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between the first and second channels. In embodiments, posi-
tioning the sensor includes an offset angle and a displacement
with respect to a centerline of the ring magnet.
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METHODS AND APPARATUS FOR PHASE OFFSET SELECTION
IN RING MAGNET SENSING

BACKGROUND

As is known, there are a variety of types of magnetic field sensing elements, including, but
not limited to, Hall effect elements, magnetoresistance clements, and magnetotransistors.
As is also known, there are different types of Hall effect elements, for example, a planar
Hall element, a vertical Hall element, and a circular Hall element. As is also known, there
are different types of magnetoresisiance elements, for example, a giant magnetoresistance
{GMR)} element, an anisotropic magnetoresistance element { AMR]}, a tunneling

magnetoresistance {TMR) element, and a magnetic tunnel junction (MTI).

Hall effect elements generate an output voltage proportional to a magnetic figld. In
contrast, magnetoresistance elements change resistance in proportion to a magnetic field.
in a circuit, an electrical current can be directed through the magnetoresistance element,

thereby generating a voltage output signal proportional to the magnetic field.

Magnetic field sensors, i.¢., circuits that use magnetic field sensing elements, are used in g
variety of applications, including, but not limited to, 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, and a

magnetic field sensor that senses a magnetic field density of a magnetic field.

SUMMARY

The present invention provides methods and apparatus for positioning a multi-channel
magnetic field sensor in relation {6 a ring magnet to achieve a desirved electrical phase
relationship for the sensor outputs, In itlustrative embodiments, the magnetic field sensor
is positioned to have an offset angle, which can be referred to as “twist,” with respecttoa
centerline of the ring magnet and a displacement of magnetic field sensing elements in the

magunetic sensor from the center of the ring magnet.
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In one aspect of the invention, a method comprises: for & magnetic field sensor IC package
having a first channel for a planar magnetic field sensing element and a second channel for
a vertical magnetic field sensing element, receiving a desired phase relationship between
the first and second channels; and positioning the IC package in relation to an axis of a
ring magnet to provide the desired phase relationship between the first and second

channels.

The method can further include one or more of the following features: positioning the IC
package to a non-zero twist angle with respect to the axis and a non-zero displacement
with respect to the axis, the axis corresponds to a centerline of the ring magnet, the
centerline corresponds to one half a width of the ring magnet, the desired phase
relationship is about 120 degrees, the desired phase relationship is about 60 degrees,
displacing the IC package position a distance from an axis of rotation of the ring magnet,
the IC package has a longitudinal axis defined by being perpendicular to a sensing
direction of the first sensing element, wherein the twist angle is defined by the longitudinal
axis of the IC package and the centerline of the ring magnet, the phase relationship 1s
selected using a mesh funetion of the offset angle and displacement for the sensor, &
substantially planar face of the IC package defines an air gap with g surface of the ring
magnet, the planar magnetic field sensing element and the vertical magnetic field sensing.
element are formed as part of a single die, the planar magnetic field sensing element and
the vertical magnetic field sensing element are substantially collocated, posiiioning the IC
package to lessen sensitivity to mechanical tolerances, and/or the first sensing element

comprises a Hall element.

In another aspect of the invention, an apparatus comprises: a ring magnet; and a magnetic
field sensor IC package positioned in relation to a ring magnet {o achieve a selected phase
relationship between a first channel for a planar magnetic field sensing element and a

second channel for a vertical magnetic field sensing element.

The apparatus can further include one or more of the following features: the IC package is
positioned to a non-zero twist angle with respect to the axis and a non-zero displacement
with respect to the axis, the axis corresponds to a centerline of the ring magnet, the

centerline corresponds to one half a width of the ring magnet, the desired phase

]
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relationship is about 120 degrees, the desired phase relationship is about 60 degrees, the

bomeid

C package is positioned a distance from an axis of rotation of the ring magnet, the IC
package has a longitudinal axis defined by being perpendicular to a sensing divection of
the first sensing element, wherein the twist angle is defined by the longitudinal axis of the
IC package and the centerline of the ring magnet, the phase relationship is selected using a
mesh function of the offset angle and displacement for the sensor, a substantially planar
face of the IC package defines an air gap with a surface of the ring magnet, the planar
magnetic field sensing element and the vertical magnetic field sensing element are formed
as part of a single die, the planar magnetic field sensing element and the vertical magnetic
field sensing element are substantially collocated, and/or the IC package is positioned to

lessen sensitivity to mechanical tolerances.
BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing features of this invention, as well as the invention itself, may be more fully

understood from the following description of the drawings in which:

