
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 pattern on 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 pattern is 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.BRIEF
DESCRIPTION OF THE DRAWINGS [0003] Features and
advantages of the disclosure will readily be
appreciated by persons skilled in the art from the
following detailed description of exemplary
embodiments thereof, as illustrated in the
accompanying drawings, in which: 



[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 transmissionlines 8, 9. The lower
frequency may be dictated by the size limitations or
demands of a particular application. In an exemplary
embodiment, the transmit signal 25 has a frequency
range of about 10 GHz to 20GHz. In another exemplary
embodiment, the transmit signal 25 has a frequency
range between about 6 GHz to 12 GHz. The transmit
signal may comprise a radar transmit signal for
driving an antenna 4 to transmit a radar pulse 28. In
an exemplary 



embodiment, the antenna system comprises an array of
radiating 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. [001 1] 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 1150-1 151 . 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 orother low-loss dielectric
material. The substrate may be, for example, in a
range of about 0.005" to 0.125" thick. [0012] The
transmission lines 8, 9 are non-reciprocal in that
they provide 



different phase responses for signals propagating in
different directions across the same transmission
line. Non-reciprocal transmission lines 8, 9 may
comprise, for example, anisotropically permeable
material under the influence of opposed magnetic
fields 28, 29. 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 7 1 (FlG. 3) cut into 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 8 1, 9 1
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. In an 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,respectively, is
different from the right-to-left permeability (or
receive 



permeability) for signals 271 , 272 propagating from
coupled port 24 or 23 to coupled port 13 or 14,
respectively. [0015] For example, the permeability of
the transmission line 8 for the signal 251 may be
higher than the permeability of transmission line 8
for the signal 271 , whereas the permeability of the
transmission line 9 may be higher for the signal 272
than for the signal 252. In an alternate embodiment,
the relative 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 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 ofthe transmission line 9 for the signal
252. As a result, the signals 251 and 252 have a
substantially equivalent phase shift across the equal
length transmission 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
combines the in-phase signals 251 and 252 into the
signal 25', corresponding to the transmit signal 25,
and routes the signal 25' out through the input port 2
1. [0018] In an exemplary embodiment, the second
coupler 20 receives the receive signal 27 at the input
port 2 1 and divides the signal into two signals 271 ,
272. The signal 271 is routed to the coupled port 24,
through the 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. [001 9] 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 rightto- 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 degreesout of phase when received at
the coupled ports 13 and 14, respectively. The first
coupler 10 combines the 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 amplifier 3. [0020] In an
exemplary embodiment, the receive amplifier 3 is
connected to the circulator 5 through a switch 15
(FIG. 1). The switch 15 may be, for example, a single
pole double throw (SPDT) switch. During use, the
switch 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 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.[0023] In an exemplary embodiment, the
first coupler 10 comprises an input port 11, an
isolated port 12 and two coupled ports 13, 14. The
second coupler 20 comprises an input port 2 1, an
isolated port 22 and two coupled ports 23, 24. The
coupled port 13 of the first coupler is connected to
the coupled port 24 of the second coupler 20 by a
transmission line 8. The coupled port 14 of the first
coupler 10 is connected to the second coupled port 23
of the second coupler 20 by a transmission line 9.
[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-shift and phase relationships.
In this 



embodiment, both transmission lines 8, 9 provide the
same phase shift 0 L-R, to signals propogating from
left to right in FlG. 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 0 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 0 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 coupledports 13,
14. The receive phase shift of signals 271 , 272
across transmission lines 8 and 9 are 90 degrees more
or less than the transmit phase shift of signals 251,
252 across their respective transmission lines 8, 9.
[0026] The length of the transmission lines 8, 9 are
selected so that the transmit signals are routed from
the input port 11 of the first coupler 10 and out the
input port 2 1 of the second coupler and so that a
receive signal 27 is routed from the input port 2 1 of
the second coupler 10, divided into signals 271 and
272 and recombined 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 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 8 1, 9 1 and microstrip lines 82, 92. The
couplers 10, 20 (FlG. 2) are fabricated on a surface
of the substrate 7. [0028] In an exemplary embodiment,
the transmission lines 8, 9 are placed into holes 7 1
cut into or through the substrate and may be epoxied
into place.The transmission lines 8, 9 may be about 10
mils thick (in a direction orthogonal to the surface
of the substrate 7), 40 mils wide and 500 mils long
(in a direction from a coupled port of one coupler to
the corresponding coupled port of the other coupler.
[0029] In an exemplary embodiment, the magnets 18, 19
may be, for example, as thick as the substrate or
about 10 mils thick, as long as the transmission lines
or about 500 mils long, 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. 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.[0031] It
is understood that the above-described embodiments are
merely illustrative of the possible specific
embodiments which may represent principles of the
present invention. Other arrangements may readily be
devised in accordance with these principles by those
skilled in the art without departing from the scope
and spirit of the invention.CLAIMS What is claimed is:
1. A circulator (5) comprising: a first coupler (10);
a second coupler (20) coupled with the first coupler
by first and 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.7.
The circulator (5) of claim 1, further comprising a
first magnet (18) for providing the first magnetic
field (28) and a second magnet (19) for providing the
second magnetic field (29). 8. The circulator (5) of
claim 7, wherein 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 ( 1 1) , 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
parallel to the substrate (7). 


