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MAGNETIC FIELD SENSOR FOR SENSING
A MOVEMENT OF A FERROMAGNETIC TARGET OBJECT

FIELD OF THE INVENTION
This invention relates generally to magnetic field sensors, and, more particularly,
to magnetic field sensors having a substrate with magnetic field sensing elements

thereupon to sense a motion of a ferromagnetic object, all arranged in a variety of relative

positions.

BACKGROUND

Various types of magnetic field sensing elements are known, including Hall Effect
elements and magnetoresistance elements. Magnetic field sensors generally include a
magnetic field sensing element and other electronic components. Some magnetic field
sensors also include a permanent magnet (a hard ferromagnetic object) in a so-called
“back biased” arrangement described more fully below. Other magnetic field sensors

sense motion of a magnet.

Magnetic field sensors provide an electrical signal representative of a sensed
magnetic field. In some embodiments that have the magnet (back-biased arrangements),
the sensed magnetic field is a magnetic field generated by the magnet, in which case, in
the presence of a moving ferromagnetic object, the magnetic field generated by the magnet
and sensed by the magnetic field sensor varies in accordance with a shape or profile of the
moving ferromagnetic object. In contrast, magnetic field sensors that sense a moving
magnet directly sense variations of magnetic field magnitude and direction that result from

movement of the magnet.

Magnetic field sensors (back-biased) are often used to detect movement of features
of a ferromagnetic gear, such as gear teeth and/or gear slots or valleys. A magnetic field

sensor in this application is commonly referred to as a "gear tooth" sensor.

In some arrangements, the gear is placed upon a ferromagnetic target object, for
example, a camshaft in an engine. Thus, it is the rotation of the ferromagnetic target

object (e.g., camshaft) that is sensed by detection of the moving features of the gear. Gear
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tooth sensors are used, for example, in automotive applications to provide information to
an engine control processor for ignition timing control, fuel management, anti-lock

braking systems, wheel speed sensors, and other operations.

Information provided by the gear tooth sensor to the engine control processor can
include, but is not limited to, an absolute angle of rotation of a ferromagnetic target object
(e.g., a camshaft) as it rotates, a speed of the rotation, and a direction of the rotation. With
this information, the engine control processor can adjust the timing of firing of the ignition

system and the timing of fuel injection by the fuel injection system.

Many types of magnetic field sensors do not provide an accurate output signal
(e.g., indication of absolute angle, speed, or direction of rotation) immediately upon power
up, upon movement of the ferromagnetic target object from zero rotating speed, and/or
upon movement slowing to zero rotating speed, but instead provide an accurate output
signal only once the ferromagnetic target object has moved through a substantial rotation
or is moving with substantial speed. For example, in one type of magnetic field sensor
described in U.S. Patent No. 6,525,531, entitled “Detection of Passing Magnetic Articles
while Adapting the Detection Threshold,” issued February 25, 2003, a positive digital-to-
analog converter (PDAC) and a negative digital-to-analog converter (NDAC) track
positive and negative peaks of a magnetic field signal, respectively, for use in generating a
threshold signal. A varying magnetic field signal is compared to the threshold signal.
However, the outputs of the PDAC and the NDAC may not be accurate indications of the
positive and negative peaks of the magnetic field signal until several cycles of the signal
(i.e., signal peaks) occur (i.e., until several gear teeth have passed). This type of magnetic
field sensor, which generally requires time to become fully accurate, is referred to herein

as a so-called “precision rotation detector.”

In contrast, a “true power on state” (TPOS) detector can provide an accurate output
signal shortly after movement of a ferromagnetic target object (e.g., camshaft) from zero
rotating speed, or a low rotation speed in some applications of, for example, less than 100
rpm, or also shortly before movement slowing to zero rotating speed. Furthermore, even
when the ferromagnetic target object is not moving, the TPOS detector can provide an

indication of whether the TPOS detector is in front of a tooth or a valley of a gear.
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However, when the ferromagnetic target object is stationary, the conventional TPOS
detector is not able to identify an absolute or relative angle of rotation of the ferromagnetic
target object. The TPOS detector can be used in conjunction with a precision rotation
detector within a common integrated circuit, each providing information to the engine
control processor at different times. For simplicity, TPOS detectors and precision rotation
detectors are shown herein within a common integrated circuit. However, the TPOS

detector or the precision rotation detector can also be used alone in separate circuits.

As described above, the conventional TPOS detector provides an accurate output
signal with only a small initial rotation of the ferromagnetic target object, and before the
precision rotation detector can provide an accurate output signal. The TPOS detector can
provide information to the engine control processor that can be more accurate than
information provided by the precision rotation detector for time periods at the beginning
and at the end of rotation of the ferromagnetic target object (e.g., start and stop of the
engine and camshaft), but which may be less accurate when the object is rotating at speed.
For magnetic field sensor arrangements that have both a TPOS detector and a precision
rotation detector within a common integrated circuit, when the object is not rotating or
rotating slowly, the engine control processor can use the TPOS detector. When rotating at
speed, the engine control processor can primarily use rotation information provided by the
precision rotation detector. In most conventional applications, once the magnetic field
sensor switches to use the precision rotation detector, it does not return to use the TPOS

detector until the ferromagnetic target object stops rotating or nearly stops rotating.

A conventional TPOS detector is described in U.S. Patent No. 7,362,094, entitled
“Method and Apparatus for Magnetic Article Detection,” issued April 22, 2008. The
conventional TPOS detector includes a comparator for comparing the magnetic field
signal to a fixed, often trimmed, threshold signal. The conventional TPOS detector can be
used in conjunction with and can detect rotational information about a TPOS cam (like a
gear), which is disposed upon a ferromagnetic target object, e.g., an engine camshaft,

configured to rotate.

An example of an output signal from a conventional TPOS detector has at least

two states, and typically a high and a low state. The state of the conventional TPOS
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output signal is high at some times and low at other times as the ferromagnetic target

object rotates, in accordance with features on the TPOS cam (or gear) attached to the

ferromagnetic target object.

Similarly, an output signal from a conventional precision rotation detector also has
at least two states, and typically a high and a low state. The state of the conventional
precision rotation detector output signal is high at some times and low at other times as the

ferromagnetic target object rotates, also in accordance with features on the TPOS cam (or

gear) attached to the ferromagnetic target object

As described above, conventional TPOS detectors have the ability to differentiate a
gear tooth from a gear valley, and to make such detection when the gear is rotating and
when the gear is not rotating. In contrast, some conventional precision rotation detectors
have the ability to differentiate a gear tooth from a gear valley when the gear is rotating,
but not when the gear is stationary. Detectors that can identify a gear tooth from a valley
are sometimes referred to as “tooth detectors.” Thus, TPOS detectors are usually tooth

detectors. Some precision rotation detectors can also be tooth detectors.

Some other conventional precision rotation detectors are unable to differentiate a
gear tooth from a valley, but instead, can differentiate an edge of a tooth of the gear from
the tooth or the valley. Such detectors are sometimes referred to as “edge detectors.”
Usually, TPOS detectors are not edge detectors. However, some precision rotation

detectors can be edge detectors.

The conventional magnetic field sensor must achieve an accurate output signal that
accurately differentiates between gear teeth and gear valleys even in the presence of an air
gap between the magnetic field sensor and the gear that may change from installation to
installation or from time to time. Still further, the conventional magnetic field sensor must
achieve these differentiations even in the presence of unit-to-unit variations in relative
positions of the magnet and the magnetic field sensing element within the magnetic field
sensor. Still further, the conventional magnetic field sensor must achieve these
differentiations even in the presence of unit-to-unit variations in the magnetic field

generated by the magnet. Still further, the conventional magnetic field sensor must
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achieve these differentiations even in the presence of variations of an axial rotation of the
magnetic field sensor relative to the gear. Still further, the conventional magnetic field
sensor must achieve these differentiations even in the presence of variations of

temperature around the magnetic field sensor.

The above effects result in expensive design choices. In particular, some of the

above effects result it use of an expensive magnet described below in conjunction with

FIG. 1.

It would be desirable to provide a magnetic field sensor that can achieve an
accurate output signal that accurately differentiates between gear teeth and gear valleys

while using a simpler and less expensive magnet.

SUMMARY

A magnetic field sensor achieves an accurate output signal that accurately
differentiates between gear teeth and gear valleys while using a simpler and less expensive
magnet. The differentiation is achieved even in the presence of variations of mechanical

and thermal parameters associated with the magnetic field sensor.

In accordance with an example useful for understanding an aspect of the present
invention, a magnetic field sensor for sensing a movement of a ferromagnetic target object
having ferromagnetic target object features with a target feature width, includes a
substrate. The magnetic field sensor further includes a first full bridge circuit disposed
upon the substrate and proximate to the ferromagnetic target object. The first full bridge
circuit includes a first magnetoresistance element; a second magnetoresistance element,
the first and second magnetoresistance elements proximate to each other forming a first
proximate pair; a third magnetoresistance; and a fourth magnetoresistance element, the
third and fourth magnetoresistance elements proximate to each other forming a second
proximate pair. The first full bridge circuit further includes a first noninverting output
node joining a selected two of the first, second, third and fourth magnetoresistance
elements; and a first inverting output node joining a different selected two of the first,
second, third and fourth magnetoresistance elements. A first differential signal is

generated between the first noninverting node and the first inverting node. The magnetic
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field sensor further includes a second full bridge circuit disposed upon the substrate and
proximate to the ferromagnetic target object. The second full bridge circuit includes a
fifth magnetoresistance element; a sixth magnetoresistance element, the fifth and sixth
magnetoresistance elements proximate to each other forming a third proximate pair; a
seventh magnetoresistance element; and eighth magnetoresistance element, the seventh
and eighth magnetoresistance elements proximate to each other forming a fourth
proximate pair. The second full bridge circuit further includes a second noninverting
output node joining a selected two of the fifth, sixth, seventh, and eighth
magnetoresistance elements. The second full bridge circuit further includes a second
inverting output node joining a different selected two of the fifth, sixth, seventh, and
eighth magnetoresistance elements. A second differential signal is generated between the
second noninverting node and the second inverting node. The magnetic field sensor further
includes a first combining circuit disposed upon the substrate and configured to combine
the first differential signal and the second differential signal to generate a feature signal
having a largest value when a ferromagnetic target object feature is centered with the first
and second full bridge circuits. The magnetic field sensor further includes a second
combining circuit disposed upon the substrate and configured to combine the first
differential signal and the second differential signal to generate an edge signal having a
largest value when the first full bridge circuit is on one side of an edge of a ferromagnetic

target object feature and the second magnetoresistance element is on the other side of the

same edge.

In some embodiments, the above magnetic field sensor can include one or more of

the following aspects in any combination.

In some embodiments of the above magnetic field sensor, the first, second, third,

and fourth proximate pairs are disposed in a line parallel to a tangent to a direction of

movement of the ferromagnetic target object.

In some embodiments of the above magnetic field sensor, the first and fourth
proximate pairs are disposed in a first line parallel to a tangent to a direction of movement
of the ferromagnetic target object, and wherein the second and third proximate pairs are

disposed in a second line parallel to a tangent to a direction of movement of the
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ferromagnetic target object, wherein the second line is more distal from the ferromagnetic

target object than the first line.

In some embodiments of the above magnetic field sensor, the first, second, third,

and fourth proximate pairs are disposed in an arc.

In some embodiments of the above magnetic field sensor, the second proximate pair
is disposed between the first and third proximate pairs, and wherein the third proximate

pair is disposed between the second and fourth proximate pairs.

In some embodiments of the above magnetic field sensor, a spacing between the
first and third proximate pairs is selected to be between about one half and about two
times the target feature width, and a spacing between the second and fourth proximate

pairs is selected to be between about one half and about two times the target feature width

In some embodiments, the above magnetic field sensor can further include a magnet
for generating respective magnetic fields at the first and second magnetoresistance
elements, wherein the ferromagnetic target object is disposed at a position such that
movement of the ferromagnetic target object results in changes of the magnetic fields at

the first and second magnetoresistance elements.

In some embodiments of the above magnetic field sensor, the ferromagnetic target
object comprises a ring magnet having alternating north and south poles, the ferromagnetic
target object for generating respective magnetic fields at the first and second
magnetoresistance elements, wherein the ferromagnetic target object is disposed at a
position such that movement of the ferromagnetic target object results in changes of the

magnetic fields at the first and second magnetoresistance elements.

In some embodiments, the above magnetic field sensor can further include an
electronic circuit disposed upon the substrate, coupled to receive the feature signal and the
edge signal, and configured to compute a sign of a phase difference between the feature

signal and the edge signal to generate an indication of a direction of movement of the

ferromagnetic target object.
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In some embodiments the above magnetic field sensor can further include an
electronic circuit disposed upon the substrate, coupled to receive the feature signal and the
edge signal, wherein the electronic circuit is operable to compare the edge signal with one
or more threshold values to generate a first two-state signal and operable to compare the
feature signal with another one or more threshold values to generate a second two-state
signal, wherein an output signal generated by the magnetic field sensor comprises a signal

encoding that identifies an alignment with state transitions of a selected one of the first or

the second two-state signal.

In some embodiments of the above magnetic field sensor, the output signal
comprises pulses with a pulse rate indicative of a speed of the movement of the target

object and with pulse edges aligned with state transitions of a selected one of the first or

the second two-state signal.

In some embodiments of the above magnetic field sensor, a relative phase between
the first and second two-state signals is indicative of a direction of the movement of the
ferromagnetic target object, and wherein the pulses comprise pulse widths indicative of a

direction of the movement of the ferromagnetic target object.

In some embodiments of the above magnetic field sensor, the substrate comprises
first and second parallel largest surfaces, wherein the first, second, third, fourth, fifth,
sixth, seventh, and eighth magnetoresistance elements are disposed in or over the first
largest surface of the substrate, wherein the ferromagnetic target object has first and
second parallel largest surfaces, wherein the first largest surface of the substrate is

substantially parallel to the first largest surface of the ferromagnetic target object.

In some embodiments of the above magnetic field sensor, the second proximate pair
is disposed between the first and third proximate pairs, and wherein the third proximate
pair is disposed between the second and fourth proximate pairs,, and wherein a spacing
between the first and second proximate pairs is selected to be between about one half and
about two times the target feature width, and a spacing between the third and fourth

proximate pairs is selected to be between about one half and about two times the target

8



10

15

20

25

30

WO 2016/069255 PCT/US2015/055236

feature width.

In some embodiments, the above magnetic field sensor can further include a magnet
for generating respective magnetic fields at the first and second magnetoresistance
elements, wherein the ferromagnetic target object is disposed at a position such that
movement of the ferromagnetic target object results in changes of the magnetic fields at

the first and second magnetoresistance elements.

In some embodiments of the above magnetic field sensor, the ferromagnetic target
object comprises a ring magnet having alternating north and south poles, the ferromagnetic
target object for generating respective magnetic fields at the first and second
magnetoresistance elements, wherein the ferromagnetic target object is disposed at a
position such that movement of the ferromagnetic target object results in changes of the

magnetic fields at the first and second magnetoresistance elements.

In some embodiments, the above magnetic field sensor can further include an
electronic circuit disposed upon the substrate, coupled to receive the feature signal and the
edge signal, and configured to compute a sign of a phase difference between the feature

signal and the edge signal to generate an indication of a direction of movement of the

ferromagnetic target object.

In some embodiments, the above magnetic field sensor can further include an
electronic circuit disposed upon the substrate, coupled to receive the feature signal and the
edge signal, wherein the electronic circuit is operable to compare the edge signal with one
or more threshold values to generate a first two-state signal and operable to compare the
feature signal with another one or more threshold values to generate a second two-state
signal, wherein an output signal generated by the magnetic field sensor comprises a signal

encoding that identifies an alignment with state transitions of a selected one of the first or

the second two-state signal.

In some embodiments of the above magnetic field sensor, the output signal
comprises pulses with a pulse rate indicative of a speed of the movement of the target

object and with pulse edges aligned with state transitions of a selected one of the first or
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the second two-state signal.

In some embodiments of the above magnetic field sensor, a relative phase between
the first and second two-state signals is indicative of a direction of the movement of the
ferromagnetic target object, and wherein the pulses comprise pulse widths indicative of a

direction of the movement of the ferromagnetic target object.

