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(57) Abstract: A planar Hall effect (PHE) sensor for measuring at an external magnetic field includes a plurality of elongated magnetic
regions. Each magnetic region includes a ferromagnetic material that is magnetized along a longitudinal axis. The magnetic regions
cross one another at an overlap region that is characterized by a plurality of easy magnetic axes. At least two pairs of electrical leads
are each aligned along one of the easy magnetic axes. A current source may be connected to a first pair of the electrical leads to cause a
current to flow through the overlap region along a first easy magnetic axis. A voltage measurement device may be connected to another
pair of the electrical leads to measure a PHE voltage that is generated by a component of the external magnetic field that is perpendicular
to the easy magnetic axis along which the overlap region is magnetized.
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PLANAR HALL EFFECT SENSORS

FIELD OF THE INVENTION

[0001] The present invention relates to magnetic field sensors. More particularly, the

present invention relates to planar Hall effect sensors.

BACKGROUND OF THE INVENTION

[0002] The operation of a planar Hall effect (PHE) sensor is based on a piece of a suitable
ferromagnetic material exhibiting an easy magnetic axis of magnetization and exhibiting
anisotropic magnetoresistance. Without an applied magnetic field, the magnetization of
the sensor lies along the casy magnetic axis. When a magnetic field is applied with a
component in the plane of the PHE sensor and perpendicular to the easy magnetic axis, the
magnetization of the sensor rotates away from the easy magnetic axis. When in operation,
an electrical current is flowing through the sensor along one axis. A transverse voltage
across the material, known as the planar Hall effect voltage, is measured along another,
perpendicular, axis in the plane of the material. The transverse resistance, defined as the
transverse voltage divided by the current, varies approximately linearly with the angle
between the applied current and the magnetization of the material, in the limit of small
angles. Since the angle varies linearly with the strength of the perpendicular component of
the external field, in the limit of small fields, the planar Hall voltage varies linearly with
the perpendicular component of the external applied field. Thus, a sensor based on PHE

may be utilized to measure the external magnetic field.

SUMMARY OF THE INVENTION

[0003] There is thus provided, in accordance with an embodiment of the present
invention, a planar Hall effect (PHE) sensor for measuring at least one component of an
external magnetic field, the sensor including: a plurality of elongated magnetic regions,
cach elongated magnetic region including a ferromagnetic material that is magnetized, in
the absence of the external magnetic field, along a longitudinal axis along the elongated
dimension of the elongated magnetic region, the plurality of elongated magnetic regions
crossing one another at an overlap region, the overlap region being characterized by a

plurality of easy magnetic axes; at least two pairs of electrical leads, each of the pairs
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being aligned along one easy magnetic axis of the plurality of easy magnetic axes; a
current source that, when connected to a first pair of the at least two electrical leads, is
operable to cause a current to flow through the overlap region along a first easy magnetic
axis with which the first pair is aligned; and a voltage measurement device, when
connected to electrical leads of at least one other pair of said at least two electrical leads
and when the current flows through the overlap region along the first easy magnetic axis,
configured to measure a PHE voltage that is generated by a component of the external
magnetic field that is perpendicular to the easy magnetic axis along which the overlap
region is magnetized.

[0004] Furthermore, in accordance with an embodiment of the present invention, the
plurality of elongated magnetic regions cross one another at a midpoint of the longitudinal

axis of each of the plurality of elongated magnetic regions.

[0005] Furthermore, in accordance with an embodiment of the present invention, the
plurality of elongated magnetic regions includes two magnetic regions whose longitudinal

axes are substantially perpendicular to one another.

[0006] Furthermore, in accordance with an embodiment of the present invention, the at
least two pairs of electrical leads are each aligned with an easy magnetic axis along a

different diagonal between the perpendicular longitudinal axes.

[0007] Furthermore, in accordance with an embodiment of the present invention, the
plurality of elongated magnetic regions includes three magnetic regions such that the
longitudinal axis of each elongated magnetic region is rotated by substantially equal

angles from the longitudinal axes of each of the other two elongated magnetic regions.

[0008] Furthermore, in accordance with an embodiment of the present invention, the at
least two pairs of electrical leads are cach aligned along the longitudinal axis of a different

clongated magnetic region of each of the plurality of elongated magnetic regions.

[0009] Furthermore, in accordance with an embodiment of the present invention, each of
the plurality of elongated magnetic regions is elliptical, the longitudinal axis of each of the
plurality of elongated magnetic regions being the major axis of that elongated magnetic
region.

[0010] Furthermore, in accordance with an embodiment of the present invention, the

sensor includes a mechanism for changing an orientation of the magnetization of the
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overlap region from along one easy magnetic axis of said plurality of easy magnetic axes

to another easy magnetic axis of said plurality of easy magnetic axes.

[0011] Furthermore, in accordance with an embodiment of the present invention, the
mechanism includes an electrical conductor that is perpendicular to the longitudinal axis

of one of the plurality of elongated magnetic regions.

[0012] There is further provided, in accordance with an embodiment of the present
invention, a planar Hall effect (PHE) sensor for measuring at least one component of an
external magnetic field, the sensor including: an array of a plurality of elongated magnetic
regions, each clongated magnetic region including a ferromagnetic material that is
magnetized, in the absence of the external magnetic field, along a longitudinal axis along
the eclongated dimension of the elongated magnetic region, the longitudinal axes of the
plurality of elongated magnetic regions being substantially parallel to one another and
laterally displaced from one another, each of the plurality of elongated magnetic regions
being connected by an electrical conductor to each adjacent elongated magnetic region of
the array; two longitudinal electrical leads, each longitudinal electrical lead connected in
common to one end along the longitudinal axis of each elongated magnetic region of the
array such that the plurality of elongated magnetic regions are connected in parallel to
cach of the longitudinal electrical leads; two lateral electrical leads connected to each of
two outside elongated magnetic regions of the array along a lateral axis that is
substantially perpendicular to the longitudinal axes such that the plurality of elongated
magnetic regions are connected in series to the two lateral electrical leads; a current source
that, when connected to a first pair of leads of either the two longitudinal electrical leads
or the two lateral electrical leads, is operable to cause a current to flow through the
plurality of elongated magnetic regions along the longitudinal axis; and a voltage
measurement device configured to, when connected to another pair of leads of the two
longitudinal electrical leads or the two lateral electrical leads and when the current flows
through the plurality of elongated magnetic regions between the first pair of leads,
measure a PHE voltage that is generated by a component of the external magnetic field

that is perpendicular to the longitudinal axis.

[0013] Furthermore, in accordance with an embodiment of the present invention, each
clongated magnetic region of the array is elliptical, the longitudinal axis of the elongated

magnetic region being the major axis of that elongated magnetic region.
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[0014] Furthermore, in accordance with an embodiment of the present invention, the
displacements between adjacent elongated magnetic regions of the array are substantially

equal.

[0015] There is further provided, in accordance with an embodiment of the present
invention, a planar Hall effect (PHE) sensor for measuring at least one component of an
external magnetic field, the sensor including: an elongated magnetic region including a
ferromagnetic material that is magnetized, in the absence of the external magnetic field,
along a longitudinal axis along the elongated dimension of the elongated magnetic region;
two longitudinal electrical leads, each longitudinal electrical lead connected to an end of
the elongated magnetic region along the longitudinal axis; a plurality of pairs of lateral
clectrical leads, the lateral electrical leads of each of the pairs comnected to a side of
clongated magnetic region along a lateral axis that is substantially perpendicular to the
longitudinal axis, each pair of the plurality of pairs being longitudinally displaced from
other pairs of the plurality of pairs; a current source that is connectable to the longitudinal
clectrical leads and that is operable to cause a current to flow through the elongated
magnetic region along the longitudinal axis; and a voltage measurement device configured
to, when connected to a pair of the plurality of pairs and when the current flows along the
longitudinal axis, measure a PHE voltage that is generated by a component of the external
magnetic field that is perpendicular to the longitudinal axis at a region of the elongated

magnetic region between the lateral electrical leads of that pair.

[0016] Furthermore, in accordance with an embodiment of the present invention, the
clongated magnetic region is elliptical, the longitudinal axis being the major axis of the

clongated magnetic region.

[0017] Furthermore, in accordance with an embodiment of the present invention,
longitudinal displacements between adjacent pairs of the plurality of pairs are substantially

equal.

[0018] Furthermore, in accordance with an embodiment of the present invention, the
sensor includes one or more additional voltage measurement devices such two or more of
the voltage measurement devices are configured to concurrently measure voltages between

two or more pairs of the plurality of pairs.