FIG. 1 1s a schematic representation of a multi-channel magnetic field sensor positioned in

relation to a ring magnet;
FIG. 1A is a schematic representation of the ring magnet and sensor of FIG, 1;
FIG. 1B is a graphical representation of outputs of the magnetic feld sensor of FIG. 1;

FIG. 2 is a schematic representation of magnetic field sensor having planar and vertical

magnetic field sensing elements;

FIG. 3 is a graphical representation of electrical phase for offset angle and displacement

with respect to a ring magnet;

FIG. 3A shows a further graphical representation of electrical phase for offset angle and

displacement with respect to a ring magnet;
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FIG. 3B shows a further schematic representation of a multi-channel magnetic field sensor

posttioned in relation to a ring magnet;

FIG. 4 is a schematic representation of a magnetic field sensor and ring magnetin a
conventional arrangement;

FIG. 4A 1s a graphical representation of the sensor outputs for the arrangement of FIG. 4;

FIGs. 5A and 5B show positioning of a magnetic field sensor having planar and vertical

magnetic field sensing elements in relation to a ring magnet;

FiGs. 5C and SD shows an alternative positioning of a magnetic field sensor having planar

and vertical magnetic field sensing elements in relation to a ring magnet;

FIG. 6 is & functional block diagram of an illustrative magnetic field sensor having planar

and vertical sensing elements;

FIG. 7 is a flow diagram showing an llustrative sequence of steps for achieving a desired
electrical phase relationship between first and second outputs of 2 multi-channel magnetic

field sensor.

DETAILED DESCRIPTION

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 clement, 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 {InSbt), a giant magnetoresistance (GMR) element, for example, a spin valve,
an anisofropic magnetoresistance element {AMR), a tunneling magnetoresistance {TMR)
¢lement, and a magnetic tunnel junction (MTI}. The magnetic field sensing element may

be a single element or, alternatively, may inchude two or more magnetic field sensing
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elements arvanged tn 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 (51} or Germanium (g}, or a type HI-V semiconductior 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 paratlel 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 maximun sensitivity perpendicular {0 a substrate that supports the maguetic
field sensing element. In particular, planar Hall elements tend to have axes of sensitivity
perpendicular to & substratei while metal based or metallic magnetoresistance elements
{e.g., GME, TMR, AMR} and vertical Hall clements tend to have axes of sensitivity

parallel to a substrate.

As used herein, the term “magnetic field sensor” is used to describe a cireuit, which can be
provided in an IC package, that uses a magnetic field sensing element(s), generally in
combination with other circuits. Magnetic field sensors are used in a variety of
applications, mncluding, but not Hmited 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,

FIG. 1 shows a systern 100 including a multi-channel magnetic field sensor 102 positioned
in refation to a ring magnet 104, The magnetic field sensor 102 can sense magnetic fields
orthogonal to one another. The sensor 102 is offset at an angle from a centerline of the
ring magnet 106 and displaced from the centetline, as described more fully below. In
embodiments, the centerline 106 corresponds to the middie of the width w of the ring

magnet 104. The ring magnet 104 refers to magnetic material, such as permanent magnets.
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The ring magnet 104 has a number of pole pairs {npp) forming a radial magnetization.
The ring magnet 104 has an cuter diameter OD and an irmer diameter ID (FIG. 1A), which
corresponds to a shaft 108 of the ring magnet. It is understood that in embodiments, the
ring maguoet has an 1D of Omm such that the magnet could be press fit or ghued to the end
of a rotating shaft, for example. A distance R is the distance between a rotation axis 116
of the shaft and sensing elements 112 of the magnetic field sensor 102. A displacement d
refers to the distance between the centerline 106 of the ring magnet and the location of the
magnetic field sensing elements 112 of the magnetic sensor 102, In embodiments, the
magnetic field sensing elements are aligned with the rotation axis 110 of the ring magnet.
In the illustrated embodiment, the twist/offset angle o is about 3§ degrees and the
displacement d is about 4mm. In one embodiment, the centerline 106 of the ring magnet
is defined by a width w of the ring magnet 104, For a displacement of d=0, the magnetic
field sensing elements 112 of the sensor are aligned with the centerling 106 of the ring

magnet.

In general, ring magnets have ninety degrees of phase shift between planar and vertical
fields. The magnetic field sensor 102 is offset and displaced from the centerline of the
magnet 104 for modifying the phase between the sensor outputs to a desired amount. By
‘twisting’ the position of the sensor 102, the angle in which the vertical Hall element faces
the ring magnet 104 is altered. When the twist angle ¢ is greater than 0 degrees, there is y
axis rotation in a z axis direction, as can be seen. In embodiments, the offset or twist angle
o 1s defined by a longitudinal axis 103 of the IC package through the magnetic field
sensing elements with respect to the ring magnet centerline 106. It is understood that the
tongitadinal axis 103 is defined by ons of the sensing elements 112 within the IC package,

and more particularly, an axes of sensitivity of a sensing element.