In some embodiments of the above magnetic field sensor, the substrate comprises
first and second parallel largest surfaces, wherein the first, second, third, fourth, fifth,
sixth, seventh, and eighth magnetoresistance elements are disposed in or over the first
largest surface of the substrate, wherein the ferromagnetic target object has first and
second parallel largest surfaces, wherein the first largest surface of the substrate is

substantially parallel to the first largest surface of the ferromagnetic target object.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing features of the invention, as well as the invention itself may be more

fully understood from the following detailed description of the drawings, in which:

FIG. 1 is a block diagram of a prior art magnetic field sensor having a magnetic
field sensing element, an electronic circuit, and a magnet;

FIG. 1A is a block diagram of an example of an electronic circuit that can be used
as the electronic circuit of FIG. 1;

FIG. 2 is a block diagram of another prior art magnetic field sensor having three
magnetic field sensing elements, an electronic circuit, and a magnet;

FIG. 2A is a block diagram of an example of an electronic circuit that can be used
as the electronic circuit of FIG. 2;

FIG. 3 is a block diagram showing an example of a magnetic field sensor having
magnetic field sensing elements and an electronic circuit both disposed on a substrate, and
also having a magnet, the magnetic field sensor dispose proximate to a ferromagnetic

object in the form of a ferromagnetic gear;

FIG. 4 is a block diagram showing an example of the magnetic field sensor of FIG.

3 disposed to overlap the ferromagnetic object;
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FIG. 5 is a block diagram showing an example of the magnetic field sensor of FIG.
3 disposed proximate to the ferromagnetic object but with a different orientation;

FIG. 6 is a block diagram showing another example of a magnetic field sensor
having magnetic field sensing elements and an electronic circuit both disposed on a
substrate, and also having a different magnet, the magnetic field sensor dispose proximate
to the ferromagnetic object;

FIG. 7 is a block diagram showing another example of a magnetic field sensor
having magnetic field sensing elements and an electronic circuit both disposed on a
substrate, having no magnet, the magnetic field sensor dispose proximate to a different
ferromagnetic object in the form of a ring magnet;

FIG. 8 is a block diagram showing an example of the magnetic field sensor of FIG.
7 disposed to overlap the ferromagnetic object;

FIG. 9 is a block diagram showing an example of the magnetic field sensor of FIG.
7 disposed proximate to the ferromagnetic object but with a different orientation;

FIG. 10 is a block diagram showing two magnetoresistance elements and an
electronic circuit disposed upon a substrate, which can be representative of any of the
above magnetic field sensing elements of FIGS. 3-9 , all disposed proximate to a
ferromagnetic object;

FIG. 11 is a block diagram of two magnetoresistance elements, which can be used
as the magnetic field sensing elements of any of the above magnetic field sensing elements
of FIGS. 3-9 and which can be used as the two magnetoresistance elements of FIG. 10;

FIG. 12 is a schematic diagram showing an example of two magnetoresistance
elements arranged in a bridge, where the two magnetoresistance elements can be used as
any of the magnetic field sensing elements of FIGS. 3-9 and as the two magnetoresistance
elements of FIGS. 10-11;

FIG. 13 is a schematic diagram showing another example of two
magnetoresistance elements arranged in a bridge, where the two magnetoresistance
elements can be used as any of the magnetic field sensing elements of FIGS. 3-9 and as
the two magnetoresistance elements of FIGS. 10-11;

FIG. 14 is a block diagram showing an example of four magnetoresistance
elements and an electronic circuit disposed upon a substrate, which can be representative
of any of the above magnetic field sensing elements of FIGS. 3-9 , all disposed proximate

to a ferromagnetic object;
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FIG. 15 is a block diagram showing another example of four magnetoresistance
elements and an electronic circuit disposed upon a substrate, which can be representative
of any of the above magnetic field sensing elements of FIGS. 3-9 , all disposed proximate
to a ferromagnetic object;

FIG. 16 is a schematic diagram showing an example of four magnetoresistance
elements arranged separately, where the four magnetoresistance elements can be used as
any of the magnetic field sensing elements of FIGS. 3-9 and as the four magnetoresistance
elements of FIGS. 14-15;

FIG.171sa ‘schematic diagram showing an example of four magnetoresistance
elements arranged in a bridge, where the four magnetoresistance elements can be used as
any of the magnetic field sensing elements of FIGS. 3-9 and as the four magnetoresistance
elements of FIGS. 14-15;

FIG. 18 is a schematic diagram showing another example of four
magnetoresistance elements arranged in a bridge, where the four magnetoresistance
elements can be used as any of the magnetic field sensing elements of FIGS. 3-9 and as
the four magnetoresistance elements of FIGS. 14-15;

FIG. 19 is a schematic diagram showing an example of four magnetoresistance
elements arranged in a bridge, where the four magnetoresistance elements can be used as
any of the magnetic field sensing elements of FIGS. 3-9 and as the four magnetoresistance
elements of FIGS. 14-15;

FIG. 20 is a schematic diagram showing an example of four magnetoresistance
elements arranged in a bridge, where the four magnetoresistance elements can be used as
any of the magnetic field sensing elements of FIGS. 3-9 and as the four magnetoresistance
elements of FIGS. 14-15;

FIG. 21 is a block diagram showing an example of eight magnetoresistance
elements and an electronic circuit disposed upon a substrate, which can be representative
of any of the above magnetic field sensing elements of FIGS. 3-9 , all disposed proximate
to a ferromagnetic object;

FIG. 22 is a block diagram showing another example of eight magnetoresistance
elements and an electronic circuit disposed upon a substrate, which can be representative
of any of the above magnetic field sensing elements of FIGS. 3-9 , all disposed proximate

to a ferromagnetic object;
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FIG. 23 is a schematic diagram showing an example of eight magnetoresistance
elements arranged in two bridges, where the eight magnetoresistance elements can be used
as any of the magnetic field sensing elements of FIGS. 3-9 and as the eight
magnetoresistance elements of FIGS. 21 and 22;

FIG. 24 is a schematic diagram showing another example of eight
magnetoresistance elements arranged in two bridges, where the eight magnetoresistance
elements can be used as any of the magnetic field sensing elements of FIGS. 3-9 and as
the eight magnetoresistance elements of FIGS. 21 and 22;

FIG. 25 is a schematic diagram showing an example of eight magnetoresistance
elements arranged in two bridges, where the eight magnetoresistance elements can be used
as any of the magnetic field sensing elements of FIGS. 3-9 and as the eight
magnetoresistance elements of FIGS. 21 and 22;

FIG. 26 is a schematic diagram showing an example of eight magnetoresistance
elements arranged in two bridges, where the eight magnetoresistance elements can be used
as any of the magnetic field sensing elements of FIGS. 3-9 and as the eight
magnetoresistance elements of FIGS. 21 and 22;

FIG. 27 is a schematic diagram showing an electronic circuit that can be used to
process two signals generated by any of the above magnetic field sensors; and

FIG. 28 is a graph showing an example of the two signals generated by any of the

above magnetic field sensors.

DETAILED DESCRIPTION

Before describing the present invention, some introductory concepts and

terminology are explained.

As used herein, the term "magnetic field sensing element" is used to describe a
variety of electronic elements that can sense a magnetic field. The magnetic field sensing
element can be, but is not limited to, a Hall effect element, a magnetoresistance element,
or a magnetotransistor. As is known, there are different types of Hall effect elements, for
example, a planar Hall element, a vertical Hall element, and a Circular Vertical Hall
(CVH) element. As is also known, there are different types of magnetoresistance
elements, for example, a semiconductor magnetoresistance element such as Indium

Antimonide (InSb), a giant magnetoresistance (GMR) element, for example, a spin valve,
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an anisotropic magnetoresistance element (AMR), a tunneling magnetoresistance (TMR)
element, and a magnetic tunnel junction (MTJ). The magnetic field sensing element may
be a single element or, alternatively, may include two or more magnetic field sensing
elements arranged in various configurations, e.g., a half bridge or full (Wheatstone)
bridge. Depending on the device type and other application requirements, the magnetic
field sensing element may be a device made of a type IV semiconductor material such as
Silicon (Si) or Germanium (Ge), or a type I11I-V semiconductor material like Gallium-

Arsenide (GaAs) or an Indium compound, e.g., Indium-Antimonide (InSb).

As is known, some of the above-described magnetic field sensing elements tend to
have an axis of maximum sensitivity parallel to a substrate that supports the magnetic field
sensing element, and others of the above-described magnetic field sensing elements tend
to have an axis of maximum sensitivity perpendicular to a substrate that supports the
magnetic field sensing element. In particular, planar Hall elements tend to have axes of
sensitivity perpendicular to a substrate, while metal based or metallic magnetoresistance
elements (e.g., GMR, TMR, AMR) and vertical Hall elements tend to have axes of

sensitivity parallel to a substrate.

As used herein, the term “magnetic field sensor” is used to describe a circuit that
uses a magnetic field sensing element, generally in combination with other circuits.
Magnetic field sensors are used in a variety of applications, including, but not limited to,
an angle sensor that senses an angle of a direction of a magnetic field, a current sensor that
senses a magnetic field generated by a current carried by a current-carrying conductor, a
magnetic switch that senses the proximity of a ferromagnetic object, a rotation detector
that senses passing ferromagnetic.articles, for example, magnetic domains of a ring
magnet or a ferromagnetic target (e.g., gear teeth) where the magnetic field sensor is used
in combination with a back-biased or other magnet, and a magnetic field sensor that senses

a magnetic field density of a magnetic field.

As used herein, the term "accuracy," when referring to a magnetic field sensor, is
used to refer to a variety of aspects of the magnetic field sensor. These aspects include,
but are not limited to, an ability of the magnetic field sensor to differentiate: a gear tooth

from a gear valley (or, more generally, the presence of a ferromagnetic object from the
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absence of a ferromagnetic object) when the gear is not rotating and/or when the gear is
rotating (or, more generally, when a ferromagnetic object is moving or not moving), an
ability to differentiate an edge of a tooth of the gear from the tooth or the valley of the gear
(or, more generally, the edge of a ferromagnetic object or a change in magnetization
direction of a hard ferromagnetic object), and a rotational accuracy with which the edge of
the gear tooth is identified (or, more generally, the positional accuracy with which an edge
of a ferromagnetic object or hard ferromagnetic object can be identified). Ultimately,
accuracy refers to output signal edge placement accuracy and consistency with respect to

gear tooth edges passing by the magnetic field sensor.

The terms “parallel” and” perpendicular” are used in various contexts herein. It
should be understood that the terms parallel and perpendicular do not require exact
perpendicularity or exact parallelism, but instead it is intended that normal manufacturing
tolerances apply, which tolerances depend upon the context in which the terms are used.
In some instances, the term “substantially” is used to modify the terms “parallel” or
“perpendicular.” In general, use of the term “substantially” reflects angles that are beyond

manufacturing tolerances, for example, within +/- ten degrees.

It is desirable for magnetic field sensors to achieve a certain level or amount of
accuracy even in the presence of variations in an air gap between the magnetic field sensor
and the gear that may change from installation to installation or from time to time. Itis
also desirable for magnetic field sensors to achieve accuracy even in the presence of
variations in relative positions of the magnet and the magnetic field sensing element
within the magnetic field sensor. It is also desirable for magnetic field sensors to achieve
accuracy even in the presence of unit-to-unit variations in the magnetic field generated by
a magnet within the magnetic field sensors. It is also desirable for magnetic field sensors
to achieve accuracy even in the presence of variations of an axial rotation of the magnetic
field sensors relative to the gear. It is also desirable for magnetic field sensors to achieve

accuracy even in the presence of temperature variations of the magnetic field sensors.

Examples below describe a particular gear (or a particular ring magnet) as may be
used upon an engine camshaft ferromagnetic target object. However, similar circuits and

techniques can be used with other cams or gears or ring magnet disposed upon the engine
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camshaft, or upon other rotating parts of an engine (e.g., crank shaft, transmission gear,
anti-lock braking system (ABS), or upon rotating parts of a device that is not an engine.
Other applications may include linear translation sensors or other sensors where the target

1s not a rotating gear.

The gear (or target) or the ring magnet is not a part of the magnetic field sensors
described below. The gear can have ferromagnetic gear teeth, which are generally soft
ferromagnetic objects, but which can also be hard ferromagnetic objects, patterns, or

domains which may or may not have actual physical changes in their shape.

Also, while examples are shown below of magnetic field sensors that can sense
ferromagnetic gear teeth or gear teeth edges upon a gear configured to rotate, the magnetic
field sensors can be used in other applications. The other applications include, but are not

limited to, sensing ferromagnetic objects upon a structure configured to move linearly.

As used herein, the term “baseline” and the phrase “baseline level” are used to
describe a lowest magnitude (which may be near zero or may be some other magnetic
field) of a magnetic field experienced by a magnetic field sensing element within a
magnetic field sensor when the magnetic field sensor is operating in a system. In some
systems, this lowest magnetic field occurs when a magnetic field sensor is proximate to a

gear valley as opposed to a gear tooth.

It will be understood that, in general, a difference between the baseline level and a
higher level achieved, for example, when a gear tooth is proximate to a magnetic field
sensor, is related to an ability of the magnetic field sensor to differentiate between a gear

tooth and a valley, and thus, related to accuracy of the magnetic field sensor.

While it is described above that a baseline level is generated when a magnetic field
sensor is proximate to a gear valley and a higher level is achieved when the magnetic field
sensor is proximate to a gear tooth, other physical arrangements are also possible, for
example, a reverse arrangement for which a baseline level is generated when a magnetic
field sensor is proximate to a gear tooth and a higher level is achieved when the magnetic

field sensor is proximate to a gear valley.
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As used herein, the term “processor” is used to describe an electronic circuit that
performs a function, an operation, or a sequence of operations. The function, operation, or
sequence of operations can be hard coded into the electronic circuit or soft coded by way
of instructions held in a memory device. A “processor” can perform the function,

operation, or sequence of operations using digital values or using analog signals.

In some embodiments, the “processor” can be embodied in an application specific
integrated circuit (ASIC), which can be an analog ASIC or a digital ASIC. In some
embodiments, the “processor” can be embodied in a microprocessor with associated
program memory. In some embodiments, the “processor” can be embodied in a discrete

electronic circuit, which can be an analog or digital.
As used herein, the term “module” is used to describe a “processor.”

A processor can contain internal processors or internal modules that perform
portions of the function, operation, or sequence of operations of the processor. Similarly,
a module can contain internal processors or internal modules that perform portions of the

function, operation, or sequence of operations of the module.

It should be understood that electronic functions that may be described below to be
analog functions can instead be implemented in digital circuits, in processors, or in
modules. For example, it will be recognized that a comparator can be implemented as an
analog comparator that compares analog voltages, as a digital comparator that compares
digital values, or as a processor or module that compares digital values. Examples shown

herein to be analog examples do not limit the scope of described embodiments to be

analog embodiments only.

As used herein, the term “predetermined,” when referring to a value or signal, is
used to refer to a value or signal that is set, or fixed, in the factory at the time of
manufacture, or by external means, e.g., programming, thereafter. As used herein, the
term “determined,” when referring to a value or signal, is used to refer to a value or signal

that is identified by a circuit during operation, after manufacture.
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As used herein, the term “active electronic component” is used to describe and
electronic component that has at least one p-n junction. A transistor, a diode, and a logic
gate are examples of active electronic components. In contrast, as used herein, the term
“passive electronic component” as used to describe an electronic component that does not
have at least one p-n junction. A capacitor and a resistor are examples of passive

electronic components.

In some embodiments, the term “magnetic field sensing element’ and the term
“magnetoresistance element” are used to describe one magnetic field sensing element and
one magnetoresistance element, respectively. However, it should be understood that, in
some embodiments, the term “magnetic field sensing element’ and the term
“magnetoresistance element” can be used to describe more than one physical
semiconductor structure (for example, more than one magnetoresistance element yoke)
coupled together in such a way as to generate one signal responsive to a magnetic field.
Thus, individual magnetoresistance elements shown in figures below can instead each be

comprised of more than one magnetoresistance element.

Referring to FIG. 1, an example of a magnetic field sensor 10 is responsive to a
gear 22 having ferromagnetic gear teeth, e.g., gear teeth 22a, 22b, 22¢. It should be
recognized that the gear 22 is but one type of “ferromagnetic target object” or simply

“target” which the magnetic field sensor 10 can be responsive.

The magnetic field sensor 10 includes a magnetic field sensing element 12 coupled
to an electronic circuit 16. The magnetic field sensing element 12 and the electronic
circuit 16 can be disposed upon (i.e., integrated within or upon) a substrate 14. For clarity,
here the magnetic field sensing element 12 is shown to be a Hall element with an
exaggerated size, and rotated out of the plane of the substrate 14. Furthermore, for clarity,
the Hall element 12 is shown to be on top of the substrate 14, but it will be appreciated
that Hall elements are usually disposed upon or within a surface of a substrate of an

integrated circuit.

The magnetic field sensor 10 can also include a magnet 18 (e.g. a permanent
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magnet or hard ferromagnetic material). The magnet 18 is configured to generate a
magnetic field, which is generally directed along an axis 24 at the position of the magnetic
field sensing element 12, and which is subject to direction and amplitude changes
depending upon positions of the gear teeth 22a, 22b, 22c¢ relative to the magnetic field
sensor 10. However, the structure of the magnetic field at faces of the magnet 18 can be

more complex due to a core 20.