[0019] There is further provided, in accordance with an embodiment of the present

invention, a planar Hall effect (PHE) sensor for measuring at least one component of an
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external magnetic field, the sensor including: an elongated magnetic region including a
ferromagnetic material that is magnetized, in the absence of the external magnetic field,
along a longitudinal axis along the elongated dimension of the elongated magnetic region;
two longitudinal electrical leads, each longitudinal electrical lead connected to an end of
the elongated magnetic region along the longitudinal axis; two lateral electrical leads, each
lateral electrical lead connected to a side of elongated magnetic region along a lateral axis
that is substantially perpendicular to the longitudinal axis; a current source that, when
connected to a first pair of leads of cither the two longitudinal electrical leads or the two
lateral electrical leads, is operable to cause a current to flow through the elongated
magnetic region along an axis of the first pair of leads; two magnetic flux concentrators
positioned on opposite sides of the elongated magnetic region, each magnetic flux
concentrator including a ferromagnetic material, proximal faces of the magnetic flux
concentrators being positioned such that magnetic flux crosses the clongated magnetic
region from one of the magnetic flux concentrators to the other in a direction that is
substantial perpendicular to the longitudinal axis; and a voltage measurement device
configured to, when connected another pair of leads of cither the two longitudinal
clectrical leads or the two lateral electrical leads, and when the current flows through the
first pair of leads, measure a PHE voltage that is generated by a component of the external
magnetic field that is perpendicular to axis of the current and whose magnetic flux is

concentrated by the magnetic flux concentrators.

[0020] Furthermore, in accordance with an embodiment of the present invention, the
clongated magnetic region is elliptical, the longitudinal axis being the major axis of the

clongated magnetic region.

[0021] Furthermore, in accordance with an embodiment of the present invention, the
magnetic flux concentrator is configured to cause flux that is parallel to the longitudinal
axis at a distal face of the magnetic flux concentrator to be directed perpendicular to the

longitudinal axis at the proximal face of the magnetic flux concentrator.

[0022] Furthermore, in accordance with an embodiment of the present invention, the
magnetic flux concentrator is configured to cause flux that is perpendicular to both the
longitudinal axis and that lateral axis at a distal face of the magnetic flux concentrator to
be directed perpendicular to the longitudinal axis and parallel to the lateral axis at the

proximal face of the magnetic flux concentrator.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] In order for the present invention, to be better understood and for its practical
applications to be appreciated, the following Figures are provided and referenced
hereafter. It should be noted that the Figures are given as examples only and in no way

limit the scope of the invention. Like components are denoted by like reference numerals.

[0024] Fig. 1 schematically illustrates a planar Hall effect (PHE) sensor in accordance

with an embodiment of the present invention.

[0025] Fig. 2A schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators configured to concentrate magnetic flux that is

perpendicular to the easy magnetic axis.

[0026] Fig. 2B schematically illustrates a variant of the magnetic flux concentrators

shown in Fig. 2A.

[0027] Fig. 2C schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators configured to concentrate and redirect magnetic flux in

the plane of the elongated magnetic region of the PHE sensor.

[0028] Fig. 2D schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators configured to concentrate and redirect magnetic flux
perpendicular to the plane of the elongated magnetic region of the PHE sensor.

[0029] Fig. 3 schematically illustrates a PHE sensor that is configured to map variations in
a magnetic field along an axis.

[0030] Fig. 4 schematically illustrates a PHE sensor that includes an array of parallelly
aligned elongated magnetic regions that are connected to a single pair of electrical leads.
[0031] Fig. 5 schematically illustrates a PHE sensor in the form of two crossing elongated
magnetic regions.

[0032] Fig. 6 schematically illustrates a PHE sensor in the form of three crossing

clongated magnetic regions.

[0033] Fig. 7 is a flowchart depicting an example of a method of operating a single PHE

sensor to measure multiple components of an external magnetic field at a single location.
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DETAILED DESCRIPTION OF THE INVENTION

[0034] In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the invention. However, it will be understood
by those of ordinary skill in the art that the invention may be practiced without these
specific details. In other instances, well-known methods, procedures, components,
modules, units and/or circuits have not been described in detail so as not to obscure the

invention.

[0035] Although embodiments of the invention are not limited in this regard, discussions
utilizing terms such as, for example, “processing,” “computing,” ‘“calculating,”
“determining,” “establishing”, “analyzing”, “checking”, or the like, may refer to
operation(s) and/or process(es) of a computer, a computing platform, a computing system,
or other electronic computing device, that manipulates and/or transforms data represented
as physical (e.g., electronic) quantities within the computer’s registers and/or memories
into other data similarly represented as physical quantities within the computer’s registers
and/or memories or other information non-transitory storage medium (e.g., a memory) that
may store instructions to perform operations and/or processes. Although embodiments of
the invention are not limited in this regard, the terms “plurality” and “a plurality” as used
herein may include, for example, “multiple” or “two or more”. The terms “plurality” or “a
plurality” may be used throughout the specification to describe two or more components,
devices, elements, units, parameters, or the like. Unless explicitly stated, the method
embodiments described herein are not constrained to a particular order or sequence.
Additionally, some of the described method embodiments or elements thereof can occur or
be performed simultaneously, at the same point in time, or concurrently. Unless otherwise
indicated, the conjunction “or” as used herein is to be understood as inclusive (any or all

of the stated options).

[0036] Some embodiments of the invention may include an article such as a computer or
processor readable medium, or a computer or processor non-transitory storage medium,
such as for example a memory, a disk drive, or a USB flash memory, encoding, including
or storing instructions, e.g., computer-executable instructions, which when executed by a

processor or controller, carry out methods disclosed herein.
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[0037] In accordance with an embodiment of the present invention, a planar Hall effect
(PHE) sensor includes an elongated region of ferromagnetic material. The ferromagnetic
region is magnetized, in the absence of an external applied magnetic field, along a
direction defining an easy magnetic axis. Two electrodes are connected to the
ferromagnetic region along a single axis. At least one other pair of electrodes is connected

to the ferromagnetic region along another axis.

[0038] In the presence of an external magnetic field having a component that is parallel to
the plane of the ferromagnetic region and perpendicular to the direction of the easy
magnetic axis, the direction of the magnetization of the ferromagnetic region may be
altered. As a result, when a current is applied to the ferromagnetic region by the electrodes
along one of the axes, a PHE voltage is induced along one of the other axes in the plane of
the ferromagnetic material. This induced voltage may be measured via the electrodes that

are connected to the ferromagnetic region along that other axis.

[0039] In accordance with an example of a PHE sensor, the PHE sensor includes two or
more crossing parallel clongated regions of a ferromagnetic material. The regions cross
and overlap in an overlap region surrounding a crossing point of the long axes of the
regions. Typically, the crossing point is at or near the midpoints of the long axes. Two
clectrodes are connected to the overlap region along a single axis. At least one other pair

of electrodes is connected to the overlap region along another axis.

[0040] For example, each of the regions may be in the form of an elongated oval shape,
such as an eclongated ellipse. In this case, an energetically favorable direction of
magnetization of the region, or easy magnetic axis, is along the major axis of the ellipse.
The regions cross such that the major axes of the elliptical regions cross at their midpoints.
The regions overlap one another in an overlap region. The net magnetization in the overlap
region is determined by a vector sum of the magnetizations of each of the crossing
regions.

[0041] Typically, orientations of the crossing regions are arranged so as to form a
discretely rotationally symmetric pattern about the overlap region. For example, when the
PHE sensor has two crossing regions, the two regions may be arranged perpendicularly to
one another. When the PHE sensor has three crossing regions, the three crossing regions
may be oriented at equal angular intervals such that the major axis of each region forms an

angle of 60° with the major axis of each of the other regions.
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[0042] Thus, if two elliptical regions that are magnetized along their major axes cross at
right angles, the direction of net magnetization, and thus the easy magnetic axes, in the
overlap region may be oriented diagonally at a 45° angle to the major axes (and directions
of magnetization) of each of the regions. The direction of the magnetization in the overlap
region along one of the easy magnetic axes may depend on the directions of magnetization

of each of the overlapping regions.

[0043] When three elliptical regions that are magnetized along their major axes cross at
60° angles, the direction of the easy magnetic axes in the overlap region may be oriented
substantially along the major axes (and direction of magnetization) of the regions. The net
magnetization may be oriented along one of the easy magnetic axes, while the net

magnetization along the perpendicular to that axis may be substantially zero.

[0044] An example of a PHE sensor with crossing regions may include pairs of electrodes
that are connected to the overlap region, such that the electrodes of each pair connect

along one of the easy magnetic axes.