FIG. 2 shows longitudinal axis 103 defined by the axis of sensitivity of the first sensing
element 202. Thus, the twist angle ¢ in relation to the first sensing element is such that the
sensor 1s rotated in the X Y/Z plane around the X axis for the illustrated embodiment.  is
understood that the sensor rotates such that the distance R (FIG. 1A) from the center 110

of magnet rotation is constant for all points of the sensing element.

[ea
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In embodiments, longitudinal axis 103 is defined by a sensitivity axis of one sensing
element. In the embodiment of FIG. 2, axis 103 is defined by the first seasing element

202 sensing along Y, for example, where the axis 103 is paraliel {o the sensing divection of
the first sensing element 202, In the iftustrated embodiment, the feld measured by the
second sensing element 204 is independent of the sensor twist angle ¢, sensing direction
being X. It is understood that the sensing elements are generally fixed in position within
the IC package. Thus, a longitudinal axis of an IC package defines the axis inrelation io

the position of the sensing element{s} within the IC package.

For exarupie, should an application require a nominal phase shift between channels ¢f 120
degrees, the sensor is twisted and displaced such that the sensor outputs have an electrical
phase relationship of 120 degrees instead of the nominal 90 degrees. 1t is understood that
a wide range of phase relationships can be desired to meet the needs of a particular

application.

FIG. 1B shows illustrative signals for first and second outputs Bx, By of the magnetic
sensor with a phase offset of about 60 mechanical degrees, e.g., 82.9-28.8. Ascan be
seen, digital output By rises at position X:28.8, Y0 and digital output Bx rises at X:28.8,
Y:0. This phase relationship between the outputs is achieved by an tllustrative offset angle

o of about -30 degrees and a displacement of about 4 mm.

FIG. 2 shows an illusirative magnetic field sensor 200 having a vertical Hall element 202
that is sensitive to magnetic fields in a plane parallel to a die face, shown as the v
dirnension, and a planar Hall element 204 that is sensitive to magnetic ficlds in a plane
perpendicular to the die face, shown as the x dimension. The planar hall element 204 is
sensitive in the ¥ axis (into the paper in the illustrated embodiment), and the vertical hall
element 202 is sensitive in the y axis. As described above, the axis 103 defined by one of
the sensing elements defines the twist angle @ in relation to the ring magnet centerline 106

(FIG. 1.

FIG. 3 shows the electrical phase of the first and second outputs of the magnetic field
sensor varying by twist angle o and displacement d in relation to a ring magnet. With zero

twist angle, it can be sees that phase is virtually fixed at 80 °. The same holds if the

~1
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sensing element position is aligned with the ring magnet centerline {d = 0} and the device
is twisted. In order to see the effect of the twist angle o on the phase relationship, there

must be a displacement d of the sensor from the ring magnetic centerline.

As can be seen, electrical phase relationship of the sensor outputs corresponds to the twist
angle ¢ and displacement d. The point highlighted (X: -30, Y14, 2:122.2) shows that with -
30 “of twist angle, and displacement d of 4mim, ~120 ° of phase separation is achieved.
Twisting the sensor in the oppostite direction {(+30 °) resulis in a phase shift of ~ 60 ). As
will be appreciated, there are a number of a and d sclutions for a desired phase
relationship. That is, for a given target phase shift, there is a set of solutions that exist
along the line resulting from the intersection of a plane located at the specified phase, and

the resulting illustrated mesh function of ¢ and d.

FIG. 3A shows a further mesh function representation of electrical phase ¢ of the first and
second outputs of the magnetic field sensor with sensor positioning in the y and
dimensions in relation o a ring magnet for optimizing a position of the sensor along y axis
{consistent with the y-axis of FIG. 1). This allows a user to determining sensor

positioning that is less sensitive to mechanical tolerances.