The electronic circuit 16 is configured to generate an output signal (not shown).
The output signal, when the gear is not moving, is indicative of whether the magnetic field
sensor 10 is over a gear tooth or a gear valley. Thus, the magnetic field sensor 10 is
sometimes referred to as a “tooth detector” as opposed to an “edge detector.” The output
signal, when the gear is rotating, has an edge rate or a frequency indicative of a speed of
rotation of the gear. Edges or transitions of states of the output signal can be used to

identify positions of edges of the gear teeth as they pass by the magnetic field sensor.

The magnet 18 can include the central core 20 comprised of a soft ferromagnetic
material disposed within the magnet 18. An example of a magnet with a core is described
in U.S. Patent No. 6,278,269, entitled “Magnet Structure,” issued August 21, 2001, which
patent is assigned to the assignee of the present invention and incorporated herein by
reference in its entirety. As described in U.S. Patent No. 6,278,269, the pole configuration
provided by the magnet 18 with the core 20 lowers the base field (or baseline) of a flux
density of the magnetic field at some points above the surface of the core 20 (e.g., to the
left of the core as shown) when a valley of the gear 22 is proximate to the magnetic field
sensor 10. A predetermined baseline (e.g., within a range of about +/ six hundred Gauss)
at the magnetic field sensing element 12, and a resulting differential magnetic field signal

12a, 12b (i.e., an analog differential proximity signal) near zero, can be achieved with

proper design.

In contrast, when a gear tooth of the gear 22 is proximate to the magnetic field
sensing element 12, the magnetic field sensing element 12 experiences a higher magnetic
field and generates the differential magnetic field signal 12a, 12b with a higher value. As
described above, a difference between the baseline magnetic field and the higher magnetic

field is related to ultimate accuracy of the magnetic field sensor 10.
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The baseline magnetic field, which can occur when the magnetic field sensor 10 is
proximate to a valley in the gear 22, remains relatively low, with little change, even as the
air gap between the gear 22 and the magnetic field sensor 10 varies. This advantageous
result of low baseline substantially independent of air gap is achieved by operation of the
core 20, which results in opposite magnetic poles being presented at the face of the core 20
(i.e., left side as shown) proximate to the magnetic field sensing element 12, particularly
when the magnetic field sensing element 12 is proximate to a valley in the gear 22. This
effect is also described in U.S. Patent Number 5,781,005, issued July 14, 1998, entitled
“Hall-Effect Ferromagnetic-Article-Proximity Sensor,” which patent is assigned to the

assignee of the present invention and incorporated herein by reference in its entirety.

The above-described low baseline, which occurs when the magnetic field sensor is
proximate to a gear valley, results in an enhanced ability of the electronic circuit 16 to

differentiate the presence of the gear tooth from a gear valley.

The above-described low baseline also provides an ability to more easily
compensate for temperature effects, since the baseline magnetic field is relatively small,
and therefore, circuit variations that occur due to temperature can have less influence
when the magnetic field sensor 10 is proximate to a valley in the gear 22. Essentially, any
error in the circuitry is able to be well corrected near the baseline magnetic field level or
range, since any multiplication of the error (near zero) is smaller. Therefore, a magnetic
field threshold used to distinguish a tooth from a valley can be made smaller while
maintaining precision because there is less noise or error in the system over its operating

conditions such as temperature, or humidity.

The magnetic field described above and provided by the magnet 18 with the core
20 results in an improved accuracy of the magnetic field sensor 10. For example, the low
baseline allows the magnetic field sensing element 12 to be somewhat statically
misaligned from a center of the magnet 18, as will occur due to unit-to-unit variations of
mechanical alignments, without sacrificing accuracy of the magnetic field sensor 10.

Accuracy is discussed above.
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Referring now to FIG. 1A, an example of a prior art electronic circuit 50 can be the
same as or similar to electronic circuit 16 of FIG. 1. The electronic circuit 50 can include
in amplifier 54 coupled to receive a differential signal 52a, 52b, which can be the same as
or similar to the differential signal 12a, 12b generated by the magnetic field sensing
element 12 of FIG. 1. The amplifier 54 is configured to generate an amplified signal 54a,
which, in some embodiments, can split into two channels, a TPOS detector channel and a

precision rotation detector channel.

In the true power on state (TPOS) channel, a TPOS detector 56 can be coupled to
receive the amplified signal 54a and configured to generate a TPOS output signal 56a. In
some embodiments, the TPOS detector 56 can include a comparator (not shown)
configured to compare the amplified signal 54a with a fixed (and trimmed) threshold. In
these embodiments, the TPOS output signal 56a can be a two-state binary signal for which
a high state is indicative of a gear tooth being proximate to the magnetic field sensor 10 of
FIG. 1 and a low state is indicative of a gear valley being proximate to the magnetic field

sensor 10, or vice versa.

In the precision rotation detector channel, an automatic gain control (AGC) 58 can
be coupled to receive the amplified signal 54a and configured to generate a gain controlled
signal 58a. A precision rotation detector 60 can be coupled to receive the gain controlled
signal 58a and configured to generate a precision rotation detector output signal 60a. Like
the TPOS output signal 56a, the precision rotation detector output signal 60a can be a two-
state binary signal for which a high state is indicative of a gear tooth being proximate to
the magnetic field sensor 10 of FIG. 1 and a low state is indicative of a gear valley being
proximate to the magnetic field sensor 10, or vice versa. Thus, both the TPOS detector 56
and the precision rotation detector 60 can be “tooth detectors.” However, it should be
understood that the precision rotation detector channel uses the AGC 58, which, when the
gear 22 is not rotating, will settle to an undesirable gain, resulting, once the gear 22 starts
to rotate, in a period of time during which the gain is incorrect and the precision rotation
detector is not fully accurate. Even if the AGC 58 were not used, still the precision
rotation detector 60 uses internal thresholds that are properly updated only when the gear
22 is rotating. However, in other embodiments, the threshold can be supplied from outside

of the electronic circuit 50.
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In some alternate embodiments, the precision rotation detector 60 can be an “edge
detector,” which is unable to identify whether the magnetic field sensor 12 is proximate to
a gear tooth or a gear valley, particularly when the gear is not moving, but which is able to

sense edges of gear teeth as they move past the magnetic field sensor 10.

Precision rotation detectors, e.g., the precision rotation detector 60, can have a
variety of configurations. Some configurations are described in the above mentioned U.S.
Patent No. 6,525,531. However, other forms of precision rotation detectors are also

known, including some that have two or more magnetic field sensing elements.

In general, from discussion above, it will be appreciated that the TPOS output
signal 56a is indicative of whether the magnetic field sensing element 12 is proximate to a
gear tooth or a gear valley, even when the gear, e.g., the gear 22 of FIG. 1, is stationary.
However, since the TPOS detector 56 uses a fixed threshold, in some embodiments,
having limited adjustment at power up, variations in the edge placement in the TPOS
output signal 56a will occur due to a variety of factors, including, but not limited to,
temperature variations, and variations in the air gap between the magnetic field sensing

element 12 and the gear 22.

Unlike the TPOS detector 56, which uses fixed thresholds, the precision rotation
detector 60 continually makes adjustments of thresholds to provide the precision rotation
detector output signal 60a with better accuracy of edge placements of the precision
rotation detector output signal 60a relative to physical positions of gear teeth. As
described above, in part, it is these adjustments that make the precision rotation detector

less accurate when it is first powered up or when the gear 22 first starts to rotate.

In some embodiments for which the TPOS detector 56 and the precision rotation
detector 60 are integrated onto a common substrate, a multiplexer/output module 62 can
be coupled to receive the TPOS output signal 56a and coupled to receive the precision
rotation detector output signal 60a. Select logic 64 can provide a selection signal 64a,
received by the multiplexer/output module 62. Depending upon the state of the selection

signal 64a, the multiplexer/output module 62 is configured to generate an output signal
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62a representative of a selected one of the TPOS output signal 56a or the precision
rotation detector output signal 60a. The output signal 62a can be provided in a variety of
signal formats, including, but not limited to, a SENT format, an I°C format, a PWM
format, or a two-state format native to the TPOS output signal 56a and to the precision

rotation detector output signal 60a.

In some examples, the select logic 64 selects the output signal 62a to be
representative of the TPOS output signal 56a for a predetermined amount of time after the
gear 22 starts rotating as indicated by the TPOS output signal 56a. Thereafter, the select

logic 64 selects the output signal 62a to be representative of the precision rotation detector

output signal 60a.

Referring now to FIG. 2, another example of a prior art magnetic field sensor 200
is responsive to a gear 214 having gear teeth, e.g., gear teeth 214a, 214b, 214c. The
magnetic field sensor 200 includes three magnetic field sensing elements 202, 204, 206
coupled to an electronic circuit 210. In some embodiments, the magnetic field sensing
elements 202, 204 are separated in a direction perpendicular to an axis 216 by a distance
between about 1.5 millimeters and about 3.0 millimeters, and the magnetic field sensing

element 206 is located midway between the magnetic field sensing elements 202, 204.

The three magnetic field sensing elements 202, 204, 206 and an electronic circuit
210 can be disposed upon (i.e., integrated within or upon) a substrate 208. For clarity,
here the magnetic field sensing elements 202, 204, 206 are shown to be Hall elements with
an exaggerated size, and rotated out of the plane of the substrate 208. Furthermore, for
clarity, the Hall elements 202, 204, 206 are shown to be on top of the substrate 208, but it
will be appreciated that Hall elements are usually disposed upon or within a surface of a

substrate of an integrated circuit.

The magnetic field sensor 200 can also include a magnet 212. The magnet 212 is
configured to generate a magnetic field, which is generally directed along an axis 216 at

the position of the magnetic field sensing elements 202, 204, 206.

The electronic circuit 210 is configured to generate an output signal (not shown).
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An exemplary electronic circuit 210 is described below in conjunction with FIG. 2A. Let
it suffice here to say that the electronic circuit generates differences of signals. Thus, it
will be apparent that the magnetic field sensor 200 is an edge detector and not a tooth

detector.

The output signal, when the gear 214 is rotating, is indicative speed of rotation of
the gear 214 and also indicative of positions of edges of the gear teeth. The magnetic field
sensor 200 is unable to provide a TPOS function, and, when the gear 214 is stationary, is
unable to identify whether the magnetic field sensing elements 202, 204, 206 are

proximate to a gear tooth or a valley in the gear 214.

The magnet 212 can be comprised of one uniform material, and can have no
central core, which is shown and described in conjunction with FIG. 1. However, in other
embodiments, the magnet 212 can have a central core the same as or similar to that shown

and described in conjunction with FIG. 1.

The magnetic field sensor 200 uses the three magnetic field sensing elements 202,
204, 206 to generate a respective three differential signals 202a, 202b, and 204a, 204b, and
206a, 206b. Though the simple magnet 212 does not provide the low baseline of a magnet
with a core, differences of the above differential signals result in the effect of a low
baseline. In essence, when the three magnetic field sensing elements 202, 204, 206

experience the same magnetic field, a differencing of the above differential signals results

in a zero electronic signal.

Referring now to FIG. 2A, an example of a prior art electronic circuit 250 can be
the same as or similar to electronic circuit 210 of FIG. 2. The electronic circuit 250 can
include amplifiers 258, 260, 262 coupled to receive differential signals 252a, 252b, and
254a, 254b, and 256a, 256b, respectively. The differential signal 252a, 252b can be the
same as or similar to the differential signal 202a, 202b, the differential signal 254a, 254b
can be the same as or similar to the differential signals 204a, 204b, and the differential
signal 256a, 256b can be the same as or similar to the differential signal 206a, 206b
generated, respectively, by the magnetic field sensing elements 202, 204, 206 of FIG. 2.
The amplifiers 258, 260, 262 are configured to generate amplified signals 258a, 260a,

24



10

15

20

25

30

WO 2016/069255 PCT/US2015/055236

262a, respectively.

The amplified signals 258a, 260a are received by a first differencing module 264,
which is configured to generate a first difference signal 264a. The amplified signals 260a,
262a are received by a second differencing module 266, which is configured to generate a

second difference signal 266a.

The electronic circuit 250 includes two precision rotation detector channels,
described above in conjunction with FIG. 1A. A AGCs 270, 276 can be the same as or
similar to the AGC 56 of FIG. 1A. Precisions rotation detectors 272, 278 can be the same
as or similar to the precision rotation detector 60 of FIG. 1A. The precision rotation
detector 272 can generate a precision rotation detector output signal 272a and the precision
rotation detector 278 can generate a precision rotation detector output signal 278a. The
precision rotation detector output signals 272a, 278a can be the same as or similar to the

precision rotation detector output signal 60a of FIG. 1A.

A speed and direction module 274 can be coupled to receive the precision rotation

detector output signals 272a, 278a.

It should be apparent that the precision rotation detector output signals 272a, 278a
are at relative phases that are determined by a direction of rotation of the gear 214. It
should also be apparent that the state transition rates of the precision rotation detector

output signals 272a, 278a are representative of a speed of rotation of the gear 214.

The speed and direction module is configured to generate an output signal that can
be representative of at least one of the speed of rotation or a direction of rotation of the
gear 214. In some embodiments, the output signal 62a is representative of both the speed

of rotation and the direction of rotation.

Referring now to FIG. 3, a magnetic field sensor 300 is responsive to a gear 322
having gear teeth, e.g., gear teeth 322a, 322b, 322c. The gear 322 can be a ferromagnetic
gear, i.e., a ferromagnetic target object having ferromagnetic teeth, also ferromagnetic

objects, and referred to herein as target features. The magnetic field sensor 300 can
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include a substrate 302 with a major surface 302a.

The magnetic field sensor 300 can include magnetic field sensing elements 304
disposed on the major surface 302a of the substrate 302. Further details of the magnetic
field sensing elements 304 are described below. However, let is suffice here to say that

the magnetic field sensing elements 304 can include at least two magnetoresistance

elements.

The magnetic field sensing elements 304 can be coupled to or within an electronic

circuit 314 also disposed on the major surface 302a of the substrate 302.

The magnetic field sensor 300 can also include a magnet 332. The magnet 332 is
configured to generate a magnetic field, which is generally directed along an axis 308 at
the position of the magnetic field sensing elements 304, and is generally parallel to the

major surface 302a of the substrate 302.

The magnetic field sensing elements 304 have respective maximum response axes
parallel to the major surface 302a of the substrate 302. In some embodiments, the
maximum response axes are parallel to each other. In some embodiments, the maximum
response axes are substantially parallel to the axis 308. In other embodiments, the

maximum response axes are substantially perpendicular to the axis 308.

A line perpendicular to the major surface 302a of the substrate (i.e., into the page)
intersects the magnet 332 and does not intersect the gear 322. Furthermore, in some
embodiments, the magnetic field sensing elements 304 are disposed at positions such that
an axis (e.g., 308) between (i.e., passing through) the magnetic field sensing elements 304
does not intersect the gear 322. In some embodiments, the axis (e.g., 308) between (i.e.,
passing through) the magnetic field sensing elements 304 is substantially parallel to a

tangent 330 to a direction of movement, e.g., 326, of the gear 322.

In the embodiment shown, a line between north (N) and south (S) poles of the
magnet 332 is substantially parallel to the major surface 302a of the substrate 302, and is
substantially parallel to the axis (e.g., 308) between (i.e., passing through) the two
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magnetic field sensing elements 304, 306. In some embodiments, the line between the
north and south poles of the magnet 332 does not intersect the gear 322 and isnot in a

direction toward the gear 322.

The electronic circuit 314 is configured to generate an output signal (not shown).
An exemplary electronic circuit 314 is described below in conjunction with FIG. 26. Let it
suffice here to say that the electronic circuit 314 generates a difference of signals and a
sum of signals. Thus, it will become apparent that the magnetic field sensor 300 is both an

edge detector and a tooth detector.

The output signal, when the gear 322 is rotating, is indicative of a speed of rotation
of the gear 322 and also indicative of positions of edges of the gear teeth. The magnetic
field sensor 300 is able to provide a tooth detecting (e.g., TPOS) function, and, when the
gear 322 is stationary, is able to identify whether the magnetic field sensing elements 304

are proximate to a gear tooth or a valley in the gear 322.

The magnet 332 can be comprised of one uniform material, and can have no
central core, which is shown and described in conjunction with FIG. 1. However, in other
embodiments, the magnet 332 can have a central core the same as or similar to that shown

and described in conjunction with FIG. 1. Such core can have an axis aligned with an axis

324.

The magnetic field sensor 300 can be rotated in a direction 316 to a next position
three hundred and sixty degrees apart from the position shown, with no degradation of
performance. However, intermediate rotations may result in a degradation of

performance.

The magnetic field sensor 300 can be rotated in a direction of and arrow 318 with a
center of rotation anywhere along a line 324, through approximately +/- twenty degrees,

-

without substantial degradation of performance.