[0045] In the example of two crossing elliptical regions with two pairs of electrodes, each
pair is connected to the overlap region along one of the 45° diagonals. A current may then
be applied to the overlap region by one of the pairs of the electrodes, while a PHE voltage
may be measured using the other pair. With this configuration, a single sensor may be
used to measure magnetization in one of two perpendicular directions (e.g., the direction
that is perpendicular to the axis along which the current is applied). By alternating
magnetization between the two easy magnetic axes at the overlap region together with
alternating the measurements between the two pairs, magnetization at a single location

along two perpendicular directions may be measured in succession.

[0046] For example, an electrically conducting wire or strip may be oriented parallel to
the long axis of one of the two crossing elliptical regions and perpendicular to the long
axis of the other. An electrical current that is made to flow through the wire may generate
a magnetic field that causes the direction of magnetization of that other elliptical region to
reverse. Reversing the direction of magnetization of one of the crossing elliptical regions
may cause the orientation of magnetization in the overlap region to change from one of the
casy magnetic axes to the other. (If two wires are provided, each parallel to the long axis
of a different crossing elliptical region, the direction of the magnetization in the overlap

region, in addition to its orientation, may be controlled as well.) Other mechanisms known
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in the art may be utilized to the reverse the magnetization of one of the crossing elliptical
regions.

[0047] Applying the current along an easy magnetic axis of the overlap region may enable
increased sensitivity of the measurement over another configuration (e.g., where each pair
of electrodes is connected to ends along the major axis of each region, e.g., since the

current path is smaller and the electrical resistance may be reduced).

[0048] Similarly, in the configuration of three crossing regions, current may be applied to
one of the regions by pairs of electrodes arranged along the major axis of that region.
Voltages may be measured concurrently or alternately using two other pairs of electrodes.
For example, each other pair of electrodes includes two electrodes on opposite sides of the
casy magnetic axis (e.g., coinciding with a major axis of one of the regions) along which
the overlap region is magnetized. For example, the two clectrodes may be connected to
two different crossing regions or may be arranged along the major axes of a single region.
In addition, the magnetic state may be altered between the three easy magnetic axes at the
overlap area (e.g., using two or more wires conducting electrical current, each oriented
perpendicular to the major axis of each of two of the crossing elliptical regions, or
otherwise). The resulting measurements may enable increased sensitivity of the

measurement of the external magnetic field.

[0049] In an example of a PHE sensor, the PHE sensor may include a side-by-side
arrangement of two or more elongated substantially identical (e.g., with regard to shape
and size, materials, magnetization direction, or other properties) flat regions of
ferromagnetic material, e.g., each in the form of an elongated ellipse. For example, the
long axes of the ferromagnetic regions may be arranged to be substantially parallel to one

another.

[0050] When so arranged, a single conducting lead may be connected to one end along the
long axis of each of the regions. Similarly, the opposite ends along the long axes are
connected to another conducting lead. Thus, all of the ferromagnetic regions are connected

in parallel between the two longitudinal leads.

[0051] The regions along another, perpendicular axis (e.g., along the narrow axes of the
ferromagnetic regions) are commected in series between two lateral terminals on opposite

sides of the arrangement of regions.

10
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[0052] For example, a current may be applied to all of the ferromagnetic regions between
the two longitudinal leads. A PHE voltage may be generated in each of the regions along
the lateral axis. Thus, a total voltage that is measured between the lateral leads may be

equal to a sum of the PHE voltages that are generated by each of the regions.

[0053] When all of the regions are substantially identical to one another and an external
magnetic field in the plane of the regions is substantially uniform at all of the regions, the
total voltage may represent the strength and direction of the uniform field. However, since
the total voltage is greater than each of the individual voltages (e.g., equal to the individual
lateral voltage generated by each region multiplied by the number of regions), the signal-

to-noise ratio of the measurement may be greater than that for a single region.

[0054] In some cases, the strength of the magnetic field may vary from one region to
another. In this case, the total voltage may be indicative of a representative field strength
at the sensor. For example, the representative field strength may include an average field

strength, a weighted average of the field strength, or another representative field strength.

[0055] As another example, a current may be applied to the lateral terminals, with a
voltage being generated between the longitudinal leads. In this case, when the magnetic
field is uniform, the voltage that is measured between the longitudinal leads may be an

average of the individual voltages that are generated by each of the regions.

[0056] In an example of a PHE sensor, a plurality of pairs of lateral conducting leads may
be arranged along the long axis of a single elongated ferromagnetic region. A single pair
of longitudinal leads may be connected to the ends of the region along the long axis of the
region. For example, a current may be applied to the longitudinal leads. A voltage is
measured across each pair of lateral leads, either concurrently or sequentially. The voltage
that is measured across each of the lateral leads may be indicative of the magnetic field
that is present at the location of that pair of lateral leads. In this manner, a single PHE
sensor may be used to map the external magnetic field along the longitudinal axis of the

clongated ferromagnetic region.

[0057] In some cases, a PHE sensor may be configured such that a current is applied via
lateral leads to a short, lateral axis of an elongated ferromagnetic region. Such a
configuration may be advantageous since the resistance across a lateral axis may be
significantly lower than the resistance from end to end along a longitudinal axis of the

region. In such a case, a PHE voltage may be induced by an external magnetic ficld along

11
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the longitudinal axis of the region. Thus, the magnetic field may be measured by

measuring the induced voltage between the longitudinal leads.

[0058] In some cases, magnetic flux concentrators may be positioned adjacent to the
clongated ferromagnetic region. For example, the flux concentrators may be constructed of
a ferromagnetic material. In some cases, the flux concentrators may be electrically
insulating, e.g., so as to prevent interference of the flux concentrators with applied
clectrical currents or voltage measurements made using electrical leads that are attached to
the ferromagnetic region adjacent to the flux concentrators. Typically, similarly shaped
and constructed flux concentrators may be placed opposite one another (e.g., mirroring
one another) on opposite sides of the region. For example, an end of each flux
concentrator that is distal to the ferromagnetic region may be wider than a proximal end
that is adjacent to or abuts a side of the ferromagnetic region. A tapering shape of the flux
concentrator (e.g., trapezoidal or otherwise) may concentrate the magnetic field such that
the magnetic flux is greater in the ferromagnetic region than in the surround space outside
of the flux concentrator. Such concentration of the magnetic flux may enable more
sensitive measurement of the magnetic field. In addition, a flux concentrator may enable
measurement a component of a magnetic ficld that is parallel to the direction of
magnetization of the ferromagnetic region, e.g., by redirecting the flux to cross the region

perpendicular to the direction of magnetization.

[0059] Fig. 1 schematically illustrates a planar Hall effect (PHE) sensor in accordance

with an embodiment of the present invention.

[0060] PHE sensor 10 includes elongated magnetic region 12 connected by longitudinal
electrical leads 14 and lateral electrical leads 16 to electrical system 26. Electrical system
26 may include one of more of switching circuitry 27, electrical current source 28, voltage
measurement device 30, and a processor 32. One or more components of electrical system
26 may be included in PHE sensor 10 (e.g., provided in a single enclosure with or
provided together with PHE sensor 10), or may be external to PHE sensor 10 (e.g.,
provided by a user of PHE sensor 10).

[0061] Elongated magnetic region 12 includes a substantially flat layer or region of
ferromagnetic material. Typically, the ferromagnetic material is selected to be a soft
ferromagnetic material that is characterized by high magnetic permeability and small

hysteresis, and demonstrates anisotropic magnetoresistance. Suitable magnetic materials

12
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may include permalloy (NigoFezo), HyMu, mu-metal, or other suitable alloys (e.g.,
including one or more of nickel, cobalt, iron, chromium, nitrogen, molybdenum, or other

components).

[0062] In some cases, the ferromagnetic material may be capped with a material with
significantly lower electrical conductivity than that of the ferromagnetic material. For
example, such a capping layer may include one or more of tantalum, titanium, chromium,
silicon oxide (Si0), aluminum oxide (Al20s), or another suitable high-resistance

conductor or electrical insulator.

[0063] For example, elongated magnetic region 12 may include one or more layers of a
ferromagnetic material that are deposited or otherwise caused to adhere to a substrate. The
depositing process may include evaporation or sputtering, or another depositing technique.

A substrate may include silicon or another suitable material.

[0064] Elongated magnetic region 12 may be characterized by a longitudinal axis 20 along
the long dimension of elongated magnetic region 12, and by lateral axis 22 along a short
lateral direction that is perpendicular to longitudinal axis 20. Typically, elongated
magnetic region 12 is magnetized such that in the absence of an external magnetic field,
the magnetization of elongated magnetic region 12 is in the direction of longitudinal axis
20. For example, the ferromagnetic material may be deposited while the substrate of
clongated magnetic region 12 is placed in a magnetic field that is parallel to longitudinal

axis 20.