For examiple, a desired electrical phase ¢ is 60 degrees. For the selected point [Y:5, Z:
0:60] the displacement d corresponds to Z shift axis. The sensor twist angle o is fixed at

4G°. There is also & 5 mm shift in sensor position on the Y axis,

FIG. 3B shows a sensor 300 positioned in relation (o a ring magnet 302 with a twist angle
o of about 20 degrees, a displacement d from the ring magnet centerline 304, and 3 y-axis
displacement e, which is defined in relation to 2 location of the a sensing element and a

rotation axis of the ring magnet 302.
fer)

While illustrative embodiments are shown and deseribed in conjunetion with dual channel
magnetic field sensors, it is understood that any practical number of channels and

magnetic field sensing elements can be used to meet the needs of a particular application.
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F1G. 4 shows a conventional arrangement 400 of a dual channel magnetic fleld sensor 402
and ring magnet 404 with no twisy, Le., 00, and no displacement, i.e., d=0 and e=0. The
sensor 402 has first and second outputs with the sensor sensing along x and v axis with
distance d=0 and 0=0°, FIG. 4A shows the sensor outputs for the arrangement for FIG. 4
in a conventional ninety degree phase offset between the Hrst and second output channels,
The ring magnet has 2 pole pairs and w=l0mm. As can be seen in FIG. 4A, the
mechanical phase shift between the first and second outputs is 45°. This is equivalent to a
50° electrical phase shift, e.g., electrical phase shift=npp*mechanical phase shiff. This is

the conventional behavior of a 21} sensor having g 90° shifted sensing axis.

In an illustrative embodiment, the magnetic field sensor comprises a Hall-effect latch for

sensing planar and vertical magnetic field directions. The dual operation of the planar and
vertical Hall elements allows the end user to achieve phase separation that is independent
of magnetic pole spacing oun the ring magnetl. The sensor channel oulputs allow rotation

direction to be determined, such as when sensing a rotating ring-magnet target.

In illustrative embodiments, a doal channel two dimensional Hall Effect latch-type
magnetic field sensor is positioned in relation to a ring magnet to effect the desired phase
relationship of the sensor output signals. In embodiments, sensor outputs switch low (tum
on} when a south polarity magnetic field perpendicular to the Hall-effect sensor exceeds
the operate point threshold (BOF). In other embodiments, a sensor provides a continuous

analog output with phase separation.

As shown in FiGs. SA-D, the sensor package can be configured o detect a variety of
magnetic field orientations. FlGs. 5A and 5B shows a sensor package having a planar
Hall element and a vertical Hall element for sensing magnetic fields when the package
faces the ring magnet (FIG. 5A) or when a leaded side of the package faces the ring
magnet (FIG. 5B}, FlIGs. 5C and 5D show magnetic field detection for a sensor package
facing the ring magnet {FIG. 5C} or & non-leaded side of the package facing the ring
magnet (FIG. 5D}, H is understood that the sensor can have various twist angles and
displacement, as describved above, to achieve a desired phase relationship for the sensor

output signals.
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FIG. 6 shows an illustrative functional black diagram of a dual channel magnetic figld
sensor 500 that can be positioned in relation to a ring magnet to achieve a desired phase
relationship of the sensor outputs. In embodiments, a magnetic field sensor comprises a
single silicon die with a planar Hall plate (7} and a vertical Hall plate 3UY). The Hall
plates are coupled to a module 602 providing dynamic offset cancellation and
multiplexing. The module 602 output is coupled to a small-signal amplifier 604, a low
pass filter 606, a sample, hold, and averaging module 608, a Schmitt trigger 610, a
demultiplexer 612 and respective short-circnit protected NMOS output transistors TX1,
TX2 to provide output A and output B. It is understood that the axes used herein are not

intended to refer to any global position, but rather to define positions of one thing in

relation to anpther.

FIG. 7 shows an illustrative sequence of steps for achieving a desired electrical phase
relationship between outputs of a multi-channel magnetic field sensor. In embodiments,
the magnetic field sensor is provided in an IC package containing a planar magnetic field
sensor and a vestical magnetic field sensor. In step 700, a ring magnet having a given
number of pole pairs is provided. In illustrative embodiments, the ring magnet has a width
defining a centerline and an axis of rotation. In step 702, a desired electrical phase
relationship between outputs of the multi-channel sensor is recetved, In step 704, an offset
angle o defined by the sensor and magnetic field sensing elements is determined and in
step 706 a displacement d of the magnetic field sensing elements from the ring magnet
centerline is determined. In optional step 707, a displacement e can be determined. His
understood that the offset angle o and displacement d together define the phase
relationship. That is, there is no sequence for offset angle o and displacement d. In one
embodiment, the offset angle o and displacement d are selected from a mesh function
relating electrical phase to the offset angle « and displacement d. For example, a desired
phase of 120 degrees can be achigved by selecting a solution of « and d from the mesh
function and positioning the sensor in relation to the ring magnet accordingly in step 708,
It is understood that a user can perform an analysis to evaluate tradeoffs for achieving a
target phase margin performance. For example, points located on steeper parts of the
curve, may be more sensitive {o assembly tolerance, vibration, magnetic target wobble,

and the iike, such as parameter ¢
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While iHlustrative embodiments of the invention are shown and described in conjunction
with dual channel latch-type, Hall Effect magnetic feld sensars, it is understood that any
suitable type sensor having a suitable type of magnetic field sensor, such as those listed

above, can be used.