In some embodiments, the magnetic field sensing elements 304 are

magnetoresistance elements.
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Referring now to FIG. 4, in which like elements of FIG. 3 are shown having like
reference designations, the magnetic field sensor 300 is shown in an arrangement wherein
the substrate 302, and the magnetic field sensing elements 304 thereon, overlap the gear
322. A line perpendicular to the surface 302a of the substrate and passing through the

magnetic field sensing elements 304 intersects the gear 322.

Referring now to FIG. 5, in which like elements of FIG. 3 are shown having like
reference designations, the magnetic field sensor 300 is shown in an arrangement rotated
about the x-axis ninety degrees outward from the page or ninety degrees into the page as
compared to the arrangement shown in FIG. 3. The magnetic field sensing elements 304

remain disposed proximate to the gear 322.

Referring now to FIG. 6, in which like elements of FIG. 3 are shown having like
reference designations, a magnetic field sensor 600 is like the magnetic field sensor 300 of
FIG. 3, but the magnetic field sensor 600 has a different magnet 602. The magnetic field
sensor 600 has the different magnet 602 for which a line between north (N) and south (S)
poles of the magnet 602 is substantially parallel to the major surface 302a of the substrate
302, but substantially perpendicular to the axis (e.g., 308) between (i.e., passing through)
the magnetic field sensing elements. In some embodiments, the line between the north

and south poles of the magnet 602 is in a direction toward the gear 322.

In some embodiments, the magnet 602 is a simple magnet without a core, such
core described above in conjunction with FIG. 1. In other embodiments, the magnet 602

has a core with an axis along the line 324.

Magnetic field sensors shown and described above are shown to sense a movement
of ferromagnetic target object in the form of a gear or cam. However, FIGS. 7-9 described
below show the same or similar magnetic field sensors for sensing movement of a ring
magnet. Comments made above about edge detectors, tooth detectors, and TPOS

functions apply in a similar way when sensing a ring magnet.

Referring now to FIG. 7, in which like elements of FIG. 3-6 are shown having like
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reference designations, a magnetic field sensor 700 is like the magnetic field sensor 300 of
FIG. 3. However, the magnetic field sensor 700 has no internal magnet. Instead, the
magnetic field sensor 700 is responsive to passing magnetic domains, e.g., 702a, of a ring

magnet 702.

In some embodiments, the magnetic domains of the ring magnet 702 are polarized
parallel to the page. In some other embodiments, the magnetic domains of the ring magnet

702 are polarized perpendicular to the page.

Referring now to FIG. 8, in which like elements of FIG. 3-7 are shown having like
reference designations, the magnetic field sensor 700 is shown in an arrangement wherein
the substrate 302, and the magnetic field sensing elements 304 thereon, overlap the ring
magnet 702. It should be apparent that the magnetic fields sensor 700 could be rotated one
hundred eighty degrees about the y-axis such that the magnetic field sensing elements 304
still overlap the magnetic domains, e.g., 702a, of the ring magnet 702. A line
perpendicular to the surface 302a of the substrate 302 and passing through the magnetic

field sensing elements 304 intersects the ring magnet 702.

Referring now to FIG. 9, in which like elements of FIGS. 3-8 are shown having
like reference designations, the magnetic field sensor 700 is shown in an arrangement
rotated about the x-axis ninety degrees outward from the page or ninety degrees into the
page as compared to the arrangement shown in FIG. 5. The magnetic field sensing

elements 304 remained disposed proximate to the ring magnet 702.

In figures below, designations A, B, C, D, Al, A2, B1, B2, C1, C2, DI, D2, P1,
P2, P3, P4 are shown to designate magnetoresistance elements. It should be understood
that these designations indicate a logical relationship between similar designations in
similar figures. However, these designations do not indicate that a magnetoresistance
element so designated in one figure is the same magnetoresistance element as one with the

same designation in other figures.

Similarly, in figures below, designations V1, V2 are shown to designate two

signals. It should be understood that these designations indicate a logical relationship
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between similar designations in similar figures. However, these designations do not

indicate that a signal so designated in one figure is the same signal as one with the same

designation in other figures.

Similarly, in figures below, designations R1, R2 are shown to designate two fixed
resistors. It should be understood that these designations indicate a logical relationship
between similar designations in similar figures. However, these designations do not
indicate that a resistor so designated in one figure is the same resistor as one with the same

designation in other figures.

Referring now to FIG. 10, a magnetic field sensor 1000 can include a substrate

1002 having a surface 1002a, which is one of two parallel major surfaces of the substrate

1002.

Two magnetoresistance elements 1004, 1006 (also referred to herein as
magnetoresistance elements A and B) can be disposed upon the surface 1002a along an
axis 1010. The two magnetoresistance elements 1004, 1006 (A, B) can be part of or
coupled to an electronic circuit 1008, which is also disposed upon or within the surface
1002a of the substrate 1002. The two magnetoresistance elements 1004, 1006 (A, B) can
be the same as or similar to the magnetic field sensing elements 304 of FIGS. 3-9. The

axis 1010 can be parallel to the axis 308 of FIGS. 3-9.

Magnetoresistance elements, e.g., 1004, 1006 (A, B), are shown in all
embodiments herein to be in the form of so-called “yokes,” which have a C-shape (or a
reverse C-shape). In some embodiments, the yokes can have longest yoke axes
substantially perpendicular to the axis 1010. Advantages of yoke shapes are known. It
will be understood that other magnetoresistance elements used in embodiments herein can

have other shapes, for example, lines, polylines, or rectangles.

Maximum response axes of the magnetoresistance elements 1004, 1006 (A, B) can
be parallel to and along the axis 1010 and in the same direction. It should be understood
that the magnetoresistance elements 1004, 1006 (A, B) having maximum response axes

parallel to the axis 1010 are also responsive to magnetic fields at other angles in the plane
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of the substrate 1002 (and also out of the plane of the substrate 1002). The degree to
which the magnetoresistance elements 1004, 1006 (A, B) are responsive to magnetic fields
at other angles not parallel to the axis 1010 (and not perpendicular to the longest yoke
axes) is determined by a magnitude of a geometric projection of the magnetic field at the

other angle onto the axis 1010. Thus, the term “projected magnetic field” is used below to

describe this projection.

In some other embodiments, where the yoke shapes of the magnetoresistance
elements 1004, 1006 may be rotated so that the longest yokes axes are not perpendicular to
the axis 1010, the degree to which the magnetoresistance elements 1004, 1006 (A, B) are
responsive to magnetic fields at other angles not parallel to the axis 1010 is determined by
a magnitude of a geometric projection of the magnetic field at the other angle onto an axis
that is perpendicular to the longest axes of the yoke shapes. This is also referred to herein

as a projected magnetic field.

The magnetic field sensor 1000 is responsive to movement of a ferromagnetic
target object 1012 having features, e.g., 1012a, with width 1014. The ferromagnetic target
object 1012 can be the same as or similar to the gear 322 of FIGS. 3-6 or the ring magnet
702 of FIGS. 7-9. The features, e.g., 1012a, can be the same as or similar to the gear teeth,
e.g., 322a, of FIGS. 3-6 or the magnetic regions, e.g., 702a, of the ring magnet 702 of

FIGS. 7-9.

The magnetic field sensor 1000 can be the same as or similar to the magnetic field
sensor 300 of FIGS. 3-5, the magnetic field sensor 600 of FIG. 6, and the magnetic field
sensor 700 of FIGS. 7-9. However, the magnetic field sensor 1000 is not shown in the
rotated position described above in conjunction with FIGS. 5 and 9. Nevertheless the

magnetic field sensor 1000 can be rotated into or out of the page in the same way.

In some embodiments, the two magnetoresistance elements 1004, 1006 (A, B)
have a separation 1016 between about one half and about one and one half of the width
1014 of the target feature 1012a, for example, a gear tooth of a ferromagnetic gear or a
magnetic domain of a ferromagnetic ring magnet. In some other embodiments, the two

magnetoresistance elements 1004, 1006 (A, B) have a separation 1016 between about one
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half and about twice the width 1014 of the target feature 1012a. However, in other
embodiments, the separation 1016 is much smaller than half of the width 1014, for
example, one one hundredth of the width 1014, or larger than twice the width 1014.

In some embodiments used in examples below, the separation 1016 is about equal
to the width 1014 of the target feature 1012a, for example, a gear tooth of a ferromagnetic

gear or a magnetic domain of a ferromagnetic ring magnet.

In operation, the two magnetoresistance elements 1004, 1006 (A, B) can generate
two output signals. Figures shown and described below are representative of a variety of
ways in which the two magnetic field sensing elements 1004, 1006 can generate two

output signals.

Using as an example the target feature 1012a with a width 1014 equal to the
spacing 1016 between the two magnetoresistance elements 1004, 1006, when the target
feature 1012a 1is centered about (i.e., between) the two magnetoresistance elements 1004,
1006 (A, B), it can be shown that any magnetoresistance element(s) (e.g., 1004 (A)) on
one side of a center of the target feature 1012a experience a projected magnetic field
pointed in one direction along the axis 1010, and any magnetoresistance element(s) (e.g.,
1006 (B)) on the other side of the center of the target feature 1012a experience a projected

magnetic field pointed in the other direction.

Therefore, when the target feature 1012a is centered about the two
magnetoresistance elements 1004, 1006, any magnetoresistance element(s) (e.g., 1004
(A)) on one side of the center of the target feature 1012a changes resistance in one
direction, and any magnetoresistance element(s) (e.g., 1006 (B)) on the other side of the

center of the target feature 1012a changes resistance in the other direction.

In contrast, when an edge of the target feature 1012a is centered about (i.e.,
between) the two magnetoresistance elements 1004, 1006 (A, B), it can be shown that the
two magnetoresistance elements 1004, 1006 (A, B) experience projected magnetic fields
pointed in the same direction along the axis 1010. Thus, resistance of both of the two

magnetoresistance elements 1004, 1006 (A, B) change in the same direction.
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While a magnet like the magnet 332 of FIG. 3 is not shown, it should be
understood that in some embodiments, the magnetic field sensor 1000 can include a

magnet.

Referring now to FIG. 11, in which like elements of FIG. 10 are shown having like
reference designations, the two magnetoresistance elements 1004, 1006 (A, B), are
coupled between a respective current sources 1102, 1104 and ground. Two output signals
1106=V1 and 1108=V2 result. Designations V1 and V2 are used below for clarity as

described above.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with this arrangement,
when the target feature 1012a of FIG. 10 is centered with the two magnetoresistance
elements 1004, 1006 (A, B), a difference V1-V2 of the two output signals V1, V2 has a
maximum (positive or negative) instantaneous value. As described above, the target
feature 1012a can be a tooth, e.g., 322a, (or alternatively, a valley) of the gear 322 of FIG.
3, or a magnetic domain, e.g. 702a, (north, or alternatively, south) of the ring magnet 702
of FIG. 7. Thus, the difference V1-V2 is representative of a proximity of a tooth or
proximity of a magnetic domain, and is, therefore, representative of a “feature” of the

ferromagnetic target object.

In contrast, when the two magnetoresistance elements 1004, 1006 (A, B) are on
opposite sides an edge 1012a of the target feature 1012a of FIG. 10, a sum V1+V2 of the
two output signals V1, V2 has a maximum (positive or negative) instantaneous value.
Thus, the sum V1+V2 is representative of a proximity of an edge, and is, therefore,

representative of an “edge” of the ferromagnetic target object.

A magnetic field sensor using both the difference V1-V2 of the two signals V1, V2
and also the sum V1+V2 of the two signals V1, V2 can operate both as a tooth detector
and a an edge detector, respectively. In some embodiments, the tooth detector capability
allows a magnetic field sensor using the two magnetoresistance elements 1004, 1006,

coupled as shown, to operate with a true-power-on-state (TPOS) function.
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As described below in conjunction with FIGS. 27 and 28, the two signals V1, V2
here and in figures below can be used to determine both speed and direction of a moving
ferromagnetic object. It will also become apparent from discussion below that the sum

V1+V2 of the two signals is ninety degrees apart from the difference V1-V2 of the two

signals.

Referring now to FIG. 12, in which like elements of FIG. 10 are shown having like
reference designations, the two magnetoresistance elements 1004, 1006 (A, B) are coupled
in a bridge arrangement 1200 with fixed resistors 1202, 1204, also referred to herein as
resistors R1, R2. In some embodiments, the fixed resistors 1202, 1204 (R1, R2) can be
magnetically insensitive elements (or less sensitive elements) having some layers like a
magnetoresistance element, as described, for example, in U.S. Patent Number 7,777,607,
issued August 17, 2010, assigned to the assignee of the present application, and
incorporated by reference herein in its entirety. Such magnetically insensitive elements
tend to have a temperature coefficient the same as that of the two magnetoresistance
elements 1104, 1106 (A, B), and thus, the bridge 1200 can be substantially insensitive to

temperature variations.

The bridge 1200 can be powered by a voltage source 1206. Two output signals
1208=V1, 1210=V2 result. Designations V1 and V2 are used below for clarity as

discussed above.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with this arrangement,
when the target feature 1012a of FIG. 10 is centered with the two magnetoresistance
elements 1004, 1006 (A, B), a difference V1-V2 of the two output signals V1, V2 has a
maximum (positive or negative) instantaneous value. As described above, the target

feature 1012a can be a tooth, e.g., 322a, (or alternatively, a valley) of the gear 322 of FIG.
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3, or a magnetic domain, e.g. 702a, (north, or alternatively, south) of the ring magnet 702
of FIG. 7. Thus, the difference V1-V2 is representative of a proximity of a tooth or
proximity of a magnetic domain, and is, therefore, representative of a “feature” of the

ferromagnetic target object.

In contrast, when the two magnetoresistance elements 1004, 1006 (A, B) are on
opposite sides an edge 1012a of the target feature 1012a of FIG. 10, a sum V1+V2 of the
two output signals V1, V2 has a maximum (positive or negative) instantaneous value.
Thus, the sum V1+V2 is representative of a proximity of an edge, and is, therefore,

representative of an “edge” of the ferromagnetic target object.

A magnetic field sensor using both the difference V1-V2 of the two signals V1, V2
and also the sum V1+V2 of the two signals V1, V2 can operate both as a tooth detector
and a an edge detector, respectively. In some embodiments, the tooth detector capability
allows a magnetic field sensor using the two magnetoresistance elements 1004, 1006 (A,

B), coupled as shown, to operate with a true-power-on-state (TPOS) function.

Referring now to FIG. 13, in which like elements of FIG. 10 are shown having like
reference designations, the two magnetoresistance elements 1004, 1006 (A, B) are coupled
in a bridge arrangement 1300 with fixed resistors 1302, 1304 (also referred to herein as
R1, R2). In some embodiments, the fixed resistors 1302, 1304 can be magnetically
insensitive elements having some layers like a magnetoresistance element, as described,

for example, in U.S. Patent Number 7,777,607, issued August 17, 2010.

The bridge 1300 can be powered by a voltage source 1306. Two output signals
1308=V1, 1310=V2 result. Designations V1 and V2 are used below for clarity.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in

conjunction with FIG. 26. However, let it suffice here to say that, with this arrangement,

35



10

15

20

25

30

WO 2016/069255 PCT/US2015/055236

when the target feature 1012a of FIG. 10 is centered with the two magnetoresistance
elements 1004, 1006 (A, B), a sum V1+V2 of the two output signals V1, V2 has a
maximum (positive or negative) instantaneous value. As described above, the target
feature 1012a can be a tooth, e.g., 322a, (or alternatively, a valley) of the gear 322 of FIG.
3, or a magnetic domain, e.g. 702a, (north, or alternatively, south) of the ring magnet 702
of FIG. 7. Thus, the sum V1+V2 is representative of a proximity of a tooth or proximity

of a magnetic domain, and is, therefore, representative of a “feature” of the ferromagnetic

target object.

In contrast, when the two magnetoresistance elements 1004, 1006 (A, B) are on
opposite sides an edge 1012a of the target feature 1012a of FIG. 10, a difference V1-V2 of
the two output signals V1, V2 has a maximum (positive or negative) instantaneous value.
Thus, the difference V1-V2 is representative of a proximity of an edge, and is, therefore,

representative of an “edge” of the ferromagnetic target object.

A magnetic field sensor using both the sum V1+V2 of the two signals V1, V2 and
also the difference V1-V2 of the two signals V1, V2 can operate both as a tooth detector
and a an edge detector, respectively. In some embodiments, the tooth detector capability
allows a magnetic field sensor using the two magnetoresistance elements 1004, 1006 (A,

B), coupled as shown, to operate with a true-power-on-state (TPOS) function.

While FIGS. 12 and 13 above show particular bridge arrangements, there are other
possible bridge arrangements that should be apparent. For example, the magnetic field

sensing elements 1004, 1006 can be interchanged in position.