[0065] The shape of elongated magnetic region 12 may be substantially elliptical, as in the
example shown. For example, in some cases, the magnetic anisotropy of an elliptical
clongated magnetic region 12 may be more uniform than that of region having another
type of shape. When elongated magnetic region 12 is elliptical, longitudinal axis 20 may
correspond to a major axis of the ellipse, and lateral axis 22 may correspond to a minor

axis.

[0066] Longitudinal electrical leads 14 are connected to the ends of elongated magnetic
region 12 along longitudinal axis 20. Similarly, lateral electrical leads 16 are connected to
opposite sides of elongated magnetic region 12 along lateral axis 22. For example,
longitudinal electrical leads 14 and lateral electrical leads 16 may be deposited or
otherwise formed of one or more electrically conducting materials such as gold, silver,

copper, aluminum, or other conducting metals or materials.
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[0067] In some cases, one or more of elongated magnetic region 12, longitudinal electrical
leads 14, lateral electrical leads 16, or other components may be mounted or placed on a
mounting surface 18. For example, mounting surface 18 may include a circuit board or
other suitable surface. In other cases, components of PHE sensor 10 may be otherwise

assembled, connected, or otherwise prepared for use.

[0068] PHE sensor 10 may include an electrical current source 28. As used herein,
electrical current source 28 refers to any current or voltage source whose purpose is to
cause an electrical current to flow within PHE sensor 10 between two electrodes that are
connected to the source, regardless as to how the source is regulated or controlled.
Electrical current source 28 may be connected to longitudinal electrical leads 14 to cause a
current to flow parallel to longitudinal axis 20, or to lateral electrical leads 16 to cause the
current to flow parallel to lateral axis 22. Voltage measurement device 30 may be
connected to the other set of leads, lateral electrical leads 16 or longitudinal electrical

leads 14, respectively.

[0069] As described above, the magnetization of elongated magnetic region 12 in the
absence of an external magnetic field may be parallel to longitudinal axis 20. When an
external magnetic field is present and the external ficld has a component in the plane of
clongated magnetic region 12, the resulting magnetization of elongated magnetic region
12 may be rotated by an angle 6 away from longitudinal axis 20 that depends on the
component of the in-plane magnetic field that is perpendicular to longitudinal axis 20. The
magnetization may interact with the current to generate a PHE voltage along the axis that
is perpendicular to the current flow due to the anisotropic magnetoresistance (AMR)
effect. The PHE voltage may be measured by voltage measurement device 30 that is
connected to the electrical leads that are arranged perpendicularly to the current flow.
Since the PHE voltage that is measured perpendicular to the current flow is proportional to
sin (20), the voltage increase may be expected to be approximately linear with the
perpendicular (to the current flow) component of the magnetization when 8 is close to zero
or to 90°.

[0070] For example, electrical current source 28 may be comnected to longitudinal
clectrical leads 14. Thus, when the magnetization of elongated magnetic region 12 (e.g., in
the absence of an external magnetic field) is parallel to longitudinal axis 20, the direction

of current flow through elongated magnetic region 12 is substantially parallel to the
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magnetization of elongated magnetic region 12. Voltage measurement device 30 may be
connected to lateral electrical leads 16 to measure a component a PHE voltage that is
indicative of a component of an external magnetic ficld that is substantially parallel to

lateral axis 22.

[0071] In the example shown, electrical current source 28 is connected to lateral electrical
leads 16. When the magnetization of elongated magnetic region 12 (e.g., in the absence of
an external magnetic field) is parallel to longitudinal axis 20, the direction of the current
flow through elongated magnetic region 12 is substantially perpendicular to the
magnetization in the absence of an external magnetic field. In the presence of an external
magnetic field 24 having a component that is substantially parallel to lateral axis 22 (as in
the example shown), a voltage that is measured by voltage measurement device 30 that is

connected to longitudinal electrical leads 14 may be indicative of that component.

[0072] A configuration where electrical current source 28 is connected to lateral electrical
leads 16 may be advantageous over a configuration where electrical current source 28 is
connected to longitudinal electrical leads 14. For example, since the resistance between
lateral electrical leads 16 is lower than the resistance between longitudinal electrical leads
14, a stronger applied current, and thus a stronger generated PHE voltage, may enable

more precise, accurate, or sensitive measurement of external magnetic field 24.

[0073] Switching circuitry 27 may be operated to switch between a configuration where
electrical current source 28 is connected to longitudinal electrical leads 14 and voltage
measurement device 30 is connected to lateral electrical leads 16, and a configuration
where the connections are interchanged (electrical current source 28 to lateral electrical
leads 16 and voltage measurement device 30 to longitudinal electrical leads 14). For
example, switching circuitry 27 may include one or more switches or switching elements
that may be operated to change a connection of electrical current source 28 or voltage
measurement device 30 to one or more different pairs of electrical leads (e.g., longitudinal

electrical leads 14 and lateral electrical leads 16 as in the example shown).

[0074] Processor 32 may be configured to calculate a strength of external magnetic field
24 based on a measurement of a PHE voltage by voltage measurement device 30. For
example, a calibration procedure may be applied to PHE sensor 10. The calibration

procedure may be configured to enable processor 32 to associate a measured PHE voltage
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with an independently measured or determined strength (e.g., in units of magnetic flux

density or other units) of external magnetic field 24.

[0075] In an example of a PHE sensor, magnetic flux concentrators may be added.
Addition of magnetic flux concentrators may enable increasing the sensitivity of a

measurement of a magnetic field.

[0076] Fig. 2A schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators. Fig. 2B schematically illustrates a variant of the

magnetic flux concentrators shown in Fig. 2A.

[0077] PHE sensor 40 includes a pair of flat magnetic flux concentrators 42 arranged on
opposite sides of elongated magnetic region 12. In the example shown, PHE sensor 40 is
configured to measure a component of an external magnetic field 24 that is parallel to
lateral axis 22. For example, electrical current source 28 may be connected to longitudinal
electrical leads 14, and voltage measurement device 30 may be connected to lateral
electrical leads 16. The axis of each magnetic flux concentrator 42 is oriented parallel to
lateral axis 22 so as to concentrate the magnetic flux that is parallel to lateral axis 22 into

clongated magnetic region 12.

[0078] Each magnetic flux concentrator 42 is constructed of at least one layer or region of
ferromagnetic material. The ferromagnetic material of magnetic flux concentrator 42 may
be electrically isolated from other electrically conducting components such as elongated

magnetic region 12 and lateral electrical leads 16, in the example shown.

[0079] In the example shown in Fig. 2A, each magnetic flux concentrator 42 has a
trapezoidal shape. A proximal face 42a of magnetic flux concentrator 42 is adjacent to
clongated magnetic region 12 (typically abutting or sufficiently close such that most
magnetic flux lines cross elongated magnetic region 12 substantially parallel to lateral axis
22). In the example shown, each proximal face 42a is approximately parallel to
longitudinal axis 20 and perpendicular to lateral axis 22. In other examples, proximal faces
42a may be slanted at an oblique angle to longitudinal axis 20. Distal face 42b of each
magnetic flux concentrator 42 is wider than proximal face 42a. The shape of magnetic flux
concentrator 42 gradually tapers between distal face 42b and proximal face 42a. In the
example shown, the tapering sides of magnetic flux concentrator 42 are straight. In other
examples, the sides may be convexly or concavely curved. The tapering shape may

facilitate the magnetic flux (e.g., which may be visualized as a density of magnetic field
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lines) of external magnetic ficld 24 to become concentrated in the part of elongated
magnetic region 12 between magnetic flux concentrators 42. Thus, in the example shown,
the component of the magnetization that is parallel to lateral electrical leads 16 in
clongated magnetic region 12 may be stronger than the component that would be present
in the absence of magnetic flux concentrators 42. Therefore, the measurement of external
magnetic field 24 may be more sensitive than a measurement made without magnetic flux

concentrators 42.

[0080] In the example shown in Fig. 2B, proximal face 42a and distal face 42b have
approximately the same width, where the properties of the material of magnetic flux
concentrators 42 concentrates the magnetic flux in the region between proximal faces 42a.
Alternatively, a magnetic flux concentrator 42 may have another shape. For example, a
magnetic flux concentrator 42 may be triangular, T-shaped, L-shaped, curved, or
otherwise shaped, and may have a three-dimensional shape (e.g., rod, cone, pyramid, or

other three-dimensional shape).

