossing the first
transm ssion line (8) and



substantially parallel with and within the plane; a
second magnetic field (29) crossing the second
wonrersanisssi on |ine (9) and substantially paral Pel/useioso012318
and within the plane. 2. The circulator (5) of claim
1, wherein the first magnetic field (28) is
substantially orthogonal with the first transm ssion
line (8) and the second nmagnetic field (29) is
substantially orthogonal with the second transm ssion
line (9). 3. The circulator ) of claim1, wherein
the first and second couplers (10, 20) are Lange
couplers. 4. The circul at s Aims of claim 1, wherein
the first and second couplers (10, 20) are forned on a
surface of a substrate. 5. The circulator (5) of claim
1, V‘her\ﬁhgt i%%?ai%k{]% and second transm ssion |ines (8,
9) conprise anisotropically perneable naterial. 6. The
ci r cul at.oA diréylatdr (B) cinmarBingwherei n the first and
second tﬂagsm §sri q&,l ines (8, 9) are ferrite | oaded. 7.
The ci rEliiShPeP ) of claim1, further conprising a
first reageebnd WBupkor2@y oviumgengyitthénd ifirstt caupdgreby dirst and

field (28) and.a second net . {0 |, di :
se%‘?:ﬁﬁ’tﬂ‘g BHFRIOR ﬁ’éefsd ( §g;a‘gh‘§9l%§)f'c{:;tr %@qoég%drn%(@%%ﬁlgsmn
C|m{é§1cyeﬁn@kéq5|§hé},dt he first and second magnets (18, 19)
and the first and seco transm ssion, Jines (.8,

subst arf® figgtmagnetie ﬁ'@lds&%% CHISZR. t?'ﬁ.f%%thta%ﬁr?'t?{]?%t“g% @S?”d
of s <@hially puhmERLih Alewhihinste pradesecond couplers (10,
20) are forned on a surface of a substrate%ébgand t he

first n@mgeeandraynstis fiek @9h6q0§mmilye secongdr $519 e (9)
a”gn(g Q&‘?&&?L%T\Q pARgIREkitH 4% witBinitRe Bihel € (72) in the
substrate :

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. A circulator (5) having a lowprofile
configuration, conprising: a dielectric substrate (7);

wa 2006r091879 nt er di gi t at ed, four-port mcrostrip eOUMISEN05/012318
(10) formed on the substrate (7) and having a first
input port ( 1 1) , 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 gort (22) and third and
fourth coupl ed ports (24, 235 a first ferrite-| oaded

tr ansmizssheirlkiiRr () of PARCE! BRANSCENRSIISH ifr8bgnet (18
coupl ed port Ir(13) rgﬁ))ot he third coupl lgfrzlhlp@orgtffré gne (18)

sé@bmpw@ng ithe-firgladagneticafieldi €8) aid A nkeceoy o2 for
ugﬁg@gt’tﬁgséﬁ%qﬂawelf@@ g5t (14) and the fourth

port st an second magnets (18, 19)
attached to the substrate (7), the first magnet (18)

provi digng, a cfrcﬂlﬁfor %@)'; v@rkdé}eﬁztﬁ)ts fir t ﬁ's&oh@ Iargnle’ts

first transn133|on
t 18 he9)santuisthe dit s a@a)secmdubtrarmmaslonﬁgefew @19ye w@b&lrduaﬂgm

a ,second netic field (29) of opposite polarity to
tﬁﬁ?saﬁn tqqa@%h rst magnetic field and crossing the

second transm ssion |ine (9) and substantially

paral | egl che) c'irrc]:SIa?or lzg)t calm '7)where|n 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
anc 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 parallel to the substrate (7).