Referring now to FIG. 14, a magnetic field sensor 1400 can include a substrate
1402 having a surface 1402a, which is one of two parallel major surfaces of the substrate

1402.

Four magnetoresistance elements 1404, 1406, 1408, 1410 (also referred to herein
as A, B, C, D) can be disposed upon the surface 1402a. The four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D) can be part of or coupled to an electronic

circuit 1412, which is also disposed upon or within the surface 1402a of the substrate
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1412. The four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D) can be

the same as or similar to the magnetic field sensing clements 304 of FIGS. 3-9.

Maximum response axes of the magnetoresistance elements 1404, 1410 (A, D) can
be parallel to and along an axis 1414. Maximum response axes of the magnetoresistance
elements 1406, 1408 (B, C) can be parallel to and along an axis 1416. The axes 1414,
1416 can be parallel to the axis 308 of FIGS. 3-9.

Angles of magnetic fields are discussed above in conjunction with FIG. 10. As
described above, the term “projected magnetic field” is used to describe geometric

projections of magnetic fields upon the axes 1414, 1416.

The magnetic field sensor 1400 is responsive to movement of a ferromagnetic
target object 1418 having features, e.g., 1418a, with width 1424. The ferromagnetic target
object 1418 can be the same as or similar to the gear 322 of FIGS. 3-6 or the ring magnet
702 of FIGS. 7-9. The features, e.g., 1418a, can be the same as or similar to the gear teeth,
e.g., 322a, of FIGS. 3-6 or the magnetic regions, e.g., 502a, of the ring magnet 702 of
FIGS. 7-9.

The magnetic field sensor 1400 can be the same as or similar to the magnetic field
sensor 300 of FIGS. 3-5, the magnetic field sensor 600 of FIG. 6, and the magnetic field
sensor 700 of FIGS. 7-9. However, the magnetic field sensor 1400 is not shown in the
rotated position described above in conjunction with FIGS. 5 and 9. Nevertheless the

magnetic field sensor 1400 can be rotated into or out of the page in the same way.

In some embodiments, the magnetoresistance elements 1404, 1410 are disposed
along the axis 1414 proximate to the ferromagnetic target object 1418 and the
magnetoresistance elements 1406, 1408 are disposed along the axis 1416 more distant

from the ferromagnetic target object 1418.
The axes 1414, 1416 can be parallel to the axis 308 of FIGS. 3-9.

In some embodiments, the two magnetoresistance elements 1404, 1408 (A, C)
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have a separation 1420 between about one half and about one and one half of the width
1424 of the target feature 1418a, for example, a gear tooth of a ferromagnetic gear or a
magnetic domain of a ferromagnetic ring magnet. In some other embodiments, the two
magnetoresistance elements 1404, 1408 (A, C) have a separation 1420 between about
between about one half and about twice the width 1424 of the target feature 1418a.
However, in other embodiments, the separation 1420 is much smaller than half of the

width 1424, for example, one one hundredth of the width 1424, or larger than twice the
width 1424,

In some embodiments used in examples below, the separation 1420 is about equal

to the width 1424 of the target feature 1418a.

Similarly, in some embodiments, the two magnetoresistance elements 1406, 1410
(B, D) have a separation 1422 between about one half and about one and one half of the
width 1424 of the target feature 1418a, for example, a gear tooth of a ferromagnetic gear
or a magnetic domain of a ferromagnetic ring magnet. In some other embodiments, the
two magnetoresistance elements 1406, 1410 (B, D) have a separation 1422 between about
one half and about twice the width 1424 of the target feature 1418a. However, in other
embodiments, the separation 1422 is much smaller than half of the width 1424, for
example, one one hundredth of the width 1424, or larger than twice the width 1424.

In some embodiments used in examples below, the separation 1422 is about equal

to the width 1424 of the target feature 1418a.

In some other embodiments, the two magnetoresistance elements 1404, 1406 (A,
B) have a separation 1428 between about one half and about one and one half of the width
1424 of the target feature 1418a. In some other embodiments, the two magnetoresistance
elements 1404, 1406 (A, B) have a separation 1428 between about one half and about
twice the width 1424 of the target feature 1418a. In some embodiments used in examples
below, the separation 1428 is about equal to the width 1424 of the target feature 1418a.
However, in other embodiments, the separation 1428 is much smaller than half of the

width 1424, for example, one one hundredth of the width 1424, or larger than twice the
width 1424.
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In some embodiments used in examples below, the separation 1428 is about equal

to the width 1424 of the target feature 1418a.

Similarly, in some other embodiments, the two magnetoresistance elements 1408,
1410 (C, D) have a separation 1430 between about one half and about one and one half of
the width 1424 of the target feature 1418a. In some other embodiments, the two
magnetoresistance elements 1408, 1410 (C, D) have a separation 1430 between about one
half and about twice the width 1424 of the target feature 1418a. In some embodiments
used in examples below, the separation 1430 is about equal to the width 1424 of the target
feature 1418a. However, in other embodiments, the separation 1430 is much smaller than
half of the width 1424, for example, one one hundredth of the width 1424 or larger than
twice the width 1424.

In some embodiments used in examples below, the separation 1430 is about equal

to the width 1424 of the target feature 1418a.

In operation, the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B,
C, D) can generate at least two output signals. Figures shown and described below are
representative of a variety of ways in which the four magnetoresistance elements 1404,

1406, 1408, 1410 (A, B, C, D) can generate at least two output signals.

Using as an example the target feature 1418a with a width 1424 equal to the
spacings 1420, 1422, when the target feature 1418a is centered about (i.e., between) the
four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D), it can be shown
that any magnetoresistance element(s) (e.g., 1404, 1406 (A, B)) on one side of a center of
the target feature 1418a experiences a projected magnetic field pointed in one direction
along the axes 1414, 1416, and any magnetoresistance element(s) (e.g., 1408, 1410 (C, D))
on the other side of the center of the target feature 1418a experiences a projected magnetic

field pointed in the other direction.

Therefore, when the target feature 1418a is centered about four magnetoresistance

elements 1404, 1406, 1408, 1410 (A, B, C, D), any magnetoresistance element(s) (e.g.,
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1404, 1406 (A, B)) on one side of the center of the target feature 1418a changes resistance
in one direction, and any magnetoresistance element(s) (e.g., 1408, 1410 (C, D)) on the
other side of the center of the target feature 1418a changes resistance in the other
direction. However, with this particular physical arrangement of the four
magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D), it should be recognized
that the two magnetoresistance elements 1406, 1408 (B, C), being distal from the target
feature 1418a, experience relatively little magnetic field fluctuation and relatively little

resistance change as the ferromagnetic target object 1418 moves.

In contrast, when an edge of the target feature 1418a is centered about (i.e.,
between) the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D), it can
be shown that the two magnetoresistance elements 1404, 1410 (A, D) experience projected
magnetic fields pointed in the same direction along the axis 1414. Thus, resistance of both

of the two magnetoresistance elements 1404, 1410 (A, D) change in the same direction.

At the same time, when an edge of the target feature 1418a is centered, the two
magnetoresistance elements 1406, 1408 (B, C) experience projected magnetic fields
pointed in the same direction along the axis 1416, but opposite in direction to the projected
magnetic fields experienced by the two magnetoresistance elements 1404, 1410 (A, D).
Thus, resistance of both of the two magnetoresistance elements 1406, 1408 (B, C) change
in the same direction but opposite to the resistance change of the two magnetoresistance
elements 1404, 1410 (A, D). However, as described above, the resistance change of the

two magnetoresistance elements 1406, 1408 (B, C) is small, if any.

While a particular example of the spacings 1420, 1422, and 1428, 1430 relative to
the width 1424 of the target feature 1418a is given above, it should be appreciated that for
other relative dimensions, magnetic fields at the four magnetoresistance elements 1404,
1406, 148, 1410 (A, B, C, D) may not be exactly as described above and some resistance
changes may be in other directions. However, it should be apparent how to modify

equations shown in figures below to accomplish both a feature signal and an edge signal.

While a magnet like the magnet 332 of FIG. 3 is not shown, it should be

understood that in some embodiments, the magnetic field sensor 1400 can include a
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magnet.

Referring now to FIG. 15, in which like elements of FIG. 14 are shown having like
reference designations, a magnetic field sensor 1500 can include a substrate 1502 having a

surface 1502a, which is one of two parallel major surfaces of the substrate 1502.

The four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D) can be
disposed upon the surface 1502a along an axis 1514. The four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D) can be part of or coupled to the electronic
circuit 1412, which is also disposed upon or within the surface 1502a of the substrate
1502. The four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D) can be
the same as or similar to the magnetic field sensing elements 304 of FIGS. 3-9. The axis

1514 can be parallel to the axis 308 of FIGS. 3-9.

Maximum response axes of the four magnetoresistance elements 1404, 1406, 1408,
1410 (A, B, C, D) can be parallel to and along an axis 1514, and in the same direction.
Angles of magnetic fields are discussed above in conjunction with FIG. 10. As described
above, the term “projected magnetic field” is used to describe geometric projections of

magnetic fields upon the axis 1514.

The magnetic field sensor 1500 is responsive to movement of the ferromagnetic

target object 1418.

In some embodiments, the four magnetoresistance elements 1404, 1406, 1408,
1410 (A, B, C, D) are disposed along the axis 1514 proximate to the ferromagnetic target
object 1418.

The magnetic field sensor 1500 can be the same as or similar to the magnetic field
sensor 300 of FIGS. 3-5, the magnetic field sensor 600 of FIG. 6, of the magnetic field
sensor 700 of FIGS. 7-9. However, the magnetic field sensor 1500 is not shown in the
rotated position described above in conjunction with FIGS. 5 and 9. Nevertheless the

magnetic field sensor 1500 can be rotated into or out of the page in the same way.
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As described above in conjunction with FIG. 14, the four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D) can be the same as or similar to the
magnetic field sensing elements 304 of FIGS. 3-9.

Also as described above in conjunction with FIG. 14, the ferromagnetic target

object 1418 can be the same as or similar to the gear 322 of FIGS. 3-6 or the ring magnet
702 of FIGS. 7-9.

The axis 1514 can be parallel to the axis 308 of FIGS. 3-9.

In some embodiments, the two magnetoresistance elements 1404, 1408 (A, C)
have a separation 1520 between about one half and about one and one half of the width
1424 of the target feature 1418a, for example, a gear tooth of a ferromagnetic gear or a

magnetic domain of a ferromagnetic ring magnet. In some other embodiments, the two

magnetoresistance elements 1404, 1408 (A, C) have a separation 1520 between about one

half and about twice the width 1424 of the target feature 1418a. However, in other
embodiments, the separation 1520 is much smaller than half of the width 1424, for
example, one one hundredth of the width 1424 or larger than twice the width 1424.

In some embodiments used in examples below, the separation 1520 is about equal

to the width 1424 of the target feature 1418a.

Similarly, in some embodiments, the two magnetoresistance elements 1406, 1410
(B, D) have a separation 1522 between about one half and about one and one half of the
width 1424 of the target feature 1418a, for example, a gear tooth of a ferromagnetic gear
or a magnetic domain of a ferromagnetic ring magnet. In some embodiment,s, the two
magnetoresistance elements 1406, 1410 (B, D) have a separation 1522 between about one
half and about twice the width 1424 of the target feature 1418a. However, in other
embodiments, the separation 1522 is much smaller than half of the width 1424, for
example, one one hundredth of the width 1424 or larger than twice the width 1424.

In some embodiments used in examples below, the separation 1522 is about equal

to the width 1424 of the target feature 1418a.
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In some other embodiments, the two magnetoresistance elements 1404, 1406 (A,
B) have a separation 1524 between about one half and about one and one half of the width
1424 of the target feature 1418a. In some other embodiments, the two magnetoresistance
elements 1404, 1406 (A, B) have a separation 1524 between about one half and about
twice the width 1424 of the target feature 1418a. However, in other embodiments, the
separation 1424 is much smaller than half of the width 1424, for example, one one

hundredth of the width 1424 or larger than twice the width 1424.

In some embodiments used in examples below, the separation 1524 is about equal

to the width 1424 of the target feature 1418a.

Similarly, in some other embodiments, the two magnetoresistance elements 1408,
1410 (C, D) have a separation 1526 between about one half and about one and one half of
the width 1424 of the target feature 1418a. In some other embodiments, the two
magnetoresistance elements 1408, 1410 (C, D) have a separation 1526 between about one
half and twice the width 1424 of the target feature 1418a. However, in other
embodiments, the separation 1526 is much smaller than half of the width 1424, for
example, one one hundredth of the width 1424 or larger than twice the width 1424.

In some embodiments used in examples below, the separation 1526 is about equal

to the width 1424 of the target feature 1418a.

In operation, the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B,
C, D) can generate at least two output signals. Figures shown and described below are
representative of a variety of ways in which the four magnetoresistance elements 1404,

1406, 1408, 1410 (A, B, C, D) can generate at least two output signals.

Using as an example the target feature 1012a with a width 1014 equal to the
spacings 1520, 1522, when the target feature 1418a is centered about (i.e., between) the
four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D), it can be shown
that any magnetoresistance element(s) (e.g., 1404, 1406 (A, B)) on one side of a center of

the target feature 1418a experiences a projected magnetic field pointed in one direction
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along the axis 1514, and any magnetoresistance element(s) (e.g., 1408, 1410 (C, D)) on

the other side of the center of the target feature 1418a experiences a projected magnetic

field pointed in the other direction.

Therefore, when the target feature 1418a is centered about four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D), any magnetoresistance element(s) (e.g.,
1404, 1406 (A, B)) on one side of the center of the target feature 1418a change resistance
in one direction, and any magnetoresistance element(s) (e.g., 1408, 1410 (C, D)) on the

other side of the center of the target feature 1418a change resistance in the other direction.

In contrast, when an edge of the target feature 1418a is centered about (i.e.,
between) the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D), it can
be shown that the two magnetoresistance elements 1404, 1410 (A, D) experience projected
magnetic fields pointed in the same direction along the axis 1514. Thus, resistance of both

of the two magnetoresistance elements 1404, 14010 change in the same direction.

At the same time, when an edge of the target feature 1418a is centered , the two
magnetoresistance elements 1406, 1408 (B, C) experience projected magnetic fields
pointed in the same direction along the axis 1514, but opposite in direction from the
projected magnetic fields experienced by the two magnetoresistance elements 1404, 1410
(A, D). Thus, resistance of both of the two magnetoresistance elements 1406, 1408 (B, C)
change in the same direction but opposite to the resistance change of the two

magnetoresistance elements 1404, 1410 (A, D).

While a particular example of the spacings 1520, 1522 and 1524, 1526 relative to
the width 1424 of the target feature 1418a is given above, it should be appreciated that for
other relative dimensions, magnetic fields at the four magnetoresistance elements 1404,
1406, 148, 1410 (A, B, C, D) may not be exactly as described above and some resistance
changes may be in other directions. However, it should be apparent how to modify

equations shown in figures below to accomplish both a feature signal and an edge signal.

While a magnet like the magnet 332 of FIG. 3 is not shown, it should be

understood that in some embodiments, the magnetic field sensor 1400 can include a
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magnet.
Figures below use the spacing used in examples above.

Referring now to FIG. 16, in which like elements of FIGS. 14 and 15 are shown
having like reference designations, the four magnetoresistance elements 1404, 1406, 1408,
1410, are coupled to respective current sources 1602, 1604, 1606, 1608 resulting in
respective signals 1610, 1612, 1614, 1616, also referred to generically herein as signals
VA, VB, VC, VD, respectively.

In some embodiments, VI=VA-VC and V2=VB-VD. In other embodiments,
V1=VA+VB and V2= -(VC+VD).

Processing of the two signals V1, V2 is described more fully below in conjunction
with FIG. 26. However, let it suffice here to say that, with these arrangements, a sum
V1+V2 of the two signals V1, V2 has a maximum (positive or negative) instantaneous
value when the object feature 1418a of FIGS. 14 and 15 is centered about the four
magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D). The sum V1+V2,

therefore, provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 1418a is
centered about (i.e., between) the four magnetoresistance elements 1404, 1406, 1408, 1410
(A, B, C, D). Largest signals can be achieved when the distances 1520, 1522 are equal to
the distance 1424.

A magnetic field sensor using the four magnetoresistance elements 1404, 1406,
1408, 1410 (A, B, C, D) and using both the sum V1+V2 of the two signals V1, V2 and
also the difference V1-V2 of the two signals V1, V2 can operate both as a tooth detector
and a an edge detector, respectively. In some embodiments, the tooth detector capability
allows a magnetic field sensor using the four magnetoresistance elements 1404, 1406,

1408, 1410 (A, B, C, D) to operate with a true-power-on-state (TPOS) function.
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Referring now to FIG. 17, in which like elements of FIGS. 14 and 15 are shown
having like reference designations, the four magnetoresistance elements 1404, 1406, 1408,

1410 (A, B, C, D) are coupled in a bridge arrangement 1700.