[0081] In the examples shown in Figs. 2A and 2B, magnetic flux concentrators 42 are
configured to concentrate magnetic flux of a component of an external magnetic field 24
that is parallel to lateral axis 22. In some cases, a magnetic flux concentrator may be
configured to redirect magnetic flux from an external magnetic field that is parallel to the
magnetization axis (longitudinal axis 20) of elongated magnetic region 12 (in the plane of
clongated magnetic region 12), or that is perpendicular to the plane of clongated magnetic
region 12, so as to cross elongated magnetic region 12 substantially perpendicular to the

magnetization axis (and in the plane of elongated magnetic region 12).

[0082] Fig. 2C schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators configured to concentrate and redirect magnetic flux in

the plane of the PHE sensor.

[0083] PHE sensor 41 includes a pair of magnetic flux concentrators 43 arranged on both
sides of eclongated magnetic region 12. In the example shown, PHE sensor 41 is
configured to measure a component of an external magnetic field 24 that is parallel to
longitudinal axis 20. Each magnetic flux concentrator 43 is configured to direct magnetic
flux that is substantially parallel to longitudinal axis 20 and that enters magnetic flux
concentrator 43 at distal faces 43b to cross elongated magnetic region 12 substantially

parallel to lateral axis 22 at proximal faces 43a. Thus, PHE sensor 41 may be utilized to
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measure a component of a magnetic field that is parallel to, or at another angle to, the easy

magnetic axis of elongated magnetic region 12.

[0084] In the example shown, each magnetic flux concentrator 43 has an angled elbow
shape. Alternatively or in addition, a direction changing magnetic flux concentrator may

be tapering or have a constant width, and may be curved, or otherwise shaped.

[0085] An example of a PHE sensor may be configured to map or local sample a magnetic

field at a plurality of locations along an axis.

[0086] Fig. 2D schematically illustrates components of the PHE sensor shown in Fig. 1,
with magnetic flux concentrators configured to concentrate and redirect magnetic flux

perpendicular to the plane of the elongated magnetic region of the PHE sensor.

[0087] In Fig. 2D, PHE sensor 45 is viewed in a plane that is perpendicular to the plane of
Fig. 1 and along longitudinal axis 20. The electrical leads are omitted for the sake of
clarity.

[0088] PHE sensor 45 includes a pair of magnetic flux concentrators 43 arranged on both
sides of elongated magnetic region 12. In the example shown, PHE sensor 45 is
configured to measure a component of an external magnetic field 24 that is perpendicular
to the plane defined by longitudinal axis 20 and lateral axis 22. Each magnetic flux
concentrator 43 is configured to direct magnetic flux that is perpendicular to longitudinal
axis 20 and to lateral axis 22 to cross elongated magnetic region 12 substantially parallel
to lateral axis 22 and perpendicular to longitudinal axis 20. Thus, PHE sensor 45 may be
utilized to measure a component of a magnetic field that is perpendicular to the plane of

(longitudinal axis 20 and lateral axis 22 of) elongated magnetic region 12.

[0089] Fig. 3 schematically illustrates a PHE sensor that is configured to locally sample a

magnetic field along an axis.

[0090] PHE mapping sensor 50 is configured to measure along longitudinal axis 20
variations in a component of external magnetic field 24 that is perpendicular to
longitudinal axis 20. A plurality of pairs of lateral electrical leads 16 are longitudinally
displaced from one another and longitudinally distributed along the long dimension
(longitudinal axis 20) of elongated magnetic region 12 and parallel to the plane of
elongated magnetic region 12. For example, pairs of lateral electrical leads 16 may be
substantially uniformly distributed between end pair 16a and end pair 16b, or may be

otherwise distributed.
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[0091] When PHE mapping sensor 50 is in use, electrical current source 28 may be
connected to longitudinal electrical leads 14. One or more voltage measurement devices
30 may be connected to each pair of lateral electrical leads 16. For example, a separate
voltage measurement device 30 may be connected to each pair of lateral electrical leads
16. In this case, the voltages across all pairs of lateral electrical leads 16 may be measured
concurrently or sequentially. Alternatively or in addition, switching circuitry 27 may be
provided to selectively connect a single voltage measurement device 30 to one or more
pairs of lateral electrical leads 16. In this case, voltages across different pairs of lateral
electrical leads 16, or groups of two or more pairs of lateral electrical leads 16, may be

measured sequentially.

[0092] The voltage across each pair of lateral electrical leads 16 may be indicative of a
lateral component of external magnetic field 24 in a region of elongated magnetic region
12 between that pair of lateral electrical leads 16. Thus, when voltages between two or
more pairs of lateral electrical leads 16 are measured concurrently or (assuming that
external magnetic field 24 does not change appreciably between voltage measurements on
different pairs of lateral electrical leads 16) sequentially, the voltage measurements across
the different pairs of lateral electrical leads 16 may be indicative of variations in the lateral
component of external magnetic field 24 along the length of longitudinal axis 20, or a
gradient of the lateral component along longitudinal axis 20. Thus, PHE mapping sensor
50 may be utilized to measure a gradient or other spatial variation of the lateral component
of external magnetic field 24. Subsequent measurements after rotation of PHE mapping
sensor 50 (e.g., by 90° about longitudinal axis 20) may map another component of
external magnetic field 24 along longitudinal axis 20. (Other rotations or translations of
PHE mapping sensor 50 may map external magnetic field 24 at nearby coordinates in

space.)

[0093] An example of a PHE sensor in which a plurality of parallelly aligned and
mutually laterally displaced elongated magnetic regions 12 are connected to a single set of
clectrical leads may enable measuring larger PHE voltages, e.g., to improve the sensitivity

of a measurement of external magnetic field 24.

[0094] Fig. 4 schematically illustrates a PHE sensor that includes an array of parallelly

aligned elongated magnetic regions that are connected to single pairs of electrical leads.
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[0095] In multiple region PHE sensor 60, an array of a plurality of elongated magnetic
regions 12 are oriented parallelly to one another, and are spatially aligned along their
common lateral axis 22. Each elongated magnetic region 12 is laterally displaced from the
other elongated magnetic regions 12 of PHE sensor 60 along the common lateral axis 22
between outside magnetic regions 12' at the ends of the array of parallel elongated
magnetic regions 12. (When PHE sensor 60 includes only two elongated magnetic regions
12, each elongated magnetic region 12 is an outside magnetic region 12'). Although
multiple region PHE sensor 60 has four elongated magnetic regions 12 in the example
shown, a multiple region PHE sensor 60 may include two, three, or more than four
clongated magnetic regions 12. Although in the example shown, the mutual displacements
between adjacent elongated magnetic regions 12 are approximately equal, e.g., elongated
magnetic regions 12 being distributed approximately uniformly along lateral axis 22, other

non-uniform distributions (e.g., with unequal displacements) are possible.

[0096] Each end of each elongated magnetic region 12 along longitudinal axis 20 is
connected to a single common longitudinal electrical lead 64. Thus, all elongated magnetic
regions 12 of multiple region PHE sensor 60 may be connected in parallel to common

longitudinal electrical leads 64.

[0097] All elongated magnetic regions 12 of multiple region PHE sensor 60 may be
connected in series along lateral axis 22 to at least one pair of common lateral electrical
leads 62. Each common lateral electrical lead 62 is connected to one of outside magnetic
regions 12'. For example, each elongated magnetic region 12 of multiple region PHE
sensor 60 may be connected to each adjacent elongated magnetic region 12 via an internal

lateral electrical conductor 63.

[0098] For example, in one configuration, common longitudinal electrical leads 64 may be
connected to electrical current source 28. Thus, a current may be caused to flow in parallel
between common longitudinal electrical leads 64. For example, if the resistances of all of
elongated magnetic regions 12 along longitudinal axis 20 may be identical or similar to
one another. In this case, the total current between longitudinal electrical leads 14 may be

distributed approximately uniformly among elongated magnetic regions 12.

[0099] In this example, an external magnetic field 24 with a component parallel to lateral
axis 22 may induce a PHE voltage in each elongated magnetic region 12 along lateral axis

22. Thus, a voltage measurement device 30 that is connected to common lateral electrical
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leads 62 may measure a sum of the PHE voltages that are generated in each elongated

magnetic region 12.

[00100] When external magnetic field 24 is substantially uniform over all elongated
magnetic regions 12 of multiple region PHE sensor 60, the total measured voltage across
common lateral electrical leads 62 may be approximately equal to the PHE voltage that is
induced in each elongated magnetic region 12 multiplied by the number of elongated
magnetic regions 12 in multiple region PHE sensor 60. Thus, a measurement of external
magnetic field 24 that is measured using multiple region PHE sensor 60 may be more
precise, accurate, or sensitive than a similar measurement with a PHE sensor having a
single elongated magnetic region 12. When external magnetic field 24 varies along lateral
axis 22, the total measured voltage across common lateral electrical leads 62 may be
indicative of a representative magnetic field (e.g., average field or other representative

strength of a component of external magnetic field 24).