Having described exempiary embodiments of the invention, it will now become apparent
to one of ordinary skill in the art that other embodiments incorporating their concepts may
aiso be used. The embodiments contained herein should not be limited to disclosed
embodiments but rather shounld be limited only by the spirit and scope of the appended
claims. All publications and references cited herein are expressly incorporated herein by

reference in their entirety.

Elements of different embodiments described herein may be combined to form other
embodiments not specifically set forth above. Various elements, which are described in
the context of a single embodiment, may aiso be provided separately or in any suitable
subcombination.  Gther embodiments not specifically described herein are also within the

scope of the following claims.

i
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What 1s claimed is;

1. A method, comprising:
for @ magnetic field sensor IC package having a first channel for a planar magnetic
field sensing element and a second channel for a vertical magnetic field sensing element,
receiving a desired phase relationship between the first and second channels; and
positioning the IC package in relation to an axis of a ring magnet to provide the

desired phase relationship between the first and second channels.

2. The method according to claim 1, further including positioning the IC package to &
non-zero twist angle with respect to the axis and a non-zero displacement with respect to

the axis.

3. The method according to claim 1, wherein the axis corresponds to a centerline of the

ring magnet.

4, The method according to claim 3, wherein the centerline corresponds to one-half a

width of the ring magnet.

5. The method according to claim 1, wherein the desired phase relationship is about 120

degrees.
6. The method according 1, wherein the desired phase relationship is about 60 degrees.

7. The method according to claim 1, further including displacing the IC package position

g distance from an axis of rofation of the ring magnet.

8. The method according to claim 1, wherein the IC package has a longitudinal axis
defined by being parallel to a sensing direction of the first sensing element, wherein the
twist angle is defined by the longitudinal axis of the IC package and a centerline of the

ring magnet,

2
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8. The method according to claim 2, wherein the phase relationship is selected using a

mesh function of the offset angle and displacement for the sensor,

t0. The method according to claim 1, wherein a substantially planar face of the IC

package defines an air gap with a surface of the ring magnet.

i1, The method according to claim 1, wherein the planar maguetic field sensing element

and the vertical magnetic field sensing element are formed as part of a single die.

12. The method according to claim 1, wherein the planar magnetic field sensing element

and the vertical magnetic fleld sensing element are substantiaily coliocated.

13. The method aceording to claim 1, further including positioning the IC package to

iessen sensitivity to mechanical tolerances.

{4, The method according to claim 1, wherein the first sensing element comprises a Hall

element.

i8S, An apparatus, comprising:

a ring magnet; and

a ynagnetic field sensor IC package positioned in relation to a ring magnet to
achieve a selected phase relationship between a first channel for a planar magnetic field

sensing element and a second channel for a vertical magnetic field sensing element.

16. The apparatus according to claim 15, wherein the IC package is positioned to a non-
zero twist angle with respect {o the axis and a non-zero displacement with respect to the

axis.

18. The apparatus according to claim 17, wherein the centerline corresponds to one half

a width of the ring magnet.

_—y
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19. The apparatus according to claim 15, wherein the desired phase relationship is about

e

126 degrees.

28. The apparatus according 15, wherein the desired phase relationship is about 60

degrees.

21, The apparatus according to claim 15, wherein the IC package is positioned a distance

from an axis of rotation of the ring magnet,

22. The apparatus according to claim 15, wherein the IC package has a longitudinal axis
defined by being perpendicular to a sensing direction of the first sensing element, wherein
the twist angle is defined by the longitudinal axis of the IC package and the centerline of

the ring magnet.

23. The apparatus according to claim 15, wherein the phase relationship is selected using
g Lol x g &

a mesh function of the offset angle and displacement for the sensor,

24. The apparatus according to elaim 15, wherein g substantially planar face of the IC

package defines an air gap with a surface of the ring magnet.

25. The apparatus according to claim 15, wherein the planar magnetic field sensing

clemnent and the vertical magnetic field sensing element are formed as part of a single die,

26. The apparatus according to claim 13, wherein the planar magnetic field sensing

element and the vertical magnetic field sensing element are sobstantially collocated.

27. The apparatus according to claim 15, wherein the IC package is positioned to lessen

sensitivity to mechanical tolerances.

14
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