The bridge 1700 can be powered by a voltage source 1702. Two output signals
1704=V1, 1706=V2 result. Designations V1 and V2 are used below for clarity.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with these
arrangements, a difference V1-V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 1418a of FIGS. 14 and 15, but
particularly FIG. 14, is centered about the four magnetoresistance elements 1404, 1406,
1408, 1410 (A, B, C, D). The difference V1-V2, therefore, provides a feature signal.

In contrast, a sum V1+V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 1418a is

centered about (i.e., between) the four magnetoresistance elements 1404, 1406, 1408, 1410
(A, B, C, D).

A magnetic field sensor using the bridge 1700 and using both the difference V1-V2
of the two signals V1, V2 and also the sum V1+V2 of the two signals V1, V2 can operate
both as a tooth detector and a an edge detector, respectively. In some embodiments, the
tooth detector capability allows a magnetic field sensor using the four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D) to operate with a true-power-on-state
(TPOS) function.

The bridge 1700 is best suited for the arrangement of FIG. 14, but can also
function with the arrangement of FIG. 15.
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Referring now to FIG. 18, in which like elements of FIGS. 14 and 15 are shown
having like reference designations, the four magnetoresistance elements 1404, 1406, 1408,

1410 (A, B, C, D) are coupled in a bridge arrangement 1800.

The bridge 1800 can be powered by a voltage source 1802. Two output signals
1804=V1, 1806=V2 result. Designations V1 and V2 are used below for clarity.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with these
arrangements, a difference V1-V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 1418a of FIGS. 14 and 15 is
centered about the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D).
The difference V1-V2, therefore, provides a feature signal.

In contrast, a sum V1+V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 1418a is

centered about (i.e., between) the four magnetoresistance elements 1404, 1406, 1408, 1410
(A, B, C, D).

A magnetic field sensor using the bridge 1700 and using both the difference V1-V2
of the two signals V1, V2 and also the sum V1+V2 of the two signals V1, V2 can operate
both as a tooth detector and a an edge detector, respectively. In some embodiments, the
tooth detector capability allows a magnetic field sensor using the four magnetoresistance
elements 1404, 1406, 1408, 1410 (A, B, C, D) to operate with a true-power-on-state
(TPOS) function.

The bridge 1800 is well suited for the arrangements of FIGS. 14 and 15.

Referring now to FIG. 19, in which like elements of FIGS. 14 and 15 are shown
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having like reference designations, the four magnetoresistance elements 1404, 1406, 1408,

1410 (A, B, C, D) are coupled in a bridge arrangement 1900.

The bridge 1900 can be powered by a voltage source 1902. Two output signals
1904=V1, 1906=V2 result. Designations V1 and V2 are used below for clarity.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 1418a of FIGS. 14 and 15, but
particularly FIG. 14, is centered about the four magnetoresistance elements 1404, 1406,
1408, 1410 (A, B, C, D). The sum V1+V2, therefore, provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 1418a is

centered about (i.e., between) the four magnetoresistance elements 1404, 1406, 1408, 1410
(A, B, C, D).

A magnetic field sensor using the bridge 1900 and using both the sum V1+V2 of
the two signals V1, V2 and also the difference V1-V2 of the two signals V1, V2 can
operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using bridge

1900 to operate with a true-power-on-state (TPOS) function.

The bridge 1900 is best suited for the arrangement of FIG. 14, but can also

function with the arrangement of FIG. 15.

Referring now to FIG. 20, in which like elements of FIGS. 14 and 15 are shown

having like reference designations, the four magnetoresistance elements 1404, 1406, 1408,
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1410 (A, B, C, D) are coupled in a bridge arrangement 2000.

The bridge 2000 can be powered by a voltage source 2002. Two output signals
2004=V1, 2006=V2 result. Designations V1 and V2 are used below for clarity.

Often, for a bridge arrangement, the two output signals V1, V2 are treated as one
differential signal V1, V2. Here, however, the two output signals V1, V2 are treated

separately.

Processing of the two output signals V1, V2 is described more fully below in
conjunction with FIG. 26. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 1418a of FIGS. 14 and 15 is
centered about the four magnetoresistance elements 1404, 1406, 1408, 1410 (A, B, C, D).

The sum V1+V2, therefore, provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 1418a is

centered about (i.e., between) the four magnetoresistance elements 1404, 1406, 1408, 1410
(A, B, C,D).

A magnetic field sensor using the bridge 2000 and using both the sum V1+V2 of
the two signals V1, V2 and also the difference V1-V2 of the two signals V1, V2 can
operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using bridge

2000 to operate with a true-power-on-state (TPOS) function.
The bridge 2000 is well suited for the arrangements of FIGS. 14 and 15.

While various bridge arrangements are shown in FIGS. 17-20, there are other

similar bridge arrangements that can be used to generate a feature signal and an edge

signal.
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Referring now to FIG. 21, a magnetic field sensor 2100 can include a substrate

2102 having a surface 2102a, which is one of two parallel major surfaces of the substrate

2102.

Eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b,
2110a, 2110b (also referred to herein as Al, A2, B1, B2, C1, C2, D1, D2) can be disposed
upon the surface 2102a. The eight magnetoresistance elements 2104a, 2104b, 21064,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be arranged in
proximate pairs P1, P2, P3, P4.

The eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b,
2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be part of or coupled to an electronic
circuit 2112, which is also disposed upon or within the surface 2102a of the substrate
2102. The eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b,
2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be the same as or similar to the
magnetic field sensing elements 304 of FIGS. 3-9.

Maximum response axes of the magnetoresistance elements 2104a, 2104b, 2110a,
2110b (A1, A2, D1, D2) can be parallel to and along an axis 2114. Maximum response
axes of the magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, C1, C2) can
be parallel to and along an axis 2116. The axes 2114, 2116 can be parallel to the axis 308

of FIGS. 3-9.

Angles of magnetic fields are discussed above in conjunction with FIG. 10. As
described above, the term “projected magnetic field” is used to describe geometric

projections of magnetic fields upon the axes 2114, 2116.

The magnetic field sensor 2100 is responsive to movement of a ferromagnetic
target object 2118 having features, e.g., 2118a, with width 2124. The ferromagnetic target
object 2118 can be the same as or similar to the gear 322 of FIGS. 3-6 or the ring magnet
702 of FIGS. 7-9. The features, e.g., 2118a, can be the same as or similar to the gear teeth,
e.g., 322a, of FIGS. 3-6 or the magnetic regions, e.g., 502a, of the ring magnet 702 of
FIGS. 7-9.
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The magnetic field sensor 2100 can be the same as or similar to the magnetic field
sensor 300 of FIGS. 3-5, the magnetic field sensor 600 of FIG. 6, and the magnetic field
sensor 700 of FIGS. 7-9. However, the magnetic field sensor 2100 is not shown in the
rotated position described above in conjunction with FIGS. 5 and 9. Nevertheless the

magnetic field sensor 2100 can be rotated into or out of the page in the same way.

In some embodiments, the magnetoresistance elements 2104a, 2104b, 2110a,
2110b (A1, A2, D1, D2) are disposed along the axis 2114 proximate to the ferromagnetic
target object 2118 and the magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1,
B2, C1, C2) are disposed along the axis 2116 more distant from the ferromagnetic target

object 2118.
The axes 2114, 2116 can be parallel to the axis 308 of FIGS. 3-9.

In some embodiments, the two magnetoresistance elements 2104a, 2104b (A1, A2)
have a separation 2120 to the two magnetoresistance elements 2108a, 2108b (C1, C2)
between about one half and about one and one half of the width 2124 of the target feature
2118a, for example, a gear tooth of a ferromagnetic gear or a magnetic domain of a
ferromagnetic ring magnet. In some other embodiments, the two magnetoresistance
elements 2104a, 2104b (A1, A2) have a separation 2120 to the two magnetoresistance
elements 2108a, 2108b (C1, C2) between about one half and about twice the width 2124
of the target feature 2118a. However, in other embodiments, the separation 2120 is much
smaller than half of the width 2124, for example, one one hundredth of the width 2124, or
larger than twice the width 2124.

In some embodiments used in examples below, the separation 2120 is about equal

to the width 2124 of the target feature 2118a.

Similarly, in some embodiments, the two magnetoresistance elements 2106a,
2106b (B1, B2) have a separation 2122 to the two magnetoresistance elements 2110a,
2110b (D1, D2) between about one half and about one and one half of the width 2124 of

the target feature 2118a, for example, a gear tooth of a ferromagnetic gear or a magnetic
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domain of a ferromagnetic ring magnet. In some embodiments, the two
magnetoresistance elements 2106a, 2106b (B1, B2) have a separation 2122 to the two
magnetoresistance elements 2110a, 2110b (D1, D2) between about one half and about
twice the width 2124 of the target feature 2118a. However, in other embodiments, the
separation 2122 is much smaller than half of the width 2124, for example, one one

hundredth of the width 2124, or larger than twice the width 2124.

In some embodiments used in examples below, the separation 2122 is about equal

to the width 2124 of the target feature 2118a.

In some other embodiments, the two magnetoresistance elements 2104a, 2104b
(A1, A2) have a separation 2124 to the two magnetoresistance elements 2106a, 2106b
(B1, B2) between about one half and about one and one half of the width 2124 of the
target feature 2118a. In some other embodiments, the two magnetoresistance elements
2104a, 2104b (A1, A2) have a separation 2124 to the two magnetoresistance elements
2106a, 2106b (B1, B2) between about one half and about twice the width 2124 of the
target feature 2118a. However, in other embodiments, the separation 2124 is much
smaller than half of the width 2124, for example, one one hundredth of the width 2124, or
larger than twice the width 2124.

In some embodiments used in examples below, the separation 2124 is about equal

to the width 2124 of the target feature 2118a.

Similarly, in some other embodiments, the two magnetoresistance elements 2108a,
2108b (C1, C2) have a separation 2126 to the two magnetoresistance elements 2110a,
2110b (D1, D2) between about one half and about one and one half of the width 2124 of
the target feature 2118a. In some other embodiments, the two magnetoresistance elements
2108a, 2108b (C1, C2) have a separation 2126 to the two magnetoresistance elements
2110a, 2110b (D1, D2) between about one half and about twice the width 2124 of the
target feature 2118a. However, in other embodiments, the separation 2126 is much
smaller than half of the width 2124, for example, one one hundredth of the width 2124, or
larger than twice the width 2124.
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In some embodiments used in examples below, the separation 2126 is about equal

to the width 2124 of the target feature 2118a.

In operation, the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b,
2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can generate at least two
output signals. Figures shown and described below are representative of a variety of ways
in which the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can generate at least two output
signals.

Using as an example the target feature 2118aa with a width 2124 equal to the
spacings 2120, 2122, when the target feature 2118a is centered about (i.e., between) the
eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 21 08b, 2110a,
2110b (A1, A2, B1, B2, C1, C2, D1, D2), it can be shown that any magnetoresistance
element(s) (e.g., 2104a, 4104b, 2106a, 2106b (A1, A2, B1, B2) on one side of a center of
the target feature 2118a experiences a projected magnetic field pointed in one direction
along the axes 2114, 2116, and any magnetoresistance element(s) (¢.g., 2108a, 2108b,
2110a, 2110b (C1, C2, D1, D1)) on the other side of the center of the target feature 2118a

experiences a projected magnetic field pointed in the other direction.

Therefore, when the target feature 2118a is centered about eight magnetoresistance
elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1,
C2, D1, D2), any magnetoresistance element(s) (e.g., 2104a, 2104b, 2106a, 2106b (Al,
A2, B1, B2)) on one side of the center of the target feature 2118a changed resistance in
one direction, and any magnetoresistance element(s) (e.g., 2108a, 2108b, 2110a, 2110b
(C1, C2, D1, D2)) on the other side of the center of the target feature 2118a changed
resistance in the other direction. However, with this particular physical arrangement of the
eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 21104,
2110b (A1, A2, B1, B2, C1, C2, D1, D2), it should be recognized that the four
magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, Cl1, C2), being distal
from the target feature 2118a, experience relatively little magnetic field variation and

relatively little resistance change as the ferromagnetic target object 2118 moves.
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In contrast, when an edge of the target feature 2118a is centered about (i.e.,
between) the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, Cl1, C2, D1, D2), it can be shown that the four
magnetoresistance elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2) experience
projected magnetic fields pointed in the same direction along the axis 2114. Thus,
resistances of the four magnetoresistance elements 2104a, 2104b, 2110a, 2110b (A1, A2,

D1, D2) change in the same direction.

At the same time, when an edge of the target feature 2118a is centered, the four
magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, ClI, C2) experience
projected magnetic fields pointed in the same direction along the axis 2116, but opposite
in direction from the projected magnetic fields experienced by the four magnetoresistance
elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2). Thus, resistance of four
magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, C1, C2) change in the
same direction but opposite to the resistance change of the four magnetoresistance
elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2). However, as described above,

the resistance change of the two magnetoresistance elements 1406, 1408 (B, C) is small, if

any.

While a particular example of the spacings 2120, 2122 and 2124, 2126 relative to
the width 2124 of the target feature 2118a is given above, it should be appreciated that for
other relative dimensions, magnetic fields at the eight magnetoresistance elements 2104a,
2104b, 2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) may
not be exactly as described above and some resistance changes may be in other directions.
However, it should be apparent how to modify equaﬁons shown in figures below to

accomplish both a feature signal and an edge signal.

While a magnet like the magnet 332 of FIG. 3 is not shown, it should be

understood that in some embodiments, the magnetic field sensor 2100 can include a

magnet.

Referring now to FIG. 22, in which like elements of FIG. 21 are shown having like

reference designations, a magnetic field sensor 2200 can include a substrate 2202 having a
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surface 2202a, which is one of two parallel major surfaces of the substrate 2202.

The eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b,
2110a, 2110b (A1, A2, B1, B2, Cl1, C2, D1, D2) can be disposed upon the surface 2202a
along an axis 2214. The eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b,
2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be part of or coupled
to the electronic circuit 2112, which is also disposed upon or within the surface 2202a of
the substrate 2202. The eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b,
2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be the same as or
similar to the magnetic field sensing elements 304 of FIGS. 3-9. The axis 2214 can be
parallel to the axis 308 of FIGS. 3-9.

Maximum response axes of the eight magnetoresistance elements 2104a, 2104b,
2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can be
parallel to and along an axis 2214, and in the same direction. Angles of magnetic fields
are discussed above in conjunction with FIG. 10. As described above, the term “projected

magnetic field” is used to describe geometric projections of magnetic fields upon the axis

2214.

The magnetic field sensor 2200 is responsive to movement of the ferromagnetic

target object 2118.

In some embodiments, the eight magnetoresistance elements 2104a, 2104b, 21064,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, Cl1, C2, D1, D2) are disposed along
the axis 2214 proximate to the ferromagnetic target object 2118.

The magnetic field sensor 2200 can be the same as or similar to the magnetic field
sensor 300 of FIGS. 3-5, the magnetic field sensor 600 of FIG. 6, of the magnetic field
sensor 700 of FIGS. 7-9. However, the magnetic field sensor 1500 is not shown in the
rotated position described above in conjunction with FIGS. 5 and 9. Nevertheless the

magnetic field sensor 2200 can be rotated into or out of the page in the same way.

As described above in conjunction with FIG. 21, the eight magnetoresistance
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elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1,

C2, D1, D2) can be the same as or similar to the magnetic field sensing elements 304 of

FIGS. 3-9.

Also as described above in conjunction with FIG. 21, the ferromagnetic target
object 2118 can be the same as or similar to the gear 322 of FIGS. 3-6 or the ring magnet
702 of FIGS. 7-9.

The axis 2214 can be parallel to the axis 308 of FIGS. 3-9.

In some embodiments, the two magnetoresistance elements 2104a, 2104b (A1, A2)
have a separation 2220 to the two magnetoresistance elements 2108a, 2108b (C1, C2)
between about one half and about one and one half of the width 2124 of the target feature
2118a, for example, a gear tooth of a ferromagnetic gear or a magnetic domain of a
ferromagnetic ring magnet. In some embodiments, the two magnetoresistance elements
2104a, 2104b (A1, A2) have a separation 2220 to the two magnetoresistance elements
2108a, 2108b (C1, C2) between about one half and about twice the width 2124 of the
target feature 2118a. However, in other embodiments, the separation 2220 is much
smaller than half of the width 2124, for example, one one hundredth of the width 2124, or
larger than twice the width 2124.

In some embodiments used in examples below, the separation 2220 is about equal

to the width 2124 of the target feature 2118a.