[00101] As another example, common lateral electrical leads 62 may be connected
to electrical current source 28. Thus, a current may be caused to flow in series between
internal lateral electrical conductors 63. In this example, an external magnetic field 24
with a component parallel to lateral axis 22 may induce a PHE voltage in each elongated
magnetic region 12 along longitudinal axis 20. Thus, a voltage measurement device 30
that is connected to common longitudinal electrical leads 64 may measure a representative

value of the PHE voltages that are generated in each elongated magnetic region 12.

[00102] In some cases, more than one pair of common lateral electrical leads 62
may be connected to outside magnetic regions 12', e.g., as in PHE mapping sensor 50. In
this case, additional sets of internal lateral electrical conductors 63 may be aligned with

each pair of common lateral electrical leads 62.

[00103] An example of a PHE sensor may include two elongated magnetic regions
12 that cross each other at right angles such that the longitudinal axis of each of the

clongated magnetic regions 12 coincides with the lateral axis of the other.

[00104] Fig. 5 schematically illustrates a PHE sensor that includes two crossing

clongated magnetic regions.

[00105] In crossed-region PHE sensor 70, two substantially identical elongated
magnetic regions 12 are oriented perpendicularly to one another. Each elongated magnetic

region 12 is magnetized (in the absence of an external magnetic field) along its
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longitudinal axis 20 (e.g., as in Fig. 1). Both elongated magnetic regions 12 are
magnetized with a substantially identical magnetization (e.g., with regard to magnitude of
the magnetization). In the example shown, elongated magnetic regions 12 cross along their
midlines, both along their longitudinal axes 20 and their lateral axes 22. The two elongated

magnetic regions 12 overlap one another in overlap region 74.

[00106] Since the magnetization of each elongated magnetic region 12 is along its
longitudinal axis 20 and the magnitudes of the magnetizations are substantially equal, the
total magnetization in overlap region 74 is along a diagonal easy magnetic axis 76a or
diagonal easy magnetic axis 76b (depending on the direction of the magnetization of each
elongated magnetic region 12 along its longitudinal axis 20). Each of diagonal easy
magnetic axis 76a and diagonal easy magnetic axis 76b lies along a diagonal at 45° to the

longitudinal axes of the two elongated magnetic regions 12.

[00107] Pairs of electrical leads 72a are connected to both elongated magnetic
regions 12 at overlap region 74 aligned with diagonal easy magnetic axis 76a. Similarly,
clectrical leads 72b are connected to both elongated magnetic regions 12 at overlap region
74 aligned with diagonal easy magnetic axis 76b. For example, an electrical lead 72a or

72b may be connected by conducting material to both elongated magnetic regions 12.

[00108] In crossed-region PHE sensor 70, either electrical leads 72a or electrical
leads 72b may be connected to electrical current source 28, while the other pair of
clectrical leads 72b or 72a, respectively, may be connected to voltage measurement device
30. For example, electrical system 26 of crossed-region PHE sensor 70 may include
switching circuitry 27 that may be controlled to alternately switch between a configuration
in which electrical leads 72a are connected to electrical current source 28 while electrical
leads 72b are connected to voltage measurement device 30, and a configuration where
electrical leads 72a are connected to voltage measurement device 30 and electrical leads
72b are connected to electrical current source 28. Alternatively, electrical system 26 of
crossed-region PHE sensor 70 may be configured such that electrical leads 72a are
permanently connected to one of electrical current source 28 and voltage measurement

device 30, while electrical leads 72b are permanently connected to the other.

[00109] For example, if the magnetization in the overlap region 74 is parallel to
diagonal easy magnetic axis 76a, the PHE voltage is indicative of a component of the

external magnetic filed along diagonal easy magnetic axis 76b. On the other hand, if the
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magnetization in the overlap region 74 is parallel to diagonal easy magnetic axis 76b, the
PHE voltage is indicative of a component of the external magnetic filed along diagonal

easy magnetic axis 76a.

[00110] Thus, electrical system 26 may be provided with a capability to switch the
magnetization in overlap region 74 between diagonal easy magnetic axis 76a and diagonal
easy magnetic axis 76b. For example, a magnetization control conductor 73 (e.g., wire,
rod, bar, strip, or other substantially straight elongated conductor) may be oriented
substantially parallel to the longitudinal axis of one of elongated magnetic regions 12
(elongated magnetic region 12a in the example shown) and displaced from the plane of
that elongated magnetic region 12 (e.g., above or below the plane of Fig. 5). Causing an
electrical current to flow through magnetization control conductor 73 in one direction
generates a magnetic field at the other elongated magnetic region 12 (e.g., elongated
magnetic region 12b in the example shown) parallel to the longitudinal axis of that other
clongated magnetic region 12. Reversing the direction of electrical current through
magnetization control conductor 73 reverses the direction of the generated magnetic field.
A sufficiently strong generated magnetic field may cause the direction of magnetization of
the other elongated magnetic region 12 (e.g., elongated magnetic region 12b) to reverse.
Therefore, controlling the current through magnetization control conductor 73 may control
the magnetization of elongated magnetic region 12b, and thus the orientation of the
magnetization in overlap region 74 along either diagonal easy magnetic axis 76a or

diagonal easy magnetic axis 76b.

[00111] In some cases, an addition magnetization control conductor 73 parallel to
the longitudinal axis of the other elongated magnetic region 12 (e.g., elongated magnetic
region 12b) may be provided, e.g., to control the direction of the magnetization of overlap
region 74. Other mechanisms for controlling the orientation of magnetization in overlap

region 74 may be provided.

[00112] Thus, two orthogonal components of external magnetic field 24 may be
measured alternately. Such alternating between configurations may be advantageous over
an alternative measurement by that would require physical rotation of a PHE sensor. For
example, the more rapid measurement of orthogonal components of external magnetic
field 24 by crossed-region PHE sensor 70 may be more accurate than the alternative

measured which could be affected by temporal changes in external magnetic field 24.
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Similarly, use of single crossed-region PHE sensor 70 to measure two orthogonal
components of external magnetic field 24 at a single spatial location (e.g., at overlap
region 74) may be advantageous over an alternative measurement of orthogonal
components external magnetic field 24 by two differently oriented PHE sensors at
different, nearby locations. The measurement using crossed-region PHE sensor 70 may be
more accurate than the alternative measurement, which could be affected by spatial

variations in external magnetic field 24.

[00113] An example of a PHE sensor may include three or more crossing elongated

magnetic regions 12.

[00114] Fig. 6 schematically illustrates a PHE sensor that includes three crossing

clongated magnetic regions.

[00115] In crossed-region PHE sensor 80, three substantially identical elongated
magnetic regions 12a, 12b, and 12¢ are rotated with respect to one another by substantially
equal rotation angles (about 60° rotations relative to the other two elongated magnetic
regions 12). Each of elongated magnetic regions 12a, 12b, and 12c¢ is magnetized (in the
absence of an external magnetic field) along its longitudinal axis 20 (e.g., as in Fig. 1). All
clongated magnetic regions 12a, 12b, and 12¢ are magnetized with a substantially identical
magnetization (e.g., substantially identical magnitude of the magnetization). In the
example shown, elongated magnetic regions 12a, 12b, and 12¢ cross along their midlines,
both along their longitudinal axes 20 and their lateral axes 22. The elongated magnetic

regions 12a, 12b, and 12c¢ overlap one another in overlap region 84.

[00116] Since the magnetization of each of elongated magnetic regions 12a, 12b,
and 12c is along its longitudinal axis 20 and the magnitudes of the magnetizations are
substantially equal, the total magnetization in overlap region 84 is along one of easy
magnetic axis 86a, easy magnetic axis 86b, or easy magnetic axis 86¢ (depending on the
direction of the magnetization of each of elongated magnetic regions 12a, 12b, and 12¢
along its longitudinal axis 20). Thus, in the example shown, easy magnetic axes 86a, 86b,
and 86¢ coincide with the longitudinal axis 20 of one of elongated magnetic regions 12a,
12b, and 12c. For example, the magnetization may be parallel to easy magnetic axis 86a if
the components of the magnetizations of elongated magnetic regions 12b and 12c¢ that are
parallel to easy magnetic axis 86a are in the same direction as the magnetization of

clongated magnetic region 12a, while the components of the magnetizations of elongated
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magnetic regions 12b and 12c that are perpendicular to easy magnetic axis 86a are
oriented opposite to one another (e.g., the magnetization of elongated magnetic region 12a
is to the right in Fig. 6, the magnetization of elongated magnetic region 12b is to lower
right, and the magnetization of elongated magnetic region 12c¢ is toward upper right, or

when all of the magnetizations are reversed).

[00117] For example, at least two magnetization control conductors 73a and 73b
may be oriented substantially parallel to the lateral axes of at least two clongated magnetic
regions 12 (elongated magnetic region 12a and 12b in the example shown) and displaced
from the plane of that elongated magnetic regions 12a and 12b (e.g., above or below the
plane of Fig. 6). Controlling a direction of current flow through each of magnetization
control conductors 73a and 73b may control the magnetization in each of elongated
magnetic regions 12a and 12b, respectively. Controlling the direction of magnetization in
elongated magnetic regions 12a and 12b cause magnetization within in overlap region 84

to be selectively oriented along one of easy magnetic axes 86a-86c¢.

[00118] In some cases, an addition magnetization control conductor parallel to the
lateral axis of elongated magnetic region 12¢ may be provided, enabling directional
control of the magnetization in overlap region 84. Other mechanisms for controlling the

orientation of magnetization in overlap region 84 may be provided.

[00119] Electrical lead pair 82a is connected to elongated magnetic regions 12a
aligned with easy magnetic axis 86a. Similarly, electrical lead pair 82b is connected to
elongated magnetic region 12b aligned with easy magnetic axis 86b, and electrical lead

pair 82c is connected to elongated magnetic region 12c¢ aligned with easy magnetic axis

86¢.

[00120] In crossed-region PHE sensor 80, one of electrical lead pairs 82a, 82b, or
82¢ may be connected to electrical current source 28. One or both of the other electrical
lead pairs 82a, 82b, and 82c may be comnected to one or more voltage measurement

devices 30.

[00121] For example, crossed-region PHE sensor 80 may include a voltage
measurement device 30 that may be connected to two of electrical lead pairs 82a, 82b, and
82¢ concurrently (e.g., in parallel). Alternatively or in addition, crossed-region PHE sensor
80 may include two voltage measurement devices 30 that may be connected to each of two

of electrical lead pairs 82a, 82b, and 82c¢ concurrently. Alternatively or in addition,
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electrical system 26 of crossed-region PHE sensor 80 may include switching circuitry 27
that may be controlled to alternately switch between different configurations in which
each of electrical lead pairs 82a, 82b, or 82c is sequentially connected to electrical current
source 28. In each such configuration, one or both of electrical lead pairs 82a, 82b, and
82¢ that are not connected to electrical current source 28 are connected concurrently to
two voltage measurement devices 30, or sequentially or in parallel to a single voltage
measurement device 30. Alternatively, electrical system 26 of crossed-region PHE sensor
80 may be configured such that one pair of electrical lead pairs 82a, 82b, or 82c¢ is
permanently connected to electrical current source 28, while one or both of the other pairs
of electrical lead pairs 82a, 82b, and 82c are permanently connected to one or two voltage

measurement devices 30.

[00122] For example, with a configuration in which the magnetization in overlap
region 84 is parallel to easy magnetic axis 86a, and in the presence of an external magnetic
field 24 with a component perpendicular to easy magnetic axis 86a, a PHE voltage may be
generated perpendicular to easy magnetic axis 86a. Therefore, a voltage that is measured
by a voltage measurement device 30 that is connected to electrical lead pair 82b or to
electrical lead pair 82c may be indicative of the component of external magnetic field 24
that is perpendicular to easy magnetic axis 86a. Alternatively or in addition, voltage
measurement device 30 may be may be connected to one lead of electrical lead pair 82b
and one lead of electrical lead pair 82b (e.g., to reduce the contribution of offset resistance

to the measurement).

[00123] Similarly, in a configuration where magnetization in overlap region 84 is
parallel to easy magnetic axis 86b and external magnetic field 24 has a component
perpendicular to easy magnetic axis 86b, a PHE voltage may be measured between any
combination of electrical leads of electrical lead pairs 82a and 82c. In a configuration
where magnetization in overlap region 84 is parallel to easy magnetic axis 86¢c and in the
presence of an external magnetic field 24 with a component perpendicular to easy
magnetic axis 86¢, a PHE voltage may be measured between any combination of electrical

leads of electrical lead pairs 82a and 82b.

[00124] Thus, when electrical system 26 is provided with capability to change the

magnetization in overlap region 84, three components of external magnetic field 24,
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perpendicular to each of easy magnetic axes 86a, 86b, and 86c, may be measured

alternately.

[00125] One or more configurations of a PHE sensor may be operated to measure
two or more components of external magnetic field 24 at a single location using a single
PHE sensor. Such configurations may include those of crossed-region PHE sensor 70 (Fig.

5), crossed-region PHE sensor 80 (Fig. 6), or other PHE sensor configurations.

[00126] Fig. 7 is a flowchart depicting an example of a method of operating a single
PHE sensor to measure multiple components of an external magnetic field at a single

location.

[00127] It should be understood with respect to any flowchart referenced herein that
the division of the illustrated method into discrete operations represented by blocks of the
flowchart has been selected for convenience and clarity only. Alternative division of the
illustrated method into discrete operations is possible with equivalent results. Such
alternative division of the illustrated method into discrete operations should be understood

as representing other embodiments of the illustrated method.

[00128] Similarly, it should be understood that, unless indicated otherwise, the
illustrated order of execution of the operations represented by blocks of any flowchart
referenced herein has been selected for convenience and clarity only. Operations of the
illustrated method may be executed in an alternative order, or concurrently, with
equivalent results. Such reordering of operations of the illustrated method should be

understood as representing other embodiments of the illustrated method.

[00129] Operations of PHE sensor method 100 may be performed automatically,
e.g., by a processor 32 of a PHE sensor operating in accordance with programmed
instructions, or by an operator operating components of electrical system 26 of a PHE
sensor that may be magnetized along two or more casy magnetic axes, ¢.g., as in overlap
region 74 of crossed-region PHE sensor 70 or overlap region 84 of crossed-region PHE

sensor 80.

[00130] When a magnetization in overlap region 74 or 84 is oriented along one easy
magnetic axis (e.g., parallel to one of diagonal easy magnetic axes 76a or 76b or of one of
casy magnetic axes 86a-86¢), a first pair of leads (e.g., electrical leads 72a, 72b, or 72c,
electrical lead pair 82a, 82b, or 82c, or another pair of leads) may be connected to

electrical current source 28 while at least one other pair of leads, oriented at a right angle
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or other oblique angle to the magnetization axis, is connected to voltage measurement
device 30 (block 110). For example, the first pair of leads may be parallel (e.g., collinear

with) or perpendicular to the axis of magnetization.

[00131] Electrical current source 28 may be operated to apply an electrical current
to the first pair of leads, while a PHE voltage is measured by the other pair of leads (block
120). The measured PHE voltage may be indicative of the strength of a component of an
external magnetic field 24 that is perpendicular to the magnetization axis along one of the

easy magnetic axes.

[00132] For example, a calibration procedure performed prior to execution of PHE
sensor method 100 may relate a measured PHE voltage with a magnetic field strength.
Alternatively or in addition, a value of the magnetic field strength may be calculated on
the basis of known or measured properties of one or more of an elongated magnetic region

12, or one or more other components of a PHE sensor.

[00133] If another component of external magnetic field 24 is to be measured
(block 130), switching circuitry 27 may be operated to change a magnetization in overlap
region 74 or 84 to another of the easy magnetic axes (block 140). Again, at least one other
pair of leads, oriented at a right angle or other oblique angle to the new magnetization, is

connected to voltage measurement device 30.

[00134] Electrical current source 28 may be operated to apply an electrical current
while a PHE voltage is measured by the pair of leads that are arranged perpendicular to, or
at an oblique angle to, the direction of magnetization (block 150). The measured PHE
voltage may be indicative of the strength of a component of an external magnetic field 24
that is perpendicular to the magnetization axis. A separate calibration measurement or

calculation may be required for each configuration.

[00135] Different embodiments are disclosed herein. Features of certain
embodiments may be combined with features of other embodiments; thus, certain
embodiments may be combinations of features of multiple embodiments. The foregoing
description of the embodiments of the invention has been presented for the purposes of
illustration and description. It is not intended to be exhaustive or to limit the invention to
the precise form disclosed. It should be appreciated by persons skilled in the art that many

modifications, variations, substitutions, changes, and equivalents are possible in light of
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the above teaching. It is, therefore, to be understood that the appended claims are intended
to cover all such modifications and changes as fall within the true spirit of the invention.