Similarly, in some embodiments, the two magnetoresistance elements 2106a,
2106b (B1, B2) have a separation 2222 to the two magnetoresistance elements 2110a,
2110b (D1, D2) between about one half and about one and one half of the width 2124 of
the target feature 2118a, for example, a gear tooth of a ferromagnetic gear or a magnetic
domain of a ferromagnetic ring magnet. In some embodiments, the two magnetoresistance
elements 2106a, 2106b (B1, B2) have a separation 2222 to the two magnetoresistance
elements 2110a, 2110b (D1, D2) between about one half and about twice the width 2124
of the target feature 2118a. However, in other embodiments, the separation 2221 is much

smaller than half of the width 2124, for example, one one hundredth of the width 2124, or
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larger than twice the width 2124.

In some embodiments used in examples below, the separation 2222 is about equal

to the width 2124 of the target feature 2118a.

In some other embodiments, the two magnetoresistance elements 2104a, 2104b
(A1, A2) have a separation 2224 to the two magnetoresistance elements 2106a, 2106b
(B1, B2) between about one half and about one and one half of the width 2124 of the
target feature 2118a. In some other embodiments, the two magnetoresistance elements
2104a, 2104b (A1, A2) have a separation 2224 to the two magnetoresistance elements
2106a, 2106b (B1, B2) between about one half and twice the width 2124 of the target
feature 2118a. However, in other embodiments, the separation 2224 is much smaller than

half of the width 2124, for example, one one hundredth of the width 2124, or larger than
twice the width 2124.

In some embodiments used in examples below, the separation 2224 is about equal

to the width 2124 of the target feature 2118a.

Similarly, in some other embodiments, the two magnetoresistance elements 2108a,
2108b (C1, C2) have a separation 2226 to the two magnetoresistance elements 2110a,
2110b (D1, D2) between about one half and about one and one half of the width 2124 of
the target feature 2118a. In some other embodiments, the two magnetoresistance elements
2108a, 2108b (C1, C2) have a separation 2226 to the two magnetoresistance elements
2110a, 2110b (D1, D2) between about twice the width 2124 of the target feature 2118a.
However, in other embodiments, the separation 2226 is much smaller than half of the

width 2124, for example, one one hundredth of the width 2124, or larger than twice the
width 2124,

In some embodiments used in examples below, the separation 2226 1s about equal

to the width 2124 of the target feature 2118a.

In operation, the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b,
2108a, 2108b, 2110a, 2110b (Al, A2, B1, B2, C1, C2, D1, D2) can generate at least two
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output signals. Figures shown and described below are representative of a variety of ways
in which the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) can generate at least two output

signals.

Using as an example the target feature 2118aa with a width 2124 equal to the
spacings 2220, 2222, when the target feature 2118a is centered about (i.e., between) the
eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a,
2110b (A1, A2, B1, B2, C1, C2, D1, D2), it can be shown that any magnetoresistance
element(s) (e.g., 2104a, 4104b, 2106a, 2106b (A1, A2, B1, B2) on one side of a center of
the target feature 2118a experiences a projected magnetic field pointed in one direction
along the axis 2114, and any magnetoresistance element(s) (e.g., 2108a, 2108b, 2110a,
2110b (C1, C2, D1, D1)) on the other side of the center of the target feature 2118a

experiences a projected magnetic field pointed in the other direction.

Therefore, when the target feature 2118a is centered about eight magnetoresistance
elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1,
C2, D1, D2), any magnetoresistance element(s) (e.g., 2104a, 2104b, 2106a, 2106b (A1,
A2, B1, B2)) on one side of the center of the target feature 2118a changes resistance in
one direction, and any magnetoresistance element(s) (e.g., 2108a, 2108b, 2110a, 2110b
(C1, C2, D1, D2)) on the other side of the center of the target feature 2118a changes

resistance in the other direction.

In contrast, when an edge of the target feature 2118a is centered about (i.e.,
between) the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2), it can be shown that the four
magnetoresistance elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2) experience
projected magnetic fields pointed in the same direction along the axis 2114. Thus,
resistances the four magnetoresistance elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1,

D2) change in the same direction.

At the same time, when an edge of the target feature 2118a is centered, the four

magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, C1, C2) experience
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projected magnetic fields pointed in the same direction along the axis 2116, but opposite
in direction from the projected magnetic fields experienced by the four magnetoresistance
elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2). Thus, resistance of four
magnetoresistance elements 2106a, 2106b, 2108a, 2108b (B1, B2, C1, C2) change in the
same direction but opposite to the resistance change of the four magnetoresistance

elements 2104a, 2104b, 2110a, 2110b (A1, A2, D1, D2).

While a particular example of the spacings 2220, 2222 and 2224, 2226 relative to
the width 2124 of the target feature 2118a is given above, it should be appreciated that for
other relative dimensions, magnetic fields at the eight magnetoresistance elements 2104a,
2104b, 21064a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) may
not be exactly as described above and some resistance changes may be in other directions.
However, it should be apparent how to modify equations shown in figures below to

accomplish both a feature signal and an edge signal.

While a magnet like the magnet 332 of FIG. 3 is not shown, it should be

understood that in some embodiments, the magnetic field sensor 2200 can include a

magnet.

Referring now to FIGS. 23-26, four different arrangements of the eight
magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a, 2110b
(A1, A2, B1, B2, C1, C2, D1, D2) of FIGS. 21 and 22 are shown. In each arrangement,
the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a, 2108b, 2110a,
2110b (A1, A2, B1, B2, C1, C2, D1, D2) are coupled into two different bridge circuits.
Unlike bridges described above which treat signals V1, V2 from bridges as two separate
signals, in FIGS. 23-26, signals V1, V2 are treated as differential signal and any sums or
differences of the signals V1, V2 are taken with the differential signals.

Polarities of the differential signals V1, V2 are indicated with plus and minus

symbols. Reversal of the plus and minus symbols results in changes to equations shown in

the figures.

Referring now to FIG. 23, in which like elements of FIGS. 21 and 22 are shown
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having like reference designations, the eight magnetoresistance elements 2104a, 2104b,
2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) are coupled
in two bridge arrangements 2300a, 2300b

The bridge 2300a can be powered by a voltage source 2302a and the bridge 2300b
can be powered by a voltage source 2302b. Two differential output signals 2304a,
2306a=V1, 2304a, 2306b=V2 result. Designations V1 and V2 are used below for clarity.

The two output signals V1, V2 are treated as two differential signals V1, V2.

Processing of the two differential signals V1, V2 is described more fully below in
conjunction with FIG. 27. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 2118a of FIGS. 21 and 22 is
centered about the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2). The sum V1+V2, therefore,

provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 2118a is
centered about (i.e., between) the eight magnetoresistance elements 2104a, 2104b, 2106a,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2).

A magnetic field sensor using the two bridges 2300a, 2300b and using both the
sum V1+V2 of the two signals V1, V2 and also the difference V1-V2 of the two signals
V1, V2 can operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using the two

bridges 2300a, 2300b to operate with a true-power-on-state (TPOS) function.

A magnetic field sensor using the two bridges 2300a, 2300b is well suited for the
arrangements of FIGS. 21 and 22.

Referring now to FIG. 24 | in which like elements of FIGS. 21 and 22 are shown
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having like reference designations, the eight magnetoresistance elements 2104a, 2104b,
2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) are coupled
in two bridge arrangements 2400a, 2400b

The bridge 2400a can be powered by a voltage source 2402a and the bridge 2400b
can be powered by a voltage source 2402b. Two differential output signals 2404a,
2406a=V1, 2406a, 2406b=V2 result. Designations V1 and V2 are used below for clarity.

The two output signals V1, V2 are treated as two differential signals V1, V2.

Processing of the two differential signals V1, V2 is described more fully below in
conjunction with FIG. 27. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 2118a of FIGS. 21 and 22 is
centered about the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2). The sum V1+V2, therefore,

provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 2118a is
centered about (i.e., between) the eight magnetoresistance elements 2104a, 2104b, 2106a,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2). Largest signals
can be achieved when the distances 2120, 2122 are equal to the distance 2124,

A magnetic field sensor using the two bridges 2400a, 2400b and using both the
sum V1+V2 of the two signals V1, V2 and also the difference V1-V2 of the two signals
V1, V2 can operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using the two

bridges 2400a, 2400b to operate with a true-power-on-state (TPOS) function.

A magnetic field sensor using the two bridges 2400a, 2400b is well suited for the
arrangements of FIGS. 21 and 22.
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Referring now to FIG. 25 , in which like elements of FIGS. 21 and 22 are shown
having like reference designations, the eight magnetoresistance elements 2104a, 2104b,
2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2) are coupled
in two bridge arrangements 2500a, 2500b

The bridge 2500a can be powered by a voltage source 2502a and the bridge 2500b
can be powered by a voltage source 2502b. Two differential output signals 2504a,
2506a=V1, 2506a, 2506b=V2 result. Designations V1 and V2 are used below for clarity.

The two output signals V1, V2 are treated as two differential signals V1, V2.

Processing of the two differential signals V1, V2 is described more fully below in
conjunction with FIG. 27. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 2118a of FIGS. 21 and 22 is
centered about the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b, 2110a, 2110b (A1, A2, B1, B2, Cl1, C2, D1, D2). The sum V1+V2, therefore,

provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 2118a is
centered about (i.e., between) the eight magnetoresistance elements 2104a, 2104b, 2106a,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2).

A magnetic field sensor using the two bridges 2500a, 2500b and using both the
sum V1+V2 of the two signals V1, V2 and also the difference V1-V2 of the two signals
V1, V2 can operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using the two

bridges 2500a, 2500b to operate with a true-power-on-state (TPOS) function.

A magnetic field sensor using the two bridges 2600a, 2600b is best suited for the

arrangement of FIG. 21, but can also function with the arrangement of FIG. 22.
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Referring now to FIG. 26 , in which like elements of FIGS. 21 and 22 are shown
having like reference designations, the eight magnetoresistance elements 2104a, 2104b,
2106a, 2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, CI1, C2, D1, D2) are coupled
in two bridge arrangements 2600a, 2600b

The bridge 2600a can be powered by a voltage source 2602a and the bridge 2600b
can be powered by a voltage source 2602b. Two differential output signals 2604a,
2606a=V1, 2306a, 2306b=V2 result. Designations V1 and V2 are used below for clarity.

The two output signals V1, V2 are treated as two differential signals V1, V2.

Processing of the two differential signals V1, V2 is described more fully below in
conjunction with FIG. 27. However, let it suffice here to say that, with these
arrangements, a sum V1+V2 of the two signals V1, V2 has a maximum (positive or
negative) instantaneous value when the object feature 2118a of FIGS. 21 and 22 is
centered about the eight magnetoresistance elements 2104a, 2104b, 2106a, 2106b, 2108a,
2108b,2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2). The sum V1+V2, therefore,

provides a feature signal.

In contrast, a difference V1-V2 of the two output signals V1, V2 has a maximum
(positive or negative) instantaneous value when an edge of the target feature 2118a is
centered about (i.e., between) the eight magnetoresistance elements 2104a, 2104b, 2106a,
2106b, 2108a, 2108b, 2110a, 2110b (A1, A2, B1, B2, C1, C2, D1, D2).

A magnetic field sensor using the two bridges 2600a, 2600b and using both the
sum V1+V2 of the two signals V1, V2 and also the difference V1-V2 of the two signals
V1, V2 can operate both as a tooth detector and a an edge detector, respectively. In some
embodiments, the tooth detector capability allows a magnetic field sensor using the two

bridges 2600a, 2600b to operate with a true-power-on-state (TPOS) function.

A magnetic field sensor using the two bridges 2600a, 2600b is best suited for the

arrangement of FIG. 21, but can also function with the arrangement of FIG. 22.
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While various two bridge arrangements are shown in FIGS. 23-26, there are other

similar bridge arrangements that can be used to generate a feature signal and an edge

signal.

Referring now to FIG. 27, an example of a magnetic field sensor 2700 can include
an electronic circuit 2701 that can be the same as or similar to the electronic circuit 314 of
FIGS. 3-9, the same as or similar to the electronic circuit 1006 of FIG. 10, the same as or
similar to the electronic circuit 1412 of FIGS. 14 and 15, and the same as or similar to the
electronic circuit 2122 of FIGS. 21 and 22. The electronic circuit 2700 and can be
coupled to magneto resistance elements 2702, which can be the same as or similar to
magnetoresistance elements described above in conjunction with FIGS. 10-26. As
described above, the magnetoresistance elements of FIGS. 10-26 generate two signals

V1=2704, V2=2706, which may be single ended or differential signals.

In a first channel, a first combining circuit 2708 is coupled to receive the two
signals 2704, 2706 (V1, V2), and configured to generate a differential feature signal
2708a, 2708b. The differential feature signal 2708, 2708 is a feature signal indicative of
the proximity of a feature of a ferromagnetic target object. Feature signals are described
above in conjunction with FIGS. 10-26. While a differential feature signal 2708a, 2708b

is shown, a feature signal can also be single ended.

Depending on of the arrangement of the magnetoresistance elements 2702, the first
combining circuit 2708 can be a summing circuit or a differencing circuit. The type of the

first combining circuit 2708 will be apparent from nomenclature used on FIGS 10-26.

An analog-to-digital converter (ADC) 2710 is coupled to receive the differential
combined signal 2708a, 2708b and configured to generate a converted signal.

A digital low pass filter 2712 is coupled to receive the converted signal and
configured to generate a low pass filtered signal, Another digital filter 2714, for example,
a digital notch filter, can be coupled to receive the low pass filtered signal and configured
to generate a notch filtered signal 2714a. However, in some other embodiments, the

digital filter 2714 can be a digital low pass filter.
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In a second channel, a second combining circuit 2718 is coupled to receive the two
signals 2704, 2706 (V1, V2), and configured to generate a differential edge signal 27138a,
2718b. The differential edge signal 2718a, 2718b is an edge signal indicative of the
proximity of and edge of a feature of a ferromagnetic target object. Feature signals are
described above in conjunction with FIGS. 10-26. While a differential edge signal 2718a,

2718b is shown, an edge signal can also be single ended.

Depending on of the arrangement of the magnetoresistance elements 2702, the
second combining circuit 2718 can be a summing circuit or a differencing circuit. The
type of the second combining circuit 2718 will be apparent from nomenclature used on

FIGS 10-26.

An analog-to-digital converter (ADC) 2720 is coupled to receive the differential
combined signal 2718a, 2718b and configured to generate a converted signal.

A digital low pass filter 2722 is coupled to receive the converted signal and
configured to generate a low pass filtered signal. Another digital filter 2724, for example,
a digital notch filter, can be coupled to receive the low pass filtered signal and configured

to generate a notch filtered signal 2724a.

A speed, direction, vibration processor 2716 is coupled to receive the notch filtered
signal 2714a and the notch filtered signal 2724a. The speed, direction, vibration processor
is configured to generate a signal 2716a indicative of a speed of movement of a
ferromagnetic target object to which the magnetoresistance elements 2702 are proximate,
a direction of movement of the ferromagnetic target object, and, in some embodiments, a
vibration of the ferromagnetic target object. Speed and direction detection are described

below in conjunction with FIG. 28.

Speed and direction processing is further described below in conjunction with FIG.
28. Vibration processing can be of a type, for example, described in U.S. Patent No.
7,772,838, issued August 10, 2010 or in U.S. Patent No. 8,450,996, issued May 28, 2013,
or in U.S. Patent No. 7,253,614, issued August 7, 2007, all of which are assigned to the

65



10

15

20

25

30

WO 2016/069255 PCT/US2015/055236

assignee of the present application, and all of which are incorporated by reference herein

in their entirety.

The electronic circuit can also include a built-in-self-test (BIST) module 2179
configured to perform one or more self-tests of the magnetic field sensor 2700 and
configured to generate a self-test signal 2719a representative of self-test results. The self-
test results can be merged into the signal 2716a so that the signal 2716a is indicative of at
least one of a speed of movement of a ferromagnetic target object, a direction of
movement of the ferromagnetic target object, or the self-test results. To this end, the
speed, direction, vibration processor 2716 can include or otherwise be coupled to an
output format module 2717 configured to provide the signal 2716a as a formatted signal.
The formatted signal can be of a type described in U.S. Patent No. 7,026,808, issued April
11, 2006, or in any of the above-described patents and patent applications, all of which are
assigned to the assignee of the present application, and all of which are incorporated by

reference herein in their entirety

In some embodiments, the signal 2716a is provided as an output signal from the
electronic circuit 2701. However, in the example shown, the electronic circuit 2701 has
only two coupling nodes for a so-called “two wire arrangement,” a signal/power node

2701a and a ground node 2701b.

In the two wire arrangement, an output current generator 2728 is coupled to
receive the signal 2716a and configured to generate a current signal flowing between
terminals 2728a and 2728b. At the same time, the output current generator 2728 is
coupled to receive a voltage signal from a power supply (Vcc) 2738 disposed outside of
the electronic circuit 2701. A resulting signal 2738a is both a voltage supply signal and a
current signal, and is referred to herein as voltage/current signal 2738a. It will be apparent

how to extract the current signal from the voltage/current signal 2738a.
A voltage regulator 2740 can be coupled to receive the voltage/current signal

2738a and configured to generate a regulated voltage 2740a distributed throughout the

electronic circuit 2701.
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The electronic circuit 2701 can include an electrically erasable programmable
read-only memory (EEPROM) 2726 configured to hold configuration values provided to
the speed, direction, vibration processor 2716 as a signal 2726a. The values stored in the
EEPROM 2726 can include, but are not limited to, static or computed threshold values
(see, e.g., 2810a, 2810b, 2812a, 2812b of FIG. 28), a number of peaks and valley value
that can determine when an action is taken, and edge count value associate with
transitions of POSCOMP signals (see, e.g., 2806, 2808 of FIG. 28), and/or signal values
of the above-described edge and feature signals that can be used to identify the peak-to-
peak values described below. In some embodiments, the EEPROM 2726 can also store a
value indicative of whether the above-described edge signals or the above-described
feature signals are used to provide timing markers for output pulses in the signal 2716a.

Output pulses are described more fully below in conjunction with FIG. 28.
The output current generator 2728 can include a field effect transistor (FET) 2730.

Two zener diodes 2734, 2736 can be coupled in series across the output current

generator 2728 and 10 provide electrostatic discharge (ESD) protection.

In some embodiments, the electronic circuit can include temperature compensation
modules 2721, 2723 configures to provide temperature compensation control signals
2721am 2723a to control characteristics of the electronic circuit, for example, a gain of the

combining circuits 2798, 2718

Referring now to FIG. 28, a graph 2800 has a horizontal axis with a scale in units
of time in arbitrary units or in units of position of a moving ferromagnetic target object in

arbitrary units. The graph 2800 has a vertical axis with a scale in units of volts in arbitrary

units.

A signal 2802 is representative of a feature signal as may be generated by any of
the magnetic field sensors, bridges, or combinations of individual magnetoresistance
elements described above in conjunction with FIGS. 3-26, when proximate to a rotating
ferromagnetic target object. For example, the signal 2802 is representative of the

differential feature signal 2708a, 2708b of FIG. 27. As described above, a feature signal
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has a maximum (positive or negative) value when a feature of a ferromagnetic target

object is proximate to (i.e., centered about) magnetoresistance elements shown and

described above.

A signal 2804 is representative of an edge signal as may be generated by any of the
magnetic field sensors, bridges, or combinations of individual magnetoresistance elements
described above in conjunction with FIGS. 3-26, when proximate to a rotating
ferromagnetic target object. For example, the signal 2802 is representative of the
differential edge signal 2718a, 2718b of FIG. 27. As described above, an edge signal has
a maximum (positive or negative) value when an edge of a feature of a ferromagnetic

target object is proximate to (i.e., centered about) magnetoresistance elements shown and

described above.

The feature signal 2802 and the edge signal 2804 have a known phase difference, a
sign of which is determined by the direction of rotation of the ferromagnetic target object.
For a ferromagnetic target object that has features that are the same width as widths of
absence of features (e.g., gear teeth the same width as gear valleys, or north poles the same

width as south poles) the known phase relationship is ninety degrees.

A rotation direction change is shown to occur at a line 2814, at which time, the
phase difference between the feature signal 2802 and the edge signal 2804 (also 2806,

2808) reverses.

It should be apparent that the speed, direction, vibration processor 2716 of FIG.27
can calculate a frequency or rate of either one of the feature signal 2802 or the edge signal
2804 to determine the speed of rotation of the ferromagnetic target object. It should also
be apparent that the speed, direction, vibration processor 2716 of FIG. 27 can calculate a
sign of the phase difference between the feature signal 2802 and the edge signal 2804 to

determine the direction of rotation of the ferromagnetic target object.

To this end, the speed, direction, vibration processor 2716 of FIG.27 can internally
generate so-called POSCOMP signals 2806, 2808, which can be digital signals. While

represented here as signals, the magnetic field sensor 2700 of FIG. 27 can instead merely
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generate binary state transitions at each of edge of what are shown to be the POSCOMP
signals 2806, 2808.

The signal 2806 can be generated by comparing the signals 2802 against upper and
lower threshold values 2810a, 2810b. The signal 2808 can be generated by comparing the
signal 2804 against upper and lower threshold values 2812a, 2812b.

To this end, the threshold values 2810a, 2810b, 2812a, 2812b can be computed by
the speed, direction, vibration processor 2716 of FIG. 27 in a variety of ways. In some
embodiments, the threshold values 2810a, 2810b can be computed according to detected
peak-to-peak values of the signal 2802. Similarly, the threshold values 2812a, 2812b can
be computed according to detected peak-to-peak values of the signal 2804. For example,
in some embodiments, an upper threshold value can be about sixty percent of a peak-to-
peak value of a corresponding signal 2802 or 2804 and a lower threshold value can be
about forty percent of a peak-to-peak value of a corresponding signal 2802 or 2804. Other

ways in which threshold values can be generated are described below.

It should be apparent that the signals 2806, 2808 maintain a phase difference close
to ninety degree for each of the rotation directions of the ferromagnetic target object,

which changes direction at the time 2814.

The signal 2716a generated by the speed, direction, vibration processor 2716 of
FIG. 27 can encode speed, direction, and optionally, vibration and/or self-test results in a
variety of different ways into one signal. Some ways are described, for example in U.S.
Patent No. 7,026,808, issued April 11, 2006, in U.S. Patent No. 7,772,838, issued August
10, 2014, and in U.S. Patent No. 8,624,588, issued January 7, 2014, all of which are
assigned to the assignee of the present application, and all of which are incorporated by

reference in their entirety. Other formats are also possible.

One encoding (see, e.g., U.S. Patent No. 7,026,808) is represented by pulses
2816a-2816e, wherein rising edges of the signal 2806 result in pulses 2816a-2816¢ having
a first pulse width, for example forty-five microseconds, when the ferromagnetic target

object rotates or moves in a first direction before the time 2814. After the time 2814,
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when the ferromagnetic target object rotates or moves in the other direction, rising edges
of the signal 2806 result in pulses 2816d, 2816¢ having a second different pulse width, for

example, ninety or one hundred eighty microseconds.

Another different timing of the same type of encoding (see, e.g., U.S. Patent No.
7,026,808) is represented by pulses 2818a-2818f, wherein rising edges of the signal 2808
result in pulses 2818a-2818c having a first pulse width, for example forty-five
microseconds, when the ferromagnetic target object rotates or moves in a first direction
before the time 2814. After the time 2814, when the ferromagnetic target object rotates or
moves in the other direction, rising edges of the signal 2808 result in pulses 2818d-2818f
having a second different pulse width, for example, ninety or one hundred eighty

microseconds.

A value representative of which one of the signals 2806, 2808 to use to align
pulses can be stored in the EEPROM 2726 of FIG. 27. In some embodiments, a user can
select the value. However, in other embodiments, the magnetic field sensor 2700 o FIG.

27 can be fabricated to use one or the other signal.

It should be understood that, depending upon the application in which the magnetic
field sensor 2700 of FIG. 27 is used, it may be desirable to generate the signal 2716a with
pulses, e.g., 2816a-2816¢, 2818a-2818f, (or other encoding) aligned with peaks of the
feature signal 2802, peaks of the edge signal 2804, zero crossings of the feature signal
2802, or zero crossings of the edge signal 2804. The above-described selection or option
of whether to use transitions of the signal 2806 or transitions of the signal 2808 with
which to align the pulses is one way to provide the selected alignment. Also, selection of

the threshold values 2810a, 2810b, 2812a, 2812b can affect the alignment.

While the threshold values 2810a, 2810b, 2812a, 2812b described above
correspond to thresholds determined by threshold (peak-to-peak percentage) detectors,
other embodiments can use peak (peak referenced) detectors, for which thresholds tend to
be much closer to peak values of the signals 2802, 2804. As described above,
manipulation of the threshold values can also result it manipulation of alignment of the

pulses (or other encoding) in the signal 2716a.
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Some types of threshold detectors are described, for example in U. S. Patent No.
6,525,531, issued February 25, 2003 and some types of peak detectors are described, for
example, in U.S. Patent No. 7,368,904, issued May 6, 2008 and in U.S. Patent No.
6693419, issued February 17, 2004, all of which are assigned to the assignee of the present

application, and all of which are incorporated by reference herein.

All references cited herein are hereby incorporated herein by reference in their
entirety. Having described preferred embodiments, which serve to illustrate various
concepts, structures and techniques, which are the subject of this patent, it will now
become apparent that other embodiments incorporating these concepts, structures and
techniques may be used. Accordingly, it is submitted that the scope of the patent should
not be limited to the described embodiments but rather should be limited only by the spirit

and scope of the following claims.
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CLAIMS

1. A magnetic field sensor for sensing a movement of a ferromagnetic target object
having ferromagnetic target object features with a target feature width, comprising:

a substrate;

a first full bridge circuit disposed upon the substrate and proximate to the
ferromagnetic target object, comprising:

a first magnetoresistance element;

a second magnetoresistance element, the first and second
magnetoresistance elements proximate to each other forming a first
proximate pair;

a third magnetoresistance;

a fourth magnetoresistance element, the third and fourth
magnetoresistance elements proximate to each other forming a second
proximate pair;

a first noninverting output node joining a selected two of the first,
second, third and fourth magnetoresistance elements;

a first inverting output node joining a different selected two of the
first, second, third and fourth magnetoresistance elements, wherein a first
differential signal is generated between the first noninverting node and the
first inverting node, wherein the magnetic field sensor further comprises:

a second full bridge circuit disposed upon the substrate and proximate to the
ferromagnetic target object, comprising:

a fifth magnetoresistance element;

a sixth magnetoresistance element, the fifth and sixth
magnetoresistance elements proximate to each other forming a third
proximate pair;

a seventh magnetoresistance element;

an eighth magnetoresistance element, the seventh and eighth
magnetoresistance elements proximate to each other forming a fourth
proximate pair;

a second noninverting output node joining a selected two of the

fifth, sixth, seventh, and eighth magnetoresistance elements; and
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a second inverting output node joining a different selected two of
the fifth, sixth, seventh, and eighth magnetoresistance elements, wherein a
second differential signal is generated between the second noninverting
node and the second inverting node, wherein the magnetic field sensor
further comprises:

a first combining circuit disposed upon the substrate and configured to combine the
first differential signal and the second differential signal to generate a feature signal
having a largest value when a ferromagnetic target object feature is centered with the first
and second full bridge circuits; and

a second combining circuit disposed upon the substrate and configured to combine
the first differential signal and the second differential signal to generate an edge signal
having a largest value when the first full bridge circuit is on one side of an edge of a
ferromagnetic target object feature and the second magnetoresistance element is on the

other side of the same edge.

2. The magnetic field sensor of Claim 1, wherein the first, second, third, and fourth
proximate pairs are disposed in a line parallel to a tangent to a direction of movement of

the ferromagnetic target object.

3. The magnetic field sensor of Claim 1, wherein the first and fourth proximate pairs
are disposed in a first line parallel to a tangent to a direction of movement of the
ferromagnetic target object, and wherein the second and third proximate pairs are disposed
in a second line parallel to a tangent to a direction of movement of the ferromagnetic

target object, wherein the second line is more distal from the ferromagnetic target object

than the first line.

4, The magnetic field sensor of Claim 1, wherein the first, second, third, and fourth

proximate pairs are disposed in an arc.

5. The magnetic field sensor of Claim 1, wherein the second proximate pair is
disposed between the first and third proximate pairs, and wherein the third proximate pair

is disposed between the second and fourth proximate pairs.
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6. The magnetic field sensor of Claim 5, wherein a spacing between the first and third
proximate pairs is selected to be between about one half and about two times the target
feature width, and a spacing between the second and fourth proximate pairs is selected to

be between about one half and about two times the target feature width

7. The magnetic field sensor of Claim 6, further comprising a magnet for generating
respective magnetic fields at the first and second magnetoresistance elements, wherein the
ferromagnetic target object is disposed at a position such that movement of the
ferromagnetic target object results in changes of the magnetic fields at the first and second

magnetoresistance elements.

8. The magnetic field sensor of Claim 6, wherein the ferromagnetic target object
comprises a ring magnet having alternating north and south poles, the ferromagnetic target
object for generating respective magnetic fields at the first and second magnetoresistance
elements, wherein the ferromagnetic target object is disposed at a position such that
movement of the ferromagnetic target object results in changes of the magnetic fields at

the first and second magnetoresistance elements.

0. The magnetic field sensor of Claim 6, further comprising:
an electronic circuit disposed upon the substrate, coupled to receive the feature
signal and the edge signal, and configured to compute a sign of a phase difference between

the feature signal and the edge signal to generate an indication of a direction of movement

of the ferromagnetic target object.

10.  The magnetic field sensor of Claim 6, further comprising:

an electronic circuit disposed upon the substrate, coupled to receive the feature
signal and the edge signal, wherein the electronic circuit is operable to compare the edge
signal with one or more threshold values to generate a first two-state signal and operable
to compare the feature signal with another one or more threshold values to generate a
second two-state signal, wherein an output signal generated by the magnetic field sensor
comprises a signal encoding that identifies an alignment with state transitions of a selected

one of the first or the second two-state signal.
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11. The magnetic field sensor of Claim 10, wherein the output signal comprises pulses
with a pulse rate indicative of a speed of the movement of the target object and with pulse

edges aligned with state transitions of a selected one of the first or the second two-state

signal.

12. The magnetic field sensor of Claim 11, wherein a relative phase between the first
and second two-state signals is indicative of a direction of the movement of the
ferromagnetic target object, and wherein the pulses comprise pulse widths indicative of a

direction of the movement of the ferromagnetic target object.

13. The magnetic field sensor of Claim 1, wherein the substrate comprises first and
second parallel largest surfaces, wherein the first, second, third, fourth, fifth, sixth,
seventh, and eighth magnetoresistance elements are disposed in or over the first largest
surface of the substrate, wherein the ferromagnetic target object has first and second
parallel largest surfaces, wherein the first largest surface of the substrate is substantially

parallel to the first largest surface of the ferromagnetic target object.

14. The magnetic field sensor of Claim 1, wherein the second proximate pair is
disposed between the first and third proximate pairs, and wherein the third proximate pair
is disposed between the second and fourth proximate pairs,, and wherein a spacing
between the first and second proximate pairs is selected to be between about one half and
about two times the target feature width, and a spacing between the third and fourth

proximate pairs is selected to be between about one half and about two times the target

feature width.

15. The magnetic field sensor of Claim 14, further comprising a magnet for generating
respective magnetic fields at the first and second magnetoresistance elements, wherein the
ferromagnetic target object is disposed at a position such that movement of the

ferromagnetic target object results in changes of the magnetic fields at the first and second

magnetoresistance elements.

16. The magnetic field sensor of Claim 14, wherein the ferromagnetic target object

comprises a ring magnet having alternating north and south poles, the ferromagnetic target
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object for generating respective magnetic fields at the first and second magnetoresistance
elements, wherein the ferromagnetic target object is disposed at a position such that
movement of the ferromagnetic target object results in changes of the magnetic fields at

the first and second magnetoresistance elements.

17. The magnetic field sensor of Claim 14, further comprising:
an electronic circuit disposed upon the substrate, coupled to receive the feature
signal and the edge signal, and configured to compute a sign of a phase difference between

the feature signal and the edge signal to generate an indication of a direction of movement

of the ferromagnetic target object.

18. The magnetic field sensor of Claim 14, further comprising:

an electronic circuit disposed upon the substrate, coupled to receive the feature
signal and the edge signal, wherein the electronic circuit is operable to compare the edge
signal with one or more threshold values to generate a first two-state signal and operable
to compare the feature signal with another one or more threshold values to generate a
second two-state signal, wherein an output signal generated by the magnetic field sensor
comprises a signal encoding that identifies an alignment with state transitions of a selected

one of the first or the second two-state signal.

19.  The magnetic field sensor of Claim 18, wherein the output signal comprises pulses
with a pulse rate indicative of a speed of the movement of the target object and with pulse

edges aligned with state transitions of a selected one of the first or the second two-state

signal.

20.  The magnetic field sensor of Claim 19, wherein a relative phase between the first
and second two-state signals is indicative of a direction of the movement of the
ferromagnetic target object, and wherein the pulses comprise pulse widths indicative of a

direction of the movement of the ferromagnetic target object.

21.  The magnetic field sensor of Claim 14, wherein the substrate comprises first and
second parallel largest surfaces, wherein the first, second, third, fourth, fifth, sixth,

seventh, and eighth magnetoresistance elements are disposed in or over the first largest
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surface of the substrate, wherein the ferromagnetic target object has first and second
parallel largest surfaces, wherein the first largest surface of the substrate is substantially

parallel to the first largest surface of the ferromagnetic target object.
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