[00136] While certain features of the invention have been illustrated and described
herein, many modifications, substitutions, changes, and equivalents will now occur to
those of ordinary skill in the art. It is, therefore, to be understood that the appended claims
are intended to cover all such modifications and changes as fall within the true spirit of the

invention.
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CLAIMS

1. A planar Hall effect (PHE) sensor for measuring at least one component of an

external magnetic field, the sensor comprising:

a plurality of eclongated magnetic regions, each elongated magnetic region
comprising a ferromagnetic material that is magnetized, in the absence of the external
magnetic field, along a longitudinal axis along the elongated dimension of the elongated
magnetic region, said plurality of elongated magnetic regions crossing one another at an
overlap region, the overlap region being characterized by a plurality of easy magnetic

axes;

at least two pairs of clectrical leads, at least one of the pairs being aligned along

one easy magnetic axis of said plurality of easy magnetic axes;

a current source that, when connected to a first pair of said at least two pairs of
clectrical leads, is operable to cause a current to flow through the overlap region along a

first casy magnetic axis with which the first pair is aligned; and

a voltage measurement device, when connected to electrical leads of at least one
other pair of said at least two electrical leads and when the current flows through the
overlap region along the first easy magnetic axis, configured to measure a PHE voltage
that is generated by a component of the external magnetic field that is perpendicular to the

casy magnetic axis along which the overlap region is magnetized.

2. The sensor of claim 1, wherein said plurality of elongated magnetic regions cross
one another at a midpoint of the longitudinal axis of each of said plurality of elongated

magnetic regions.

3. The sensor of claim 1 or claim 2, wherein said plurality of elongated magnetic
regions comprises two magnetic regions whose longitudinal axes are substantially

perpendicular to one another.
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4. The sensor of claim 3, wherein said at least two pairs of electrical leads are each
aligned with an easy magnetic axis along a different diagonal between the perpendicular

longitudinal axes.

5. The sensor of any of claims 1 to 4, wherein said plurality of elongated magnetic
regions comprises three magnetic regions such that the longitudinal axis of each elongated
magnetic region is rotated by substantially equal angles from the longitudinal axes of each

of the other two elongated magnetic regions.

6. The sensor of claim 5, wherein said at least two pairs of electrical leads are each
aligned along the longitudinal axis of a different elongated magnetic region of each of said

plurality of elongated magnetic regions.

7. The sensor of any of claims 1 to 6, wherein each of said plurality of elongated
magnetic regions is elliptical, the longitudinal axis of each of said plurality of elongated

magnetic regions being the major axis of that elongated magnetic region.

8. The sensor of any of claims 1 to 7, further comprising a mechanism for changing
an orientation of the magnetization of the overlap region from along one easy magnetic
axis of said plurality of easy magnetic axes to another easy magnetic axis of said plurality

of easy magnetic axes.

9. The sensor of claim 8, wherein the mechanism comprises an electrical conductor
that is perpendicular to the longitudinal axis of one of said plurality of elongated magnetic

regions.

10. A planar Hall effect (PHE) sensor for measuring a component of an external
magnetic field, the sensor comprising:

an array of a plurality of elongated magnetic regions, each elongated magnetic
region comprising a ferromagnetic material that is magnetized, in the absence of the

external magnetic field, along a longitudinal axis along the elongated dimension of the

31



WO 2020/003309 PCT/IL2019/050705

clongated magnetic region, the longitudinal axes of said plurality of clongated magnetic
regions being substantially parallel to one another and laterally displaced from one
another, each of said plurality of elongated magnetic regions being connected by an

electrical conductor to each adjacent elongated magnetic region of the array;

two longitudinal electrical leads, each longitudinal electrical lead connected in
common to one end along the longitudinal axis of each elongated magnetic region of the
array such that said plurality of elongated magnetic regions are connected in parallel to

cach of the longitudinal electrical leads;

two lateral electrical leads connected to each of two outside elongated magnetic
regions of the array along a lateral axis that is substantially perpendicular to the
longitudinal axes such that said plurality of elongated magnetic regions are connected in

series to the two lateral electrical leads;

a current source that, when connected to a first pair of leads of either the two
longitudinal electrical leads or the two lateral electrical leads, is operable to cause a
current to flow through said plurality of elongated magnetic regions along the longitudinal

axes; and

a voltage measurement device configured to, when connected to another pair of
leads of the two longitudinal electrical leads or the two lateral electrical leads and when
the current flows through the said plurality of elongated magnetic regions between the first
pair of leads, measure a PHE voltage that is generated by a component of the external

magnetic field that is perpendicular to the longitudinal axis.

11. The sensor of claim 10, wherein each elongated magnetic region of the array is
clliptical, the longitudinal axis of the elongated magnetic region being the major axis of

that elongated magnetic region.

12. The sensor of claim 10 or claim 11, wherein the displacements between adjacent

clongated magnetic regions of the array are substantially equal.

13. A planar Hall effect (PHE) sensor for measuring one component of an external

magnetic field, the sensor comprising:
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an clongated magnetic region comprising a ferromagnetic material that is
magnetized, in the absence of the external magnetic field, along a longitudinal axis along

the elongated dimension of the elongated magnetic region;

two longitudinal electrical leads, each longitudinal electrical lead connected to an

end of the elongated magnetic region along the longitudinal axis;

a plurality of pairs of lateral electrical leads, the lateral electrical leads of each of
the pairs connected to a side of elongated magnetic region along a lateral axis that is
substantially perpendicular to the longitudinal axis, each pair of the plurality of pairs being

longitudinally displaced from other pairs of said plurality of pairs;

a current source that is connectable to the longitudinal electrical leads and that is
operable to cause a current to flow through the elongated magnetic region along the
longitudinal axis; and

a voltage measurement device configured to, when connected to a pair of said
plurality of pairs and when the current flows along the longitudinal axis, measure a PHE
voltage that is generated by a component of the external magnetic field that is
perpendicular to the longitudinal axis at a region of the elongated magnetic region between

the lateral electrical leads of that pair.

14. The sensor of claim 13, wherein the elongated magnetic region is elliptical, the

longitudinal axis being the major axis of the elongated magnetic region.

15. The sensor of claim 13 or claim 14, wherein longitudinal displacements between

adjacent pairs of said plurality of pairs are substantially equal.

16. The sensor of any of claims 13 to 15, comprising one or more additional voltage
measurement devices such two or more of the voltage measurement devices are
configured to concurrently measure voltages between two or more pairs of said plurality of

paits.

17. A planar Hall effect (PHE) sensor for measuring one component of an external

magnetic field, the sensor comprising:
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an clongated magnetic region comprising a ferromagnetic material that is
magnetized, in the absence of the external magnetic field, along a longitudinal axis along

the elongated dimension of the elongated magnetic region;

two longitudinal electrical leads, each longitudinal electrical lead connected to an

end of the elongated magnetic region along the longitudinal axis;

two lateral electrical leads, each lateral electrical lead connected to a side of
clongated magnetic region along a lateral axis that is substantially perpendicular to the
longitudinal axis;

a current source that, when connected to a first pair of leads of either the two
longitudinal electrical leads or the two lateral electrical leads, is operable to cause a
current to flow through the elongated magnetic region along an axis of the first pair of

leads;

two magnetic flux concentrators positioned on opposite sides of the elongated
magnetic region, each magnetic flux concentrator comprising a ferromagnetic material,
proximal faces of the magnetic flux concentrators being positioned such that magnetic flux
crosses the elongated magnetic region from one of the magnetic flux concentrators to the

other in a direction that is substantial perpendicular to the longitudinal axis; and

a voltage measurement device configured to, when connected to another pair of
leads of either the two longitudinal electrical leads or the two lateral electrical leads, and
when the current flows through the first pair of leads, measure a PHE voltage that is
generated by a component of the external magnetic field that is perpendicular to the axis of

the current and whose magnetic flux is concentrated by the magnetic flux concentrators.

18. The sensor of claim 17, wherein the elongated magnetic region is elliptical, the

longitudinal axis being the major axis of the elongated magnetic region.

19. The sensor of claim 17 or claim 18, wherein each magnetic flux concentrator is
configured to cause flux that is parallel to the longitudinal axis at a distal face of the
magnetic flux concentrator to be directed perpendicular to the longitudinal axis at the

proximal face of the magnetic flux concentrator.
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20. The sensor of any of claims 17 to 19, wherein each magnetic flux concentrator is
configured to cause flux that is perpendicular to both the longitudinal axis and that lateral
axis at a distal face of the magnetic flux concentrator to be directed perpendicular to the
longitudinal axis and parallel to the lateral axis at the proximal face of the magnetic flux

concentrator.